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ABSTRACT

The goal of the work presented here was to determine if blocking cell death could

affect the shutdown of immune responses by generating increased numbers of antigen-

specific memory CD8+ T cells.  During acute viral infection, large numbers of effector

CD8+ T cells are generated.  Following viral clearance, the majority of these cells

undergo apoptosis during the contraction phase, while the surviving cells differentiate

into memory CD8+ T cells that serve as a critical component of long-term immunity. The

pro-apoptotic Bcl-2 family member Bim is important for normal immune system

homeostasis and contraction during shutdown of immune responses. Therefore, we have

examined the role of Bim in the contraction of antigen-specific T cells following both

acute and chronic LCMV infection.  Following acute LCMV infection, we observed a

transient delay in the contraction of antigen-specific CD8+ T cells in Bim-/- mice

compared to wildtype, however contraction eventually ensues and the number of cells

only remains slightly elevated compared to wildtype at later time points postinfection.

However, the contraction of DbNP396-404+CD8+ T cells, the population that undergoes

massive death in wildtype mice, was blocked in Bim-/- mice following LCMV Clone 13

infection, while DbGP33-41CD8+ and DbGP276-286CD8+ T cells underwent similar

decreases in cell numbers in both Bim-/- and wildtype mice.   When viral titers were

examined, high titers were observed in the tissues of both Bim-/- and wildtype animals, but

there was slightly accelerated clearance in the spleen and serum of Bim-/- mice.   Since

loss of Bim function did not result in a block in the contraction of all antigen-specific

CD8+ T cell populations following both acute and chronic LCMV infection, we
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hypothesized that multiple mechanisms of apoptosis are used to down-regulate CD8+ T

cell responses following viral infection.  This led us to examine the additional effect of

Fas, a Tumor Necrosis Factor Receptor (TNFR) superfamily member of the extrinsic

pathway, on contraction following LCMV infection. We demonstrate that loss of both

Bim and Fas function resulted in exacerbated autoimmunity compared to the parental

genotypes and organ-specific blocks on contraction following antiviral immune

responses. Bim-/-Faslpr/lpr mice contained significantly increased numbers of antigen-

specific CD8+ T cells compared to the parental genotypes following acute LCMV

infection. Although loss of both Bim and Fas function resulted in an increased number of

antigen-specific CD8+ T cells in the lymph nodes, it was unclear whether blocking

apoptosis rescued effector cells or if true memory CD8+ T cells were generated.  In this

study, we demonstrate that these are bona fide memory T cells as characterized by

surface marker expression, cytokine production, homeostatic proliferation, and ability to

clear a secondary challenge of pathogen.  In contrast, chronic LCMV infection of Bim-/-

Faslpr/lpr mice resulted in similar numbers of antigen-specific CD8+ T cells compared to

the Bim- / -  parental genotype.  Thus, other genes in addition to Bim and Fas are

contributing to apoptosis that occurs during the contraction phase following chronic

LCMV infection. These results demonstrate that multiple death pathways function

concurrently to prevent autoimmunity and downsize T cell responses.  Additionally, these

studies illustrate that decreasing apoptosis increases the number of memory T cells

following acute viral infection and therefore could increase the efficacy of vaccines.



INTRODUCTION

Understanding the mechanisms regulating the shutdown of immune responses

following viral infection is essential to the development of effective therapeutics and

vaccines.  The goals of vaccination are based on eliciting an immune response to a

pathogen in the absence of disease, while still generating a sufficient number of high

avidity T cells capable of combating future infection.  CD8+ T cells play a critical role in

the immune response to tumors and protection of the host against various intracellular

pathogens, such as viruses and bacteria (Alexander-Miller, 2005).   These cells have been

shown to influence the severity of human immunodeficiency virus (HIV) (Benito et al.,

2003; Ogg et al., 1998) and simian immunodeficiency virus (SIV) infections because

increased numbers of functional CD8+ T cells correlates with decreased viral burden. (Jin

et al., 1999; Metzner et al., 2000; Schmitz et al., 1999)   Therefore, targeting of the cell

death pathways involved in CD8+ T cell contraction following viral infection could lead

to the generation of increased numbers of memory cells following acute viral infection or

increased numbers of cells capable of combating chronic viral infection. Thus, decreasing

cell death could increase the effectiveness of vaccines by limiting the necessity for

booster immunizations.  Although previous studies have demonstrated the contribution of

various pro- and anti-apoptotic proteins to the development of autoimmunity and

shutdown of immune responses, the effects of single mutations within the cell death

pathways have demonstrated minimal effects due to redundancy and thus require further

exploration. This work was targeted at furthering the knowledge of the apoptotic
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pathways that regulate the shutdown of immune responses following viral infection in an

attempt to improve the development of vaccines and immunotherapy.

CD8+ T cell development.   CD8+ T cells are important for the clearance of

intracellular pathogens, such as viruses and certain bacteria, along with some forms of

cancer (Alexander-Miller, 2005).  T cell development begins when hematopoietic cells

generated in the bone marrow migrate to the thymus where selection occurs.  During this

process the T cell precursors form a functional T cell receptor (TCR) composed of α/β

chains with both a variable (V) amino-terminal region and a constant (C) region (Krangel

et al., 2004).  The α  and β  chains are rearranged separately, beginning with the

generation of the variable domain of the β chain.  This chain is formed by combining the

three gene segments, Vβ, Dβ, and Jβ. Rearrangement of these gene segments generates a

functional VDJ β V region exon that is transcribed and spliced to join Cβ. Following the

production of a β chain, the pre-T cell receptor is expressed on the surface with an

invariant partner chain.  It is necessary for the β  chain to undergo a productive

rearrangement before rearrangement of the α  chain occurs (Lieber et al., 1988;

Mombaerts et al., 1992b; Shinkai et al., 1992). For the α chain, a Vα gene segment and a

Jα gene segment rearrange to create a functional V region exon. Transcription and

splicing of the VJα exon to Cα generates the mRNA that is translated to yield the T cell

receptor α chain protein (Mombaerts et al., 1992a). Several rounds of cell division must

occur prior to the cell proceeding to the next stage of development.  Each daughter cell

will generate α chains in an independent fashion, which allows for increased diversity

and increases the probability of generating a functional TCR.  However, T cells are
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triggered to undergo apoptosis in the thymus if they fail to productively rearrange their T

cell receptor (Philpott et al., 1992).

Following productive rearrangement, the α/β T cells undergo positive selection

where the TCRs interact with self-MHC class I molecules on the thymic epithelium.

TCRs capable of recognizing and binding to these molecules transmit a survival signal

(Miosge and Goodnow, 2005).  Failure of these T cells to recognize and bind to self-

MHC molecules results in apoptosis during positive selection.  Additionally, T cells are

triggered to undergo apoptosis via negative selection if the antigen receptors present on

the cell surface bind self-peptide MHC complexes with high affinity (Cheng and Chan,

1997).  Following selection, the surviving T cells mature and leave the thymus and begin

to circulate in the periphery.  In the periphery, T cells exist in a quiescent state in

secondary lymphoid organs (Di Rosa et al., 1999), exhibiting limited to no proliferation

until encounter with an antigen presenting cell (APC) expressing their cognate peptide in

the context of MHC class I molecules resulting in the induction of activation.

CD8+ T cell activation and differentiation.  Upon TCR recognition of cognate

antigen presented in the context of MHC proteins on the surface of APCs, a program of T

cell activation ensues that is marked by rapid clonal expansion and differentiation into

effector cells (Grumont et al., 2004; Kaech and Ahmed, 2001; Opferman et al., 1999).

These cells are characterized by increased protein synthesis and the acquisition of

effector functions, such as the ability to produce cytokines and lyse infected targets

(Kaech and Ahmed, 2001). During this differentiation process, effector cells gain the

ability to secrete cytokines such as interferon gamma (IFNγ), tumor necrosis factor alpha

(TNFα), and interleukin 2 (IL-2) (Kristensen et al., 2002; Slifka and Whitton, 2000).
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These cytokines play an important role in the antiviral response and promote the

activation of other immune cells and the expansion of effector T cells.  Additionally,

effector CD8+ T cells gain the ability to kill infected cells through perforin and Fas

mediated pathways (Kagi et al., 1994a; Kagi et al., 1994b; Keefe et al., 2005).   In the

exocytosis pathway, activated effector CD8+ T cells secrete cytolytic granules containing

both perforin and granzymes.  Following degranulation of CD8+ T cells, perforin forms a

pore either through insertion at the plasma membrane or an endosomal membrane,

thereby allowing the release of granzymes A and B directly into the cytoplasm where

they function to cleave necessary substrates and initiate death of the target cell (Keefe et

al., 2005).  The Fas pathway is mediated by receptor/ligand interaction resulting in death

of the target cell.

Rapid clonal expansion occurs following T cell activation beginning with division

at twenty-four hours post-stimulation followed by more rapid division every six to eight

hours (Murali-Krishna and Ahmed, 2000).  Several studies have demonstrated that an

initial TCR activation event induces a program of proliferation and differentiation that is

independent upon additional antigen stimulation or inflammation induced by the

pathogen.  Kaech et. al. observed that naïve cells are programmed to undergo at least

seven divisions and differentiate into effector and memory cells following antigen

encounter (Kaech and Ahmed, 2001).   Furthermore, this process continues in the absence

of further antigenic stimulation.  Additionally, Mercado et. al. used the Listeria

Monocytogenes model system to demonstrate that antibiotic treatment at twenty-four

hours postinfection to terminate the bacterial infection resulted in a nearly normal

antigen-specific CD8+ T cell response (Mercado et al., 2000).  Thus, CD8+ T cells
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activated within the initial twenty-four hours following infection were able to undergo

substantial division and acquire effector function without extensive infection.  In contrast,

when antibiotics were administered at the time of infection, proliferation and

differentiation were eliminated.

Following pathogen clearance the majority of effector CD8+ T cells undergo

apoptosis, while the remaining cells further differentiate into long-lived memory cells.

Memory cells exhibit two cardinal properties: the ability to undergo homeostatic

proliferation to maintain cell numbers and the ability to rapidly respond to antigen re-

stimulation (Kaech et al., 2002b). Unlike effector cells that proliferate in response to

antigen and are dependent on IL-2 for survival, memory cells undergo homeostatic

proliferation utilizing the cytokines IL-7 and IL-15 (Becker et al., 2002; Goldrath et al.,

2002).  This ability to self-renew, along with the increased expression of anti-apoptotic

proteins such as Bcl-2 (Grayson et al., 2000), is essential for the maintenance of long-

term immunological memory following pathogen clearance.  Additionally, memory cells

are capable of rapidly dividing following antigen re-encounter and acquiring effector

functions, such as cytokine production and cytolytic activity, more rapidly than naïve

cells.  For example, memory cell division commences within six hours of stimulation due

to high levels of CDK6 kinase activity (Veiga-Fernandes and Rocha, 2004; Veiga-

Fernandes et al., 2000).  In contrast, naïve cells require twenty-four hours before division

ensues.   Furthermore, memory cells are capable of producing the cytokines IFNγ and

TNFα within two hours of restimulation, while naïve cells require greater than twenty-

four hours post stimulation to produce IFNγ (Slifka and Whitton, 2000).  These properties

allow memory cells to protect from future infection.
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Although memory cells are present at later time points postinfection, the exact

lineage relationship of effector and memory cells is not fully understood.  There are two

models for memory cell differentiation: the decreasing potential model and the linear

differentiation model (Kaech et al., 2002a).  The decreasing potential model suggests that

both effector and memory cells arise from naïve cells.  In this model, antigen load in

addition to costimulation and cytokines allow for differentiation into effector cells that

will undergo apoptosis following pathogen clearance.  Memory cells arise when the

signaling is not sufficient to induce effector cell differentiation.  The linear differentiation

model suggests that memory cells develop from effector cells that do not undergo

apoptosis (Kaech et al., 2002a; Kaech et al., 2002b).  Therefore, there must be something

different between effector cells that undergo apoptosis and those that survive.

Previous reports have demonstrated that effector cells must undergo

differentiation in order to acquire the properties of memory cells.  Early studies by

Volkert et. al. suggested that cells from the late immune phase postinfection were capable

of reducing viral burden in LCMV carrier mice (Volkert et al., 1974).  However, cells

from early time points postinfection only had a modest antiviral effect.  A similar study

by Jamieson et. al. showed that adoptive transfer of cells from LCMV immune mice into

a congenic recipient also resulted in viral clearance from LCMV carrier mice (Jamieson

and Ahmed, 1989).  Additionally, the donor cells rapidly responded to rechallenge and

could persist in the recipient animal for up to a year following transfer.  These results

reveal that cells at early time points postinfection are markedly different from those

present at later stages.   Further studies performed by Oppferman et. al. demonstrated that

antigen-specific memory cells arise from the effector cell population and that they are
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maintained and retain the ability to lyse target cells ten weeks following adoptive transfer

into antigen-free recipients (Opferman et al., 1999). These results suggest that memory

cells are not present at early time points postinfection and therefore supports the linear

differentiation model as it suggests that memory cells arise from the surviving effector

cells.  Additionally, Jacob et. al. showed that memory T cells that differentiated from

effector cells could be identified during the primary response using a transgenic mouse

model system (Jacob and Baltimore, 1999).  However, this study did not provide

evidence for why the genetic marking system employed distinguished effector cells that

would undergo apoptosis from those that would differentiate into memory cells.

Although these studies support the linear differentiation model, it is still unclear what

distinguishes the majority of antigen-specific cells that undergo apoptosis from those that

survive and differentiate into the long-lived memory cells.

Multiple studies have identified IL-7Rα as an important surface marker for

identifying memory cells.  Kaech et. al. demonstrated that IL-7Rα chain mRNA is

approximately three fold higher in memory cells than in effector cells from day 8

postinfection with acute LCMV (Kaech et al., 2002a; Kaech et al., 2003).   When cell

surface expression of IL-7R was determined at the peak of the response, day 8

postinfection, the majority of effector cells expressed low IL-7R.  However, a small

population of ~5-15% of the effector cells expressed high levels of IL-7R (Kaech et al.,

2003).   During the contraction phase, the proportion of antign-specific IL-7RhighCD8+ T

cells continued to increase, and by 50 days postinfection the majority of the remaining

cells were IL-7Rhigh.  Therefore, expression of the IL-7 receptor alpha chain (CD127) has
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been suggested to identify the effector cells that are rescued from apoptosis and

differentiate into long-lived memory cells.

Memory cells can be subdivided into CD62LHighCCR7+ central memory (TCM)

and CD62LLowCCR7- effector memory (TEM) T cells.  Early studies suggested that central

memory T cells were lymph node homing cells, while effector memory cells were tissue

homing cells (Sallusto et al., 1999).  Additionally, it was thought that both populations of

cells can arise from naïve T cells following stimulation, but TCM cells could give rise to

TEM cells (Unsoeld and Pircher, 2005).  More recent studies demonstrate that TCM cells

persist in vivo more efficiently than TEM cells and they are better at mediating protective

immunity following acute LCMV infection.  Additionally, Wherry et. al. established that

TEM cells actually convert to TCM cells following pathogen clearance (Wherry et al.,

2003).  Therefore, more recent data supports the idea that these cells are not distinct

lineages, rather they are part of the linear differentiation pathway that goes from naïve to

effector to effector memory (TEM) to central memory cells (TCM).

CD8+ T cell differentiation during chronic infection.  In contrast to the

generation of memory cells following acute viral infection, CD8+ T cell differentiation is

altered during chronic viral infection.  Although functional effector T cells are generated

during early stages postinfection, they gradually lose function through a process termed

exhaustion due to persistent antigen exposure (Ou et al., 2008; Wherry et al., 2003).

During chronic LCMV infection, CD8+ T cells first lose the ability to produce IL-2,

followed by TNFα, and finally IFNγ (Wherry et al., 2003).  Additionally, these cells lose

cytolytic capacity and are thus unable to effectively lyse infected targets.  Thus, these

non-functional CD8+ T cells do not possess the capability to clear the infection.
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Additionally, antigen-independent memory cells are not generated during chronic

infection, as these cells are incapable of undergoing homeostatic proliferation in response

to IL-7 and IL-15 (Wherry et al., 2004).   Instead, virus-specific CD8+ T cells from

chronically infected mice have reduced expression of cytokine receptors, including

CD127 (IL-7Rα), CD122 (IL-2/15Rβ), and IL-15Rα .  These cells also have lower

expression of the pro-survival molecule Bcl-2 (Grayson et al., 2000; Zhou et al., 2002).

As a result, previous studies have demonstrated that antigen-specific CD8+ T cells

generated during chronic LCMV infection do not persist when removed from antigen.

Thus, these results suggest that the antigen-specific CD8+ T cells from chronically

infected animals are incapable of differentiating into memory cells.

CD8+ T cell contraction.  Following virus clearance during acute infection,

antigen-specific CD8+ T cells undergo a contraction period in which the majority of the

effector cells die by apoptosis (Kaech et al., 2002b).  Following contraction, the surviving

cells are then capable of differentiating into long-lived memory cells.  There are several

pieces of evidence that the cell death observed during the contraction phase is apoptosis

rather than another form of cell death.  First, antigen-specific effector CD8+ T cells are

Annexin V positive.  Annexin V binds to phosphatidylserine that is externalized on the

cell surface during the early stages of apoptosis (Grayson et al., 2002).  Second, these

cells possess decreased mitochondrial potential, which occurs following the induction of

apoptosis due to the permeabilizaton of the mitochondria membrane (Grayson et al.,

2003).  Finally, although apoptotic cells are difficult to observe directly ex vivo, culturing

cells from LCMV infected mice on day 9 postinfection resulted in a large proportion of
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cells becoming TUNEL positive.  TUNEL staining measures cells in the later stages of

apoptosis undergoing DNA fragmentation (Wang et al., 2003).

Contraction of antigen-specific CD8+ T cells has been studied in several model

systems including lymphocytic choriomeningitis virus (LCMV) (Butz and Bevan, 1998;

Murali-Krishna et al., 1998), Listeria monocytogenes (LM) (Busch et al., 1998), vaccinia

virus (VV) (Harrington et al., 2002), vesicular stomatitis virus (VSV) (Masopust et al.,

2001), and influenza virus (Flynn et al., 1998).  Early models of contraction suggested

that this apoptosis occurred due to overfilling of niches in secondary lymphoid organs.

However, more recent studies have demonstrated that the burst size of the effector

population correlates with the extent of contraction and that contraction can occur

regardless of the dose of antigen administered (Badovinac et al., 2002).

Previous reports have also shown that the extent of contraction of CD8+ T cells is

different following primary or secondary infection (Grayson et al., 2002).  Following

rechallenge of LCMV Armstrong immune mice with LCMV Clone 13, there is a 3 fold

reduction in the antigen-specific CD8+ T cells compared to the 10 to 25 fold decrease in

cell numbers following primary infection.  In addition to burst size, inflammation has

also been shown to play a role during contraction (Badovinac et al., 2004).  Pretreatment

with antibiotics prior to infection with Listeria monocytogenes, which will limit the

inflammation following infection, resulted in reduced expansion of the antigen-specific

CD8+ T cells, but no contraction ensued.  Further evidence for the importance of

inflammation during contraction was observed when CpG DNA was administered in

addition to the antibiotic treatment and both expansion and contraction ensued that was

IFNγ receptor mediated.   Additionally, IL-2 has been used to enhance T cell immunity,

however the beneficial effects obtained with this treatment are dependent on timing of
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administration. Treatment with IL-2 following acute LCMV infection during the

contraction phase (days 8 to 15 postinfection) resulted in decreased apoptosis due to

increased proliferation of the antigen-specific CD8+ T cells (Blattman et al., 2003).

Additionally, IL-2 treatment during the memory phase (after day 30 postinfection) caused

increased proliferation of resting memory cells.  However, the increased numbers of

antigen-specific CD8+ T cells observed following IL-2 treatment was only a short term

effect, as the numbers eventually declined at later time points postinfection and were

similar to control animals. Together, these observations demonstrate that the number of

antigen-specific CD8+ T cells can be increased by either extending the expansion phase

or decreasing the amount of contraction.

Cell death in the immune system.  Apoptosis is critical to the development and

maintenance of the immune system.  The characteristic features of apoptosis include

membrane blebbing, cell shrinkage, chromatin condensation, DNA fragmentation, and

eventual elimination of the cell due to engulfment by macrophages or other neighboring

phagocytic cells (Savill and Fadok, 2000). Caspases are proteins that play a major role in

the execution of apoptosis (Shi, 2002).  These proteins are generated as inactive

zymogens that can be cleaved to form active enzymes following the induction of

apoptosis (Stennicke and Salvesen, 2000).  Currently, fourteen mammalian caspases have

been identified that can be divided into three groups: inflammatory caspases, initiator

caspases, and effector caspases (Degterev et al., 2003).  The inflammatory caspases,

including caspase-1, -4, -5, -11, -12, -13, and -14, are predominately involved in

inflammation rather than apoptosis.  Initiator caspases, including caspase-8, -10, -2, and -

9, contain either a death effector domain (DED) or caspase activation and recruitment
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domain (CARD) and function by interacting with adaptor molecules during the initiation

of apoptosis to activate effector caspases 3, 6, and 7.  These effector caspases then cleave

multiple cellular substrates and ultimately promote apoptosis of the cell (Degterev et al.,

2003). There are two pathways in mammalian cells that regulate apoptosis by utilizing

caspases: the intrinsic and extrinsic pathways of cell death.

The intrinsic pathway of cell death, which is mediated by the mitochondria, is

induced by intracellular stressors such as cytokine deprivation, reactive oxygen

intermediates (ROIs), genotoxic drugs, DNA damage, and calcium overload (Opferman

and Korsmeyer, 2003).  This pathway is regulated by both proapoptotic and antiapoptotic

members of the Bcl-2 superfamily.  The name of this family is resultant from the first

member identified, Bcl-2 (B cell lymphoma 2), which has been shown to protect cells

from several different apoptotic stimuli when overexpressed (Graninger et al., 1987;

McDonnell et al., 1989). The antiapoptotic family members include Bcl-2, Bcl-xL, Mcl-

1, and A1.  The proapoptotic family members include Bax, Bak, and Bok in addition to

the BH3-only proteins Bik, Bid, Bad, Bmf, Hrk, Bim, Noxa, and Puma (Strasser, 2005).

These proapoptotic and antiapoptotic Bcl-2 members have the ability to physically

interact with one another to either inhibit or induce apoptosis depending on which

proteins are involved.  Following initiation of this pathway by the intracellular stimuli

described above, activation of the proapoptotic BH3-only proteins such as Bid (Wang et

al., 1996) or Bim (O'Connor et al., 1998) occurs.  These proteins then activate Bax and

Bak, resulting in the permeabilization of the mitochondria outer membrane and the

release of cytochrome c (Wei et al., 2001; Zong et al., 2001).  Additionally, other

molecules involved in apoptosis, including apoptosis inducing factor (AIF) (Daugas et
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al., 2000), SMAC/Diablo (Du et al., 2000), and EndoG (Ikeda et al., 2002), are released

into the cytosol following premeabilization of the mitochondria.  Following release,

cytochrome c, APAF-1, dATP, and procaspase 9 oligomerize and form the apoptosome,

which activates caspase 9 (Liu et al., 1996; Zou et al., 1997).  Caspase 9 then continues

the apoptotic cascade by activating the downstream executioner caspases, such as

caspases 3 and 7.

In addition to prevention of apoptosis, Bcl-2 has been shown to play a role in cell

cycle progression.  Bcl-2 deficient T cells undergo increased apoptosis following

activation and exhibit accelerated progression through cell cycle (Linette et al., 1996).  In

contrast, expression of Bcl-2, Bcl-xL, or the adenovirus protein E1B19kD inhibits cell

division at the transition from the G0 stage into S phase (O'Reilly et al., 1996).

Furthermore, Bcl-2 overexpressing transgenic mice have significantly fewer double

negative CD4-CD8- and double positive CD4+CD8+ thymocytes in S phase,

demonstrating that Bcl-2 reduces the proliferation of T cell precursors in vivo.  Although

Bcl-2 expression can retard the entry of cells into cell cycle, previous studies have shown

that both B and T cells from Bcl-2 transgenic mice were similar in cell cycle activity

compared to controls by 72 hours post-stimulation.  Thus, although Bcl-2 may exert its

effects on cells during the transition from the quiescent G0 state into the initial S phase, it

may have minimal effects on cells once they are continually cycling.

Bim (Bcl-2 interacting mediator of cell death) is a pro-apoptotic member of the

Bcl-2 superfamily (O'Connor et al., 1998).  It is expressed in haematopoietic, neuronal,

epithelial, fibroblast, and germ cells (O'Reilly et al., 2000). There are three major

isoforms that are generated by alternative mRNA splicing (O'Connor et al., 1998).
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BimEL (Bim extra long), BimL (Bim long), and BimS (Bim short) are the predominant

isoforms going from least effective to most potent killer.  Although these three isoforms

are the most common, reports suggest that there could be up to 18 different splice

variants (Adachi et al., 2005).  In some cell types, the unphosphorylated form of BimEL

is sequestered to the microtubules through interaction with LC8, a component of the

dynein light chain (Puthalakath et al., 1999).  Following phosphorylation, Bim is released

(Lei and Davis, 2003), allowing for caspase-mediated cleavage at the N terminus (Chen

and Zhou, 2004).  This cleaved form is more effective at targeting and interacting with

anti-apoptotic proteins, including Bcl-2.  In contrast, most of the Bim in naïve T cells is

bound to the anti-apoptotic proteins, such as Bcl-2 and Bcl-xL, and is associated with the

mitochondria rather than the microtubules (Zhu et al., 2004). Following T cell activation,

the expression of Bim is not altered (Hildeman et al., 2002), but a decline in Bcl-2 levels

results in apoptosis of the cell (Zhu et al., 2004).

Because of its importance in cell death, mice lacking Bim were created to study

apoptosis (Bouillet et al., 1999).  These animals were generated by disruption of the Bim

gene using a targeting vector that replaces the exon encoding the BH3 region of the

protein, which is essential for pro-apoptotic function (O'Connor et al., 1998), with a

Neomycin cassette flanked by LoxP sites (Bouillet et al., 1999).  Chimeric mice from

embryonic stem cell clones were then crossed with C57BL/6 mice to generate animals

heterozygous for the Bim mutation.  These mice could then be bred to generate mice

lacking Bim. Earlier studies demonstrate that Bim mutant mice contain increased

numbers of B cells, mature T cells, granulocytes, monocytes, and leukocytes.  In

addition, Bim has been shown to be required for apoptosis during negative selection
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because Bim deficiency in thymocytes inhibited apoptosis of autoreactive cells (Bouillet

et al., 1999; Bouillet et al., 2002).

The extrinsic pathway of cell death is mediated by the interaction of death

receptors, such as Fas, tumor necrosis factor receptor (TNFR), and TNF-related

apoptosis-inducing ligand (TRAIL), with their cognate ligand (Fas et al., 2006).

Following ligation of the receptor and ligand, clustering of death domains occurs and

recruits adaptor proteins such as FADD (Chinnaiyan et al., 1995). In turn, these adaptor

proteins also contain death domains.  Some members of the TNF receptor family require

an interaction with an additional intermediary adaptor called TRADD (Hsu et al., 1995)

before FADD could bind.  FADD contains a death effector domain (DED) at its N

terminus that binds to the DED within procaspase 8 (Chinnaiyan et al., 1995).  This forms

the death-inducing signaling complex (DISC) (Kischkel et al., 1995) and, upon

recruitment of caspase 8 to this complex, promotes autocatalytic activation (Boldin et al.,

1996; Muzio et al., 1996; Srinivasula et al., 1996).  Caspase 8 can then activate the

executioner caspases 3 and 7 to induce apoptosis (Fernandes-Alnemri et al., 1996;

Scaffidi et al., 1998).  Although the initiation of these two pathways and the initial

signaling cascades differ, they ultimately converge with the activation of the executioner

caspases.

Fas (CD95) is a cell surface protein that plays a role in cytotoxic T cell mediated

killing of virus infected cells, tumors, and the regulation of autoimmunity through the

deletion of self-reactive cells (Nagata, 1997). Fas is expressed in numerous tissues

including the thymus, liver, heart, lung, kidney, and ovary on both lymphoid and

nonlymphoid cells (Ogasawara et al., 1993; Watanabe-Fukunaga et al., 1992b).  Although
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Fas is constitutively expressed on mature T cells, it is the encounter with antigen and

subsequent activation that results in expression of FasL and allows these cells to become

susceptible to Fas mediated apoptosis (Klas et al., 1993; Owen-Schaub et al., 1992).  The

interaction between Fas and FasL, resulting in the induction of apoptosis, can occur from

the same cell type or from a different cell type.  Mutations within the Fas pathway in both

Fas and FasL have also been identified in humans with autoimmune lymphoproliferative

syndrome (ALPS) and Canale-Smith syndrome respectively (Fisher et al., 1995; Rieux-

Laucat et al., 1995; Wu et al., 1996).   Spontaneous mutation has been observed in mice

at the lpr (lymphoproliferation) locus by insertion of a transposable element resulting in

the impaired transcription of the Fas gene and generation a non-functional Fas molecule

(Adachi et al., 1993; Watanabe-Fukunaga et al., 1992a). Although thymic selection

appears to be normal in Faslpr/lpr mice (Herron et al., 1993; Sidman et al., 1992), Fas plays

an important role in the deletion of cells in the periphery (Chu et al., 1995; Singer and

Abbas, 1994).  Another mutation in the Fas gene has been observed in lprcg mice, that

results from a point mutation that abolishes the ability of Fas to mediate the apoptotic

signals (Watanabe-Fukunaga et al., 1992a).  Additionally, a point mutation observed in

gld (generalized lymphoproliferative disease) mice eliminates the ability of FasL to

interact with Fas (Takahashi et al., 1994).  These strains of mice demonstrate the critical

role of Fas and FasL in cell death, as these animals possess an accumulation of

lymphocytes that results in lymphadenopathy and splenomegaly and development of

autoimmune diease with age (Watanabe-Fukunaga et al., 1992a).

Currently, a well-characterized mechanism of crosstalk exists between the two

pathways that is mediated through the BH3 only protein Bid (Wang et al., 1996).
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Following death receptor and ligand interaction, active caspase 8 can cleave Bid at

internal Asp sites to produce a truncated form of the protein, tBid (Gross et al., 1999; Li

et al., 1998). tBid is then N-myristoylated (Zha et al., 2000) and translocates to the

mitochondria to promote the release of cytochrome c by interacting with Bak (Wei et al.,

2000). This occurs due to a conformational change in Bak that allows the formation of

the mitochondria outer membrane pore (MOMP).  Although the initial activation of the

cell death pathways is different, previous reports have demonstrated that there are two

different CD95 (Fas) signaling pathways utilized by different cell types characterized as

Type I and Type II cells.  Activation of the mitochondia and release of cytochrome c

occurs in both cell types (Scaffidi et al., 1998).  Type I cells, such as thymocytes, require

the formation of the DISC complex, followed by activation of caspase 8 then caspase 3.

In type II cells, such as hepatocytes, the formation of the DISC is reduced and

mitochondrial activation is upstream of activation of caspase 8 (Scaffidi et al., 1998).

Activation of the mitochondria produces an amplification loop in these cells resulting in

apoptosis.  Thus, Bid plays an essential role in these cells, which is supported by the

resistance of Bid deficient hepatocytes to Fas induced apoptosis. These pathways can be

distinguished because overexpression of Bcl-2 or Bcl-xL blocks the apoptosis in type II

cells, but not type I cells (Scaffidi et al., 1998). Additionally, Gaddy et. al. demonstrated

a mechanism of crosstalk resulting in activation of caspase 9 by caspase 8, as blockade of

caspase-8 activity prevented the activation of caspase 9 following infection with VSV

expressing a mutant viral matrix (M) protein (Gaddy and Lyles, 2005).  Together, these

studies demonstrate evidence of crosstalk between these two pathways of cell death.
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Lymphocytic choriomegitis virus (LCMV) as a model system.  Lymphocytic

choriomengitis virus (LCMV) is the prototypical member of the Arenaviridae family

(Fenner, 1976).  It is an enveloped, bisegmented RNA virus with a unique ambisense

genome (Meyer et al., 2002; Salvato and Shimomaye, 1989).  The single-stranded RNA

genome consists of two segments: S and L.  The S segment encodes the nucleocapsid

protein (NP) and the viral glycoprotein precursor GP-C, which is posttranslationally

processed to form the two viral glycoproteins GP-1 and GP-2.  These glycoproteins form

the tetrameric spike (Burns and Buchmeier, 1991) that interacts with the cellular receptor

for LCMV, α−dystroglycan (Kunz et al., 2001).  The L segment encodes the L protein

(polymerase) gene and the zinc binding (Z) protein (Salvato and Shimomaye, 1989).

Research using LCMV as a model system has provided critical insight into virus-

host interactions and is used as a system that can be correlated to related clinical human

hemorrhagic fevers (HF) such as Lassa fever (Cao et al., 1998; Geisbert and Jahrling,

2004; Meyer et al., 2002).  Although LCMV is a natural mouse pathogen, it has been

classified as a Category A pathogen by the NIH due to its ability to infect humans.  HF

viruses are considered potential threats for bioterrorism weapons due to their severe

mortality and lack of effective vaccines (Borio et al., 2002).  Recent reports demonstrate

that LCMV infection in humans can occur as a result of contamination of organ

transplants and in situations of immunosuppression can lead to complications including

renal failure and seizures (Fischer et al., 2006).  The similarities between LCMV and the

HF arenaviruses demonstrate the importance of using this model system to study acute

arenavirus disease in order to develop therapeutics and vaccines against these pathogens.
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The LCMV model system has been influential in many pertinent discoveries in

immunology including MHC Class I restriction (Zinkernagel and Doherty, 1974),

understanding the generation and maintenance of immunological memory (Homann et

al., 2001; Jamieson and Ahmed, 1989; Kaech et al., 2002a), the exhaustion of antigen-

specific T cells during chronic infection (Moskophidis et al., 1993), and the use of

adoptive transfer immunotherapy (Oldstone et al., 1986). LCMV is a widely used

infection model due to the availability of several different virus strains that can result in

both acute and chronic infection of adult mice.  Infection with LCMV Armstrong results

in an acute infection that is cleared within 7 to 10 days.  In contrast, the clone 13 strain

establishes a persistent infection with high viral titers in the kidney and brain for an

extended duration (Buchmeier et al., 1980). CD8+ T cells have been shown to be critical

in the clearance of several intracellular pathogens, including LCMV.   These two virus

strains are typically used to examine the differences among the CD8+ T cell responses

following acute and chronic viral infection because they only differ by two amino acids

and neither of these mutations affects the known T cell epitopes (Ahmed et al., 1988;

Matloubian et al., 1990).  These amino acid differences are in the tetrameric spike, which

results in enhanced binding of Clone 13 to the cellular receptor, and contributes to

increased viral titers observed in various tissues following infection compared to the

Armstrong strain (Smelt et al., 2001).

Using this system can provide critical insight into the differences between the

optimal T cell response observed following acute viral infection and the dysfunctional

responses observed during chronic infection.  Importantly, this system can provide

insight into understanding antigen specific T cell contraction and shutdown of the
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immune response following both acute and chronic viral infections.  Developing an

understanding of these processes could result in improvement of vaccination and

therapeutic strategies.  Additionally, observations made using this model could be

extended to chronic infections in humans such as human immunodeficiency virus (HIV),

hepatits B virus (HBV) and hepatits C virus (HCV) (Pantaleo and Koup, 2004;

Rehermann and Nascimbeni, 2005)

Effect of mutation on CD8+ T cell responses following acute LCMV infection.

Although the expansion and contraction of antigen-specific CD8+ T cells following

several infections has been documented, the genes regulating these processes remains to

be determined.  Several studies have determined the effects of mutation of the cell death

pathways along with cell cycle regulators on CD8+ T cell responses following acute

LCMV infection, however utilizing mice containing single mutations demonstrates that

there is redundancy and more work needs to be performed to understand the regulation of

shutdown of immune responses (Table 1).  The majority of mutations in the extrinsic

pathway of cell death demonstrate that a single mutation has minimal effects on

decreasing contraction and the memory setpoint is often similar to wildtype.  For

example, infection of mice containing mutations in Fas or Fas ligand resulted in similar

contraction compared to wildtype animals. The effect of the memory setpoint is not

shown on this table because this study was performed prior to the availability of MHC

class I tetramers (Lohman et al., 1996).  Additionally, the single mutations of TNFRI or

TNFRII did not result in a drastic effect in the total contraction of antigen-specific CD8+

T cells compared to wildtype (Suresh et al., 2005).  Instead, mutation of both TNFRI and

TNFRII results in a greater difference in the memory setpoint than wildtype mice.
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Several studies have demonstrated a role for components regulating cell cycle in

apoptosis of T cells.  p53 and E2F1 are two transcription factors capable of regulating

both cell cycle to promote proliferation or cell death to induce apoptosis (Vousden,

2000).  For example, mice deficient in the tumor suppressor and cell cycle regulator p53

often develop malignancies (Donehower et al., 1992), while overexpression of p53 results

in cell cycle arrest between G1/G2 (Yonish-Rouach et al., 1991).  Inhibition of E2F1,

which regulates entry into S phase and DNA synthesis (Helin, 1998), rescues breast

epithelial cells from apoptosis (Bargou et al., 1996).  In contrast, overexpression induces

apoptosis in fibroblasts following serum deprivation (DeGregori et al., 1997).  Although

both of these factors play a role in apoptosis, infection of mice deficient in either p53 or

E2F1 with LCMV did not result in a significant difference in expansion, contraction, or

memory setpoint compared to wildtype (Gao et al., 2004; Grayson et al., 2001).  Similar

to these factors, p19ARF, a tumor suppressor that within the p53 pathway, has been shown

to be involved in regulation of cell cycle and apoptosis following mitogenic stimuli

(Sharpless and DePinho, 1999).  However, acute LCMV infection of p19-/- mice resulted

in comparable antigen-specific CD8+ T cell responses to wildtype (Gao et al., 2002).

Additionally, the gene encoding the serine protease inhibitor 2A (Spi2A), an inhibitor of

lysosomal executioner proteases (Liu et al., 2003), has been shown to be upregulated in

memory CD8+ T cells following LCMV infection.  Following LCMV infection of Spi2A

overexpressing mice, contraction was decreased, which resulted in an increase in antigen-

specific CD8+ T cells (Liu et al., 2004).  Furthermore, knockdown of Spi2A in effector

cells led to decreased expansion and increased contraction, resulting in a decreased

number of antigen-specific CD8+ T cells.  Thus, Spi2A is an important gene that protects
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effector cells from apoptosis during the contraction phase and appears to facilitate the

differentiation into memory cells.  Although some of the single mutations discussed

above have effects on contraction following acute infection, there is no single mutation

that completely blocks contraction. Together, these results suggest that multiple genes are

responsible for the apoptosis that occurs during contraction of CD8+ T cells following

acute LCMV infection.
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Table 1. Effect of mutation on CD8+ T cell responses during acute LCMV infection
(compared to wildtype).
Gene        Effect on Expansion     Effect on Contraction         Effect on Memory Setpoint        Reference                                      
Fas (lpr)*  2 fold greater        2 fold greater   ND              Lohman et. al., 1996 
FasL (gld)*  Similar         Similar    ND              Lohman et. al., 1996 
TNFRI   Similar         1.6 fold less NP396  5 fold more NP396            Suresh et. al., 2005 
TNFRII  2-3 fold greater        Similar    Similar              Suresh et. al., 2005   
TNFRI/TNFRII 2-3 fold greater       2 fold less               8-12 fold greater            Suresh et. al., 2005 
E2F1   Similar         Similar    Similar              Gao et. al., 2004 
p53   Similar         Similar    Similar              Grayson et. al., 2001 
p19ARF   Similar         Similar    Similar              Gao et. al., 2002 
Spi2A overexpressor Similar         4 fold less    4 fold higher             Liu et. al., 2004 
Spi2A knockdown 2 fold less        3 fold more   10 fold less             Liu et. al., 2004 
 
*Determined prior to MHC class I tetramer availability 
ND not determined 
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Summary statement.  Previous studies have demonstrated that mutating single

components of the cell death pathways has minimal effects on the contraction of CD8+ T

cells and memory setpoint following acute LCMV infection.  Therefore, this data

suggests that further studies needed to be performed to determine the genes that regulate

the immune responses following viral infection.  Although an earlier report demonstrated

that contraction of antigen-specific CD8+ T cells was blocked in Bim deficient mice

following infection with acute human herpes simplex virus type 1 (HSV-1) (Pellegrini et

al., 2003).  This study only examined the antigen-specific responses until day 35

postinfection.  Therefore, the maintenance and quality of long-lived protective memory

cells was undetermined.  We wanted to determine the role of Bim on the antigen-specific

CD8+ T cell responses following both acute and chronic LCMV infection. We

demonstrate that there is a transient delay in the contraction of antigen-specific CD8+ T

cells in Bim-/- mice following acute LCMV infection.  However, contraction eventually

ensues and the number of cells only remains slightly elevated compared to wildtype at

later time points postinfection. Additionally, we observed contraction in the DbGP33-41

and DbGP276-286 specific CD8+ T cells, while contraction was blocked in the DbNP396-

404 specific CD8+ T cell population following chronic LCMV infection. Thus, other

genes must also be involved in contraction following acute and chronic infection.  This

led us to examine the additional effect of Fas, a member of the extrinsic pathway of cell

death, on contraction following LCMV infection.  Contraction of antigen-specific CD8+

T cells following acute LCMV infection of mice deficient in both Bim and Fas was

affected in a tissue-specific manner, with the cell numbers being maintained in the lymph

nodes of these animals resulting in an increase in the total number of memory cells
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compared to the parental genotypes.  In this work, we present evidence that multiple

pathways of cell death are involved in regulating autoimmunity and shutdown of immune

responses following both acute and chronic viral infection.
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MATERIALS AND METHODS

Viral infection and mice.  Bim-/-, Faslpr/lpr, Bim-/-Faslpr/lpr, and wildtype mice

were bred in our facility.  The Bim-/- mice were originally derived on a C57BL/6/129

background and have been backcrossed onto C57BL/6 for 12 generations (Bouillet et al.,

1999).  C57BL/6 Faslpr/lpr mice that have been backcrossed onto C57BL/6 for 11

generations were purchased from Jackson Laboratories and then bred in our facility.  Bim-

/-Faslpr/lpr mice were derived by mating Bim+/- and Fas+/lpr animals or Bim+/- and Faslpr/lpr

animals. All studies were approved by the Institutional Animal Care and Use Committee

(IACUC) of the Wake Forest University School of Medicine.  For genotyping of mice,

the following primers that were used are 5’-CCTCCTTGTGTAAGTTTCGTT-3’ and 5’-

CTGTCTGATGGACTGTGATCA-3’ for the wildtype Bim gene resulting in a 391 bp

(base pair) fragment and 5’-CATTCTCGTAAGTCCGAGTCT-3’ and 5’-

CTCAGTCCATTCATCAACAG-3’ for the Bim gene including the neo cassette resulting

in a 540 bp fragment.  The primers used for genotyping the lpr gene were 5’-

GTAAATAATTGTGCTTCGTCAG-3’, 5’-TAGAAAGGTGCACGGGTGTG-3’, and

5’-CAAATCTAGGCATTAACAGTG-3’ resulting in a 179 bp wildtype product and 217

bp lpr product. For Bim genotyping, samples were cycled thirty-seven times at 95°C for 1

minute, 57°C for 1 minute, 72°C for 1 minute, then 72°C for 2 minutes. For lpr

genotyping, samples were cycled thirty-five times at 95°C for 30 seconds, 59°C for 1

minute, 72°C for 1 minute, then 72°C for 2 minutes. Genotypes of the mice were

determined using PCR amplification of tail DNA.  Six to eight week old mice were

infected with 2x105 PFU of LCMV-Armstrong intraparentally (i.p.) or 2x106 PFU of
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LCMV clone 13 intravenously (i.v.) and used at the indicated time points. Virus was

grown and quantitated as described previously (Ahmed et al., 1984).  Briefly, virus was

grown in BHK-21 cells and plaques were picked from plaque assays performed using

vero cells.  Virus stocks from passage 2 were used in all experiments.

Viral plaque assay.  Serum was prepared by centrifuging blood sample obtained

from the retro-orbital sinus into a 1.5 ml eppendorf tube at 14,000 rpm for 10 minutes,

then collecting the upper phase of serum into a fresh tube.  Serum was stored at -80°C

until viral plaque assays were performed.  Serum samples were diluted 1:10 in 1% RPMI

and serial dilutions were performed.  Tissues were collected in 1 ml 10% RPMI and

stored at -80°C until viral plaque assays were performed. Tissues were homogenized in a

sterile hood and 10 fold dilutions were made using 1% RPMI.  Diluted samples were

added to vero cells of approximately 85% confluency.  Plates were incubated at 37°C for

one hour, rocking forward and backward then left to right to ensure diluent covered the

entire well every 15 minutes.  Plates were overlaid with 4 mls per well of a solution

composed of 1 part 1% agarose to 1 part 2XM199 media.  2XM199 media was purchased

from the Wake Forest tissue culture core facility and was supplemented with 50 mls FCS,

5 mls L-glutamine, and 5 mls Penicillin/Streptomycin for each 500 mls of media.  Plates

were then incubated at 37°C for 4 days.  On day 4, plates were overlaid with 2 mls per

well of a 1 part 1% agarose and 1 part 2XM199 media solution containing 6% Neutral

Red (Sigma).  Plates are incubated overnight at 37°C, and then counted using a light box

to help visualize the plaques the following morning.

Cell isolation.  The spleens were removed from mice following cervical

dislocation. After being teased apart on a wire mesh screen, red blood cells were removed
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by osmotic lysis in ACK buffer (NH4Cl, KHCO3, and EDTA). Splenocytes were then

resuspended in RPMI 1640 supplemented with 10 % FCS and L-glutamine, penicillin-

streptomycin, and -mercaptoethanol (complete media).  Superficial cervical, axillary,

brachial, and inguinal lymph nodes and thymus were excised from mice following

euthanization, teased apart on a wire mesh screen, then resuspended in complete media.

To isolate lymphocytes from nonlymphoid tissues, the abdomen was opened and the

gallbladder was removed, the hepatic vein was cut, and 5 ml ice-cold PBS was injected

directly into the hepatic artery to perfuse the liver.  The entire liver was removed and

teased apart on a wire mesh screen followed by incubation at 37˚C with 0.25 mg/ml

collagenase B (Boehringer Mannheim, Federal Republic of Germany) and 1 U/ml DNase

(Sigma, St. Louis, MO) for 60 minutes with vortexing every 15 minutes.  Following

digestion of the liver, the sample was centrifuged and the pellet was resuspended in 5 ml

44% Percoll (Sigma).  The solution was then underlaid with 56% Percoll and centrifuged

at 2000 rpm for 20 minutes at 20ºC.  The interface containing lymphocytes was then

removed and washed to remove residual Percoll.  Red blood cells were lysed using 0.83%

ammonium chloride, and then lymphocytes were washed and counted.

Surface and intracellular staining.  In these studies the following antibodies

were used: rat anti-mouse CD8α-FITC, rat anti-mouse CD8α-PE, rat anti-mouse CD8α-

PerCP, rat anti-mouse CD8α-APC, rat anti-mouse CD4-PE, rat anti-mouse CD44-FITC,

rat anti-mouse CD44-APC, rat anti-mouse CD45R/B220-APC, rat anti-mouse CD3-

FITC, rat anti-mouse CD127-FITC, Syrian hamster anti-mouse KLRG1-PE, rat anti-

mouse CD62L-FITC, rat anti-mouse CD69-FITC, rat anti-mouse TNFα-APC, rat anti-

mouse IFNγ-FITC, rat anti-mouse CD107A-FITC, and rat anti-mouse CD107B-FITC.
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All of the above antibodies were purchased from BD Pharmingen except for CD127

(eBiosciences) and KLRG1 (Abcam).  DbGP33-41, DbNP396-404, DbGP276-286 MHC

Class I tetramers were generated as previously described (Murali-Krishna et al., 1998).

Surface staining was performed by incubating cells with antibodies at a 1:100

dilution in FACS buffer (2% fetal calf serum in phosphate buffered saline) for 30 minutes

on ice.  KLRG1 staining was performed using a 1:250 dilution.  Cells were then washed 3

times with FACS buffer and resuspended in 2% paraformaldehyde.  For intracellular

staining, splenocytes were administered golgi plug and 0.2 µg/ml peptide and incubated

at 37°C for 5 hours.  Peptides used were GP33-41 (KAVYNFATC), NP396-404

(FQPQNGQFI), GP276-286 (SGVENPGGYCL), NP205-212 (YTVKYPNL), and GP92-

101 (CSANNSHHYI) for CD8+ T cells and GP61-80 (GLKGPDIYKGVYQFKSVEFD)

and NP309-328 (SGEGWPYIACRTSIVGRAWE) for CD4+ T cells.  Following the 5

hour incubation, a surface stain was performed as described above.  After three washes,

intracellular staining was performed using the BD Biosciences Cytofix/Cytoperm kit

according to the manufacturer’s instructions.  Intracellular antibodies were used at a

1:200 dilution in permwash.  Samples were acquired on a FACSCalibur instrument and

analyzed using FloJo software (TreeStar, San Francisco, CA).

Annexin V and 7AAD staining.  Splenocytes from Bim-/- and wildtype animals

were isolated on day 15 postinfection with LCMV Clone 13 and analyzed immediately

for the amount of ex vivo apoptosis.  Splenocytes were stained with anti-CD8α and anti-

CD44 or MHC class I tetramer as described above.  Following three washes with FACS

buffer, cells were incubated with annexin V and 7-actinomycin D (7AAD; BD

Pharmingen) at room temperature for 15 minutes and acquired immediately.
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Bromodeoxyuridine labeling.  To determine the percentage of naïve cells

entering S phase of the cell cycle, naïve mice of each genotype were administered

0.8mg/ml Bromodeoxyuridine (BrdU) in the drinking water for 8 days beginning at 10

weeks of age.  In order to determine the percentage of cells that incorporate BrdU during

the contraction phase of acute LCMV infection, mice of each genotype were

administered BrdU in the drinking water daily beginning on day 15 post infection with

LCMV Armstrong until day 22 post infection.  Mice of each genotype were administered

BrdU in the drinking water from day 90 to day 97 post infection with LCMV Armstrong

to determine the percentage of cells undergoing homeostatic proliferation during the

memory phase. BrdU staining was performed as described by Tebo et. al. (Tebo et al.,

2005). Briefly, cells were incubated with 0.5 µl/well of Fc block on ice for 15 minutes

followed by a surface stain as described above.  Samples were then resuspended in PBS

and added in a drop wise manner to 1% PFA containing 0.05% Igepal (Sigma) while

gently vortexing the tube and incubated overnight at 4°C. Following incubation, samples

were washed twice with room temperature PBS at 1200 rpm for 6 min, then resuspended

in 1ml of PBS with 4.2 mM MgCl2 containing 50-kunitz unit/ml of DNase I (Sigma), and

incubated for 30 min in a 37°C waterbath with gentle vortexing every 10 minutes.

Following two washes with wash buffer (5% FCS with 0.5% Igepal in PBS) at 1200 rpm

and 4°C for 6 min, cells were resuspended in wash buffer containing anti-BrdU-FITC

(Pharmingen) at a 1:5 dilution, and incubated on ice for 45 min. Samples were washed

two times in wash buffer at 1200 rpm and 4°C for 6 min, then resuspended in 1% PFA.

Samples were acquired on a FACSCalibur or FACSAria instrument and analyzed using

FlowJo software.



31

 CD8+ T cell purification.  Naïve CD8+ T cells were purified from the spleens of

6-8 week old Bim-/-, Faslpr/lpr, Bim-/-Faslpr/lpr, and wildtype mice using Miltenyi positive

selection magnetic bead separation according to the manufacturer’s protocol.  Purity was

>95% as determined by flow cytometry.

Carboxy fluorescein diacetate succinimide ester (CFSE) labeling.  CFSE (5-6-

carboxyfluorescein diacetate, succinimidyl ester) was purchased from Invitrogen Life

Technologies and resuspended in DMSO and stored at –20°C as a 5 mM stock.

Splenocytes isolated from wildtype, Bim-/-, Faslpr/lpr, and Bim-/-Faslpr/lpr mice were washed

three times in PBS and resuspended in PBS at 2x107 cells per ml. Cells were then mixed

with 6.67 µM CFSE in PBS so that the final concentration was 3.33 µM. After 3 min at

room temperature, cells were vortexed then continued incubating for an additional 2

minutes. Next, 1/10 volume of FCS was then added followed by vortexing and the

samples were incubated at room temperature for an additional minute. Samples were then

washed three times with complete medium and used in experiments.  CFSE labeled CD8+

T cells were plated at 3x105 cells per ml in 48 well flat bottom plates coated with 10

µg/ml anti-CD3 and anti-CD28.  Viable cell numbers were determined by trypan blue

exclusion daily.  Surface staining was performed daily as described above using rat anti-

mouse CD8α-PE, and samples were resuspended in 2% paraformaldehyde and acquired

on a FACSCalibur instrument.  Division and proliferation indices were determined using

FloJo software.    

Immunohistochemistry.  Kidneys from Bim-/-, Faslpr/lpr, Bim-/-Faslpr/lpr, and

wildtype mice were isolated and frozen in optimal cutting temperature embedding

medium (OCT) and stored at -80˚C.  Frozen kidneys were transferred to -20˚C prior to
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sectioning the tissues using a Cryostat. Sections were cut (5 µm thickness) and adhered to

Superfrost Plus charged slides (Fisher) then fixed in 10% formalin (Sigma) in PBS for 10

minutes at room temperature.  Slides were then washed 3 times with PBS and stored

overnight at 4°C.  Prior to staining, slides were treated with 1% BSA in PBS and

incubated for 10 minutes at room temperature.  After removal of 1% BSA in PBS,

sections were stained with 15 µg/ml FITC-labeled goat anti-mouse IgG (Jackson

ImmunoResearch, West Grove, OA) and incubated for 30 minutes at room temperature.

FITC-labeled goat anti-rabbit IgG (Jackson ImmunoResearch, West Grove, OA) was

used as a negative control.  Slides were then washed 3 times with PBS, then fixed in 10%

formalin in PBS for 10 minutes at room temperature.  Following 3 washes with PBS, one

drop of Glycero mounting medium (90% glycerol in 10% PBS) was added and a

coverslip was placed on the slide.

Hematoxylin and eosin staining.  Kidneys from Bim-/-, Faslpr/lpr, Bim-/-Faslpr/lpr,

and wildtype mice were isolated and fixed in 3.7% formaldehyde in PBS and stored at

room temperature until embedding.  Kidneys were loaded into cassettes and placed in

10% formalin until processed.  Samples were then loaded on a Tissue Tek VIP tissue

processor (Sakura), going through 70%, 95%, 100% alcohol, xylene, then paraffin.  Once

removed from the processor the samples were embedded in paraffin, then cut into 4mm

sections on a 2030 Reichert-Jung microtome (Leica).  Sections were laid out on a warm

waterbath and then picked up and placed onto slides.  The slides were then dried and

stained with hematoxylin and eosin and a coverslip was applied.  Pictures of sections

were taken using an Axiocam camera on an Axioplan 2 Zeiss microscope.
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Quantitation of immunohistochemistry and hematoxylin and eosin staining.

Quantitation of lymphocytic infiltrate and IgG-FITC positive immune complex staining

in the kidneys of mutant and wildtype mice was performed as described previously by

Lehr et. al (Lehr et al., 1997) using Photoshop 8.0 software for Macintosh.  Briefly, for

the quantitation of lymphocytic infiltrate, the magic wand tool was used to select an area

of the picture not occupied by tissue.  This background staining was eliminated using the

Inverse tool in the Select menu, and the number of pixels occupied by the tissue was

determined using the Histogram tool in the Window menu.  The lasso tool was then used

to select areas of infiltrate, and the number of pixels containing infiltrate was determined

using the Histogram tool.  The percent area containing infiltrate was then calculated by

dividing the number of pixels of infiltrate by the total pixels of tissue.  To quantitate the

percent area of positive IgG-FITC staining in the kidney sections, the green channel was

selected and the magic wand tool was used to select a section of the image containing

IgG staining.  The total amount of IgG-FITC positive staining was then obtained using

the Similar tool in the Select menu.  The tolerance amount was adjusted so that the entire

region of IgG-FITC positive staining was selected.  The percent area containing positive

IgG-FITC staining was then calculated by dividing the number of pixels of IgG positive

staining by the total pixels present in the image.

Antibody titers.  Antibody titers were quantified from the serum of Bim-/-,

Faslpr/lpr, Bim-/-Faslpr/lpr, and wildtype mice using an Ig clonotyping system ELISA

(Southern Biotechnology Associates, Inc.) according to the manufacturer’s instructions.

Serum samples were diluted 1:10,000 to 1:25,000 depending on the isotypes to observe

absorbance in a linear range.  Absorbance at 405nm was measured within 5 minutes after
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addition of substrate solution.  Standards were purchased from Southern Biotechnology

and were included to quantitate the concentration of the different isotypes in the serum

samples using Prism software.  Anti-dsDNA autoantibody titers were determined using a

mouse anti-dsDNA ELISA kit (Alpha Diagnostic International) according to the

manufacturer’s protocol.  Serum samples from all of the genotypes were diluted 1:100.

Concentration of anti-dsDNA IgG was determined by graphing the absorbance and

concentration of the standards and determining an equation for the line, then using the

equation to calculate the concentration of the unknowns.

Cell viability.  Splenocytes from day 15 LCMV Clone 13 infected wildtype and

Bim-/-  mice were cultured in complete media.  The survival of antigen-specific CD8+ T

cells (GP33-41, NP396-404, and GP276-286) was determined daily by staining with anti-

CD8α and MHC Class I tetramers followed by incubation with 7-actinomycin D (7AAD)

for 15 minutes at room temperature.  Purified CD8+ T cells from the spleens of wildtype,

Bim-/-, Faslpr/lpr, and Bim-/-Faslpr/lpr mice were subjected to 1000 rads γ-irradiation (Mark 1

Irradiator, J.L. Shepard and Associates, San Fernando, CA), or cultured in complete

media with or without the addition of 10 U/ml IL-2. Thymocytes were harvested from 6-

8 week old wildtype, Bim-/-, Faslpr/lpr, and Bim-/-Faslpr/lpr, mice and were cultured in media

alone, subjected to 1000 rads of γ-irradiation, or treatment with 2 ng/ml phorbol 12-

myristate 13-acetate (PMA) or 10 nM Dexamethasone.  Cell survival was determined

daily by performing surface stains as described above followed by incubation with 7AAD

for 15 minutes at room temperature.  Samples were acquired immediately on a

FACSCalibur instrument.
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Activation induced cell death (AICD).  Purified CD8+ T cells were stimulated

with 10 µg/ml platebound anti-CD3 and anti-CD28 and cultured for 3 days at 37°C in

complete media containing 10 units per ml IL-2.  Cells were then harvested and viable

cells were purified using MACS dead cell removal kit (Miltenyi Biotec) according to the

manufacturer’s protocol.  Briefly, cells were harvested into 50 ml conical tubes and

counted to determine the number of viable and dead cells present in the cultures.

Following centrifugation at 300xg for 8 minutes, cells were resuspended in 100 µl of

Dead Cell Removal Microbeads per approximately 107 total cells and incubated at room

temperature for 15 minutes.  Cells were then added to an LS column with a 23 gauge

needle attached to the end of the column followed by 4 washes of 3 ml 1 X binding

buffer, and the effluent is collected as the live cell fraction.  Viable cells were plated in

complete media alone, or treated with 10 µg/ml anti-CD3 or 100nM rFasL with enhancer

(Alexis Biochemicals) to provoke activation induced cell death.  Cell viability was

determined daily by trypan blue exclusion in addition to 7AAD staining.  Samples were

acquired immediately on a FACSCalibur instrument.

Statistical analysis.  Data from wildtype and Bim-/- mice for the Journal of

Virology paper were analyzed using two-tailed Student’s t test, and a p value of <0.05

was considered significant. Data from wildtype, Bim-/-, Faslpr/lpr, and Bim-/-Faslpr/lpr mice

for the Immunity paper and the Virology paper (submitted) were analyzed using an

ordinary ANOVA with a Student-Newman-Keuls multiple comparison test.  All

calculations were performed using InStat software and a p value of <0.05 was considered

significant.
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CHAPTER ONE

ROLE OF BIM IN REGULATING CD8+ T CELL RESPONSES DURING CHRONIC

VIRAL INFECTION

Summary. Apoptosis is critical for the development and maintenance of the

immune system. The pro-apoptotic Bcl-2 family member Bim is important for normal

immune system homeostasis. Although previous experiments have shown that Bim is

critical for the apoptosis of antigen-specific CD8+ T cells during acute viral infection, the

role of Bim during chronic viral infection is unclear. Using lymphocytic choriomeningitis

virus (LCMV) Clone 13 infection of mice, we demonstrate a role for Bim in CD8+ T cell

apoptosis during chronic viral infection. Enumeration of antigen-specific CD8+ T cells by

MHC Class I tetramer staining revealed that CD8+DbNP396-404+ T cells, which undergo

extensive contraction in wildtype mice, exhibited almost no decrease in Bim mutant

mice. This contrasts with CD8+DbGP33-41+ and CD8+DbGP276-286+ T cells that

underwent similar decreases in numbers in both Bim mutant and wildtype mice.

Increased numbers of CD8+DbNP396-404+ T cells in Bim mutant mice were due to lack

of apoptosis and could not be explained by altered proliferation, differential homing to

tissues, or to increased help from CD4+ T cells. When viral titers were examined, high

levels were initially observed in both groups, but in Bim mutant mice clearance from the

spleen and sera was slightly accelerated. These experiments demonstrate the critical role

of Bim during chronic viral infection to down-regulate CD8+ T cell responses and have
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implications for designing strategies for optimizing immunotherapies during situations

where antigen persists such as chronic infection, autoimmune syndromes, and cancer.

I participated in a portion of all of the experiments presented in the figures within

this paper.  For the Clone 13 timecourse, I performed day 8 and day 15 experiments.

Also, I helped with the viral plaque assays of tissues from various days post infection.

However, I led the execution of the experiments and preparation of figures 2, 4, 8, 9, and

10.
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Immunodominance hierarchy is altered during chronic viral infection of Bim

mutant mice. To determine the role of Bim in antigen-driven expansion and death during

chronic viral infection, we infected wildtype and null mutant mice with LCMV-Clone 13.

This strain of LCMV induces a chronic viral infection that takes 60 to 90 days to be

cleared from most organs, but virus persists in the kidneys and brain. Animals were

sacrificed at various timepoints post-infection and splenocytes were stained with anti-

CD8α antibodies and Db MHC Class I tetramers for three LCMV epitopes: GP33-41,

NP396-404 and GP276-286. Throughout acute primary LCMV infection the hierarchy of

CD8+ T cell responses is NP396-404>GP33-41>GP276-286 (Butz and Bevan, 1998;

Murali-Krishna et al., 1998). In chronic viral infection, the responding CD8+ T cell

hierarchy is altered to GP276-286>GP33-41>NP396-404 (Wherry et al., 2003) (Figure

1A). In mutant mice, NP396-404 remained the immunodominant epitope during the

deletion phase and by day 60 comprised almost 16% of CD8+ T cells compared to 1.8%

in wildtype mice.

After infection, the number of CD8+CD44high (activated/memory phenotype) cells

increased in both groups of mice, but was 4-5 fold higher in mutant mice until day 15

(Figure 1B). Afterwards, the number of cells decreased in both groups and remained

relatively constant from day 30 to 111. In this later phase of infection, there were always

twice as many CD44high cells in the mutant mice. When the number of antigen-specific

CD8+ T cells was determined the epitopes appeared to fall into two groups. In the first

group, which included GP33-41 (Figure 1C) and GP276-286 specific cells (Figure 1E),

the number of cells at the peak of the response was very similar between wildtype and

mutant mice.  In wildtype mice, the number of antigen specific CD8+ T cells declined
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Figure 1. Chronic viral infection of Bim mutant mice results in alteration of the

immunodominance hierarchy and increased numbers of NP396-404 specific CD8+ T

cells. Wildtype or Bim mutant mice were infected with LCMV-Clone 13. At the

indicated timepoints, mice were sacrificed, the spleen was removed and cells were (A)

stained with anti-CD8α, anti-CD44 and either DbGP33-41, DbNP396-404, or DbGP276-

286 MHC Class I tetramer. The number in the upper quadrants indicates the percentage

of total CD8+ T cells that each population comprises. The numbers of activated (B) or

antigen-specific CD8+ T cells (C-E) were quantitated and the averages and standard

deviation are shown. Five to twelve mice were analyzed at each timepoint. *, significant

difference between wildtype and Bim mutant mice; P< 0.05.
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from day 10 to 30 and was stably maintained for up to 111 days. In mutant mice cell

numbers remained elevated from day 8 to 15 and then began a period of deletion reaching

a nadir at day 30. At this point numbers were stably maintained. It is important to note

that the final setpoint in mutant mice was only 1.5-2-fold higher than in wiltype mice.

The behavior of these two epitopes contrasts with that observed for NP396-404 specific

cells (Figure 1D). By the time the peak of the response was reached on day 8 post-

infection, 4-5 times as many effector cells were present in mutant mice. This difference

became more pronounced as wildtype cells underwent a significant deletion from day 10

to 30, while the number of NP396-404 specific cells remained constant in mutant mice.

Thus, loss of Bim preferentially affects the deletion of some epitope specificities (NP396-

404) while leaving others (GP33-41 and GP276-286) less affected.

Bim mutant mice exhibit a delay in the contraction of all CD8 epitopes

during acute LCMV infection.  Our results with chronic LCMV infection prompted us

to examine whether antigen-specific CD8+ T cell responses would be affected in a similar

manner during acute LCMV infection of Bim mutant mice. Briefly, mice were infected

with LCMV Armstrong, which induces an acute infection and is cleared from tissues by 7

to 9 days. Animals were sacrificed and the number of activated and antigen-specific

CD8+ T cells in the spleen was quantitated (Figure 2). Regardless of whether activated

(Figure 2A) or antigen-specific (Figure 2B-D) cells were examined, CD8+ responses

reached a maximum on day 8 in wildtype mice, and then declined until day 35 where

stable numbers were maintained until day 116. This contrasts with Bim mutant mice,

where both activated and antigen-specific CD8+ T cells increased from day 8 to 15 and

then began a slow decline until day 116 where numbers were elevated compared to
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Figure 2. Acute viral infection of Bim mutant mice results in increased numbers of

antigen-specific CD8+ memory T cells. Wildtype or Bim mutant mice were infected

with LCMV-Armstrong. At the indicated timepoints, mice were sacrificed, the spleen

was removed and cells were (A) stained with anti-CD8α, anti-CD44 and either DbGP33-

41, DbNP396-404, or DbGP276-286 MHC Class I tetramer. The numbers of activated (B)

or antigen-specific CD8+ T cells (C-E) were quantitated and the averages and standard

deviation are shown. Five to ten mice were analyzed at each timepoint. *, significant

difference between wildtype and Bim mutant mice; P< 0.05.



43



44

wildtype mice. It is critical to note that during acute infection, contraction of all three

antigen-specificities (GP33-41, NP396-404, GP276-286) was equally affected. Thus Bim

mutation results in a delay in contraction for all epitopes following acute infection with

increased antigen-specific CD8+ T cells compared to wildtype mice.

Bim mutant mice contain increased numbers of functional NP396-404

specific CD8+ T cells during chronic infection. Although we determined that Bim

mutation resulted in greater numbers of some CD8+ epitope specificities during chronic

infection, it was unclear whether these cells were functional.  In Figure 3A we compared

the ability of CD8+ T cells from Clone 13 infected wildtype and mutant mice to produce

IFNγ and TNFα after peptide stimulation. Previous studies have demonstrated that during

chronic viral infection there is a progressive loss of function of CD8+ T cells and a

decrease in their ability to produce both cytokines (Fuller and Zajac, 2003; Wherry et al.,

2003; Zajac et al., 1998).  On day 8 post infection, stimulation of splenocytes with either

GP33-41 or NP396-404 peptide induced a greater percentage of CD8+ T cells to make

cytokines in Bim mutant mice. This contrasts with GP276-286 or NP205-212 stimulation

where the opposite trend was observed.

When the number of IFNγ+ and IFNγ+TNFα+ CD8+ T cells was determined similar

groupings of epitopes were observed as for MHC Class I tetramer staining. In the first

group, that contained cytokine producing cells after stimulation with GP33-41, GP276-

286 or NP205-212 peptide (Figure 3B), the number of either IFNγ+ or IFNγ+TNFα+ cells

was increased slightly at the peak of the response between days 8 to 10. As the response

is shutoff from day 10 to day 30 the number of functional cells remained slightly elevated

(GP33-41 and NP205-212 stimulation), or was equivalent (GP276-286 stimulation)
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Figure 3. Chronic viral infection of Bim mutant mice results in increased numbers

of  IFNγ+ and TNFα+ NP396-404 specific CD8+ T cells. Wildtype or Bim mutant mice

were infected with LCMV-Clone 13. On day 8 post-infection, mice were sacrificed, the

spleen was removed and cells were stimulated with indicated peptide and then (A)

stained with anti-CD8α, anti-IFNγ, and anti-TNFα. The dot plots are gated on CD8+ T

cells, and the number in the plot indicates the percentage of CD8+ T cells that are present

in that region. Mice were sacrificed at other timepoints (B) and the number of cytokine

producing CD8+ T cells was quantitated and the average and standard deviation are

shown. Five to twelve mice were analyzed at each timepoint. *, significant difference

between wildtype and Bim mutant mice; P< 0.05.
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between wildtype and mutant mice. The behavior of these specificities contrasts with that

of NP396-404 specific cells. When the number of IFNγ+ cells was examined, the number

of functional cells was always increased during the expansion phase of the response. As

the number of functional cells dropped in wildtype mice from day 8 to 60, the number of

IFNγ+ cells in mutant mice remained relatively constant. When the numbers of

IFNγ+TNFα+ cells was examined this trend became even more pronounced. In mutant

mice the number of cells remained constant from day 8 until day 111 postinfection, while

in wildtype mice it decreased significantly. At any given time point during the deletion

phase there were 10-100 fold more IFNγ+TNFα+ cytokine producing cells after NP396-

404 stimulation. Thus loss of Bim function results in greater numbers of cytokine

producing cells after stimulation with some epitopes (NP396-404) while having minimal

effects on others (GP33-41, GP276-286, NP205-212).

Bim mutant mice contain increased numbers of cytolytic cells during chronic

infection. Clearance of LCMV from mice requires perforin containing CD8+ T cells

which lyse infected cells. To determine whether Bim mutant mice contained greater

numbers of CTL during the effector phase we performed CD107A&B staining on

splenocytes from day 8 of Clone 13 infected mice. CD107A&B (LAMP-1 and LAMP-2)

are contained within exocytic vesicles and are released when cells degranulate during

cytolysis. This methodology has been used successfully as a surrogate of CTL activity

using human T cells. When the production of both IFNγ and CD107A&B was determined

after GP33/34 stimulation (Figure 4A), 5.5% of CD8+ T cells were positive for both

molecules while, 4.64% produced IFNγ only in wildtype mice. This contrasts with mutant

mice of which 8.4% produced both molecules while 5.2% made IFNγ only. After NP396-
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404 stimulation there was an increased percentage of double positive cells in mutant mice

compared to wildtype. Similar percentages were observed in both strains of mice after

GP276-286 stimulation. When the number of cells in the spleen was quantitated, there

were increased numbers of CD107A&B positive cells for all three epitopes in mutant

mice, but only the differences observed for GP33-41 and NP396-404 were significant. In

each case, the number of cells was 3-5 greater in mutant mice (Figure 4B). Thus,

infection of Bim mutant mice results in increased numbers of cytolytic T cells.

Chronic infection of Bim mutant mice results in greater numbers of NP396-

404 specific CD8+ T cells in the liver. Prior studies have demonstrated that during viral

infections large numbers of virus-specific CD8+ T cells can be found in both lymphoid

and non-lymphoid tissues. In Clone 13 infection of mice, the liver becomes one of the

tissues with the largest number of virus specific CD8+ T cells (Wherry et al., 2003). To

determine if the differences in deletion were specific to the spleen, we enumerated

activated and virus specific CD8+ T cells in the liver during chronic viral infection. When

the number of activated/memory CD44high CD8+ T cells was determined (Figure 5A)

similar numbers were observed at the peak of the response on day 8 post-infection. As the

response decreased, the number of cells was very similar between wildtype and mutant

mice. When the number of antigen-specific CD8+ T cells was determined by MHC Class

I tetramer staining, the epitopes again fell into two groups. In the first group, which

contained GP33-41 (Figure 5B) and GP276-286 (Figure 5D) specific CD8+ T cells, very

little difference was observed between wildtype and mutant mice except for day 60 post-

infection where the number of cells was two-fold greater in mutant mice.  By day 111

post-infection this difference was no longer apparent. This contrasted with the numbers
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Figure 4. Chronic viral infection of Bim mutant mice results in increased numbers

of cytolytic CD8+ T cells. Wildtype or Bim mutant mice were infected with LCMV-

Clone 13. On day 8 post-infection, mice were sacrificed, the spleen was removed and

cells were stimulated with indicated peptide and then (A) stained with anti-CD8α, anti-

IFNγ, and anti-CD107A&B. The dot plots are gated on CD8+ T cells, and the number in

the plot indicates the percentage of CD8+ T cells that are present in that region. The

numbers of cells was determined (B) and the average and standard deviation are plotted.

Three to five mice were analyzed.  *, significant difference between wildtype and Bim

mutant mice; P< 0.05.
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Figure 5. Chronic viral infection of Bim mutant mice results in increased numbers

of NP396-404 specific CD8+ T cells in the liver. Wildtype or Bim mutant mice were

infected with LCMV-Clone 13. At the indicated timepoints, mice were sacrificed, the

liver was removed and cells were (A) stained with anti-CD8α, anti-CD44 and either (B)

DbGP33-41, (C) DbNP396-404, or (D) DbGP276-286 MHC Class I tetramer. The

numbers of activated (A) or antigen-specific CD8+ T cells (B-D) were quantitated and the

averages and standard deviation are shown. Five to twelve mice were analyzed at each

timepoint. *, significant difference between wildtype and Bim mutant mice; P< 0.05.
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of NP396-404 (Figure 5C) specific CD8+ T cells.  At all timepoints examined, the

number of cells was elevated in mutant compared to wildtype mice, and at its final

setpoint was almost 20-fold greater in mutant mice. Thus Bim mutation preferentially

increases the number of NP396-404 specific CD8+ T cells in non-lymphoid organs such

as the liver.

Bim mutation does not increase the number of activated or functional CD4+

T cells.  CD4+ T cells play a critical role in controlling and shaping the immune response.

These cells play a particularly important role in the generation and maintenance of CD8+

memory T cells following infection (Shedlock and Shen, 2003; Sun and Bevan, 2003;

Sun et al., 2004). Prior studies have demonstrated that CD4+ T cells also undergo a

progressive loss of function and deletion during chronic LCMV infection (Fuller and

Zajac, 2003). To determine the effect of Bim mutation, we determined the number of

activated/memory CD44high CD4+ T cells in the spleen. At the peak of infection (Figure

6A) similar numbers of activated CD4+ T cells were detected in both strains of mice and

these numbers were maintained throughout infection. When the number of functional

cells was determined after GP61-80 peptide stimulation (Figure 6B&C) similar numbers

were detected at all times post-infection, except for day 30 where approximately 1.5-2

fold more functional cells were detected. It is important to note that by day 60 similar

numbers of cells were detected and this was maintained throughout the infection.

Responses for NP309-328 specific CD4+ T cells were below the limit of detection at all

timepoints (data not shown).  Thus, Bim mutation has minimal effects on the number of

activated or antigen-specific CD4+ T cells during chronic viral infection.
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Figure 6. Bim mutation does not affect CD4+ T cell responses during chronic viral

infection. Wildtype or Bim mutant mice were infected with LCMV-Clone 13. At the

indicated timepoint post-infection, mice were sacrificed, the spleen was removed and

cells were either (A) stained with anti-CD4 and anti-CD44 antibodies or (B&C)

stimulated with GP61-80 peptide and then stained with anti-CD4 anti-IFNγ, and anti-

TNFα. The number of cytokine producing CD4+ T cells was quantitated and the average

and standard deviation are shown. Five to twelve mice were analyzed at each timepoint.

*, significant difference between wildtype and Bim mutant mice; P< 0.05.
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Accelerated viral clearance during chronic infection of Bim mutant mice. To

determine whether the increased numbers of CD8+ T cells could lead to decreased viral

load we examined viral titers in the serum and several organs. We observed that both

wildtype and mutant mice achieved a high serum viremia (Figure 7A) that peaked

between days 8 to 10 post-infection and gradually declined. By day 30 titers were higher

in mutant compared to wildtype mice, but by day 60 virus levels dropped below the limit

of detection in mutant but remained elevated in wildtype mice. By day 111 there was no

detectable virus in the sera of either mouse strain. When the spleen was examined (Figure

7B) both strains of mice reached a high level of viral replication on day 8 post-infection.

This dropped slightly by day 15 and remained comparable in Bim mutant mice at day 30,

but dropped below the limit of detection by day 60. This contrasted with wildtype mice,

where virus was still present at day 60, but by day 111 levels were below the limit of

detection. When levels of virus were determined in the liver (Figure 7C) both groups had

a very high level of virus at the peak of the response but this gradually dropped and was

cleared from the mice by day 60. This contrasts with results from the kidney (Figure 7D).

In this organ, high titers were observed on day 8 in both groups and over 111 days the

overall level of virus declined, but even at day 111 high levels of virus could be detected

in both groups. Thus accelerated viral clearance is observed in the serum and spleen of

Bim mutant mice while no effect was observed in the kidneys and liver.

Antigen-specific CD8+ T cells from Bim mutant mice enter the early stages of

apoptosis during chronic viral infection. The number of antigen-specific CD8+T cells

during chronic viral infection is controlled by rates of cell death and proliferation. To

determine the contribution of apoptosis we stained cells with Annexin V and 7AAD.
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Figure 7. Clone 13 infection generates high levels of virus in Bim mutant mice.

Wildtype or Bim mutant mice were infected with LCMV-Clone 13. At the indicated

timepoint, mice were sacrificed and the serum (A), spleen (B), liver (C) and kidneys (D)

were isolated and virus was quantitated by plaque assay. The value for each mouse is

plotted as a symbol. Five to twelve mice were analyzed at each timepoint. *, significant

difference between wildtype and Bim mutant mice; P< 0.05.



58



59

Cells that are in the early part of apoptosis are AnnexinVhigh and 7AAD-. Those that are in

the final stages are Annexin Vhigh and 7AAD+. In Figure 8 we examined

activated/memory phenotype and virus-specific CD8+ T cells and determined the portions

of cells in the various stages of apoptosis. CD8+CD44low cells are viable and serve as a

control (Figure 8A). The majority of these cells (~96%) are Annexin Vlow  and 7AAD-,

while only 0.3% are AnnexinVhigh and 7AAD+. When CD8+DbNP396-404+ T cells were

examined on day 15 postinfection the vast majority of cells were AnnexinVhi and 7AAD-

(85.5% +/+ vs. 88.5%--/-). Similar results were obtained when activated (CD44high) or

other antigen-specific CD8+ T cells were examined (Figure 8B-E). Thus, Bim mutation

does not prevent cells from entering the early stages of apoptosis.   Prior studies of in

vitro activated lymphocytes have shown increased survival of Bim-/-  T cells.  To test

whether effector CD8+ T cells from Bim mutant mice were resistant to this growth factor

withdrawal induced apoptosis, we cultured splenocytes from day 15 postinfection for 48

hours and determined the survival of GP33-41 (Figure 9A), NP396-404 (Figure 9B), and

GP276-286 (Figure 9C) specific CD8+ T cell populations.  We were surprised to find that

antigen-specific CD8+ T cells of all specificities examined from Bim-/- mice survived

better than those from wildtype mice.  The results demonstrate that in vitro, all 3 antigen-

specific populations are resistant to a Bim death stimulus, but in vivo multiple apoptotic

mechanisms are used to delete cells.

Antigen specific CD8+ T cells from Bim mutant mice undergo less

proliferation during the deletion phase than in wildtype mice. In addition to

apoptosis, cell numbers are also controlled by proliferation. To determine the

contribution of proliferation we injected mice with Bromodeoxyuridine (BrdU) from day
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Figure 8. Antigen-specific CD8+ T cells from Bim mutant mice enter the early stages

of apoptosis. Wildtype or Bim mutant mice were infected with LCMV-Clone 13. On day

15 post-infection, mice were sacrificed, the spleen was removed and cells were either

stained with anti-CD8 and anti-CD44 (A-B) or MHC Class I tetramer (C-E). A

representative dot plot is presented for DbNP396-404+ CD8+ T cells (A). Direct ex vivo

apoptosis was assessed by staining with Annexin V and 7AAD. The numbers in each dot

plot indicate the percentage of each population that falls into that region. The numbers of

cells that fall into each quadrant were determined for six mice and are plotted as the

average and standard deviation.  *, significant difference between wildtype and Bim

mutant mice; P< 0.05.
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Figure 9.  Sensitivity of antigen-specific CD8+ T cells to apoptosis during chronic

viral infection.  Wildtype or Bim-/- mice were infected with LCMV clone 13.  On day 15

postinfection, mice were sacrificed, spleens were removed and cells were cultured over

48 hours in vitro and percent of GP33-41 (A), NP396-404 (B), and GP276-286 (C)

specific CD8+ T cells that were 7AAD- were plotted over time.  Three to six mice were

analyzed at each timepoint and the average and standard deviation were plotted.  *,

significant difference between wildtype and Bim-/- mice.
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15 to 25 of infection during the deletion phase. Background staining for mice that had

received PBS injection was ~3%. In wildtype mice 92% of CD8+DbNP396-404+ cells

were BrdU+ compared with 25% in mutant mice (Figure 10A). Examination of

CD8+CD44high (activated/memory phenotype) cells revealed ~2.6-fold higher BrdU

incorporation in wildtype mice when compared to Bim mutant (Figure 10B, 80%(+/+) vs.

30% (-/-)). When BrdU incorporation in antigen-specific CD8+ T cells was determined

similar results as the CD44high cells were observed. For all three epitopes (GP33-41,

NP396-404, and GP276-286), increased incorporation was observed in wildtype

compared to Bim mutant mice.  Thus, these data combined with our Annexin V staining

demonstrate that the increase in NP396-404 specific CD8+ T cells is not due to excess

proliferation but a failure of these cells to progress from early apoptosis to cell death.
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Figure 10. Reduced proliferation of antigen-specific CD8+ T cells from Bim mutant

mice during the deletion phase. Wildtype or Bim mutant mice were infected with

LCMV-Clone 13. Proliferation during the deletion phase was assessed by including BrdU

(0.8mg/mL) in the drinking water of mice from day 15 to day 25 after infection.

Splenocytes were isolated on day 25 post-infection and stained with anti-CD8α ,

DbNP396-404 and anti-BrdU antibody. The plots are gated on CD8+DbNP396-404+ cells

and the number on the dot plot indicates the percentage of antigen-specific cells that are

BrdU+. To determine the proliferation in other populations splenocytes were stained with

either anti-BrdU and anti-CD8α antibodies and (B) anti-CD44 antibodies or DbGP33-41,

DbNP396-404 or DbGP276-286 MHC Class I tetramers. The percentage of BrdU+ cells

was determined and was plotted as the average and standard deviation. Five mice were

analyzed for each genotype. *, significant difference between wildtype and Bim mutant

mice; P< 0.05.
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Summary statement.  In this study we have determined the effects of Bim on

CD8+ T cell apoptosis during acute and chronic viral infection.  Specifically, loss of Bim

results in a block in contraction of NP396-404 specific CD8+ T cells following chronic

LCMV infection, while in wildtype mice these cells undergo a major reduction in

numbers.  This contrasts with GP33-41 and GP276-286 specific CD8+ T cells in which

less of an effect was observed compared to wildtype.  In addition to documenting

increased numbers of antigen-specific CD8+ T cells, we also demonstrate that loss of Bim

results in a major increase in the number of NP396-404 specific IFNγ and TNFα

producing cells.  Increases in CD8+DbNP396-404+ T cells were not restricted to the

spleen, as we determined increased numbers of these cells also occurred in the liver.

Unlike CD8+ T cells, no increase in activated phenotype or antigen-specific cells were

observed for CD4+ T cells.   Failure of CD8+DbNP396-404+ T cells to undergo

contraction was not due to reduced viral replication, as both Bim wildtype and mutant

mice had very high viral loads.  However, viral clearance was slightly accelerated in

certain tissues in mutant mice.  Finally, we observed that during the contraction phase a

similar portion of antigen-specific CD8+ T cells were in the early stages of apoptosis, but

these cells were undergoing less proliferation in Bim mutant compared to wildtype mice.

In contrast to chronic infection, there was a delay in contraction of all of the antigen-

specific CD8+ T cell populations examined following acute LCMV infection.  However,

the number of antigen-specific CD8+ T cells declined to levels similar to wildtype at later

time points postinfection.
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CHAPTER TWO

APOPTOSIS REGULATORS BIM AND FAS FUNCTION CONCURRENTLY TO

CONTROL AUTOIMMUNITY AND CD8+ T CELL CONTRACTION

Summary. Throughout most of adult life lymphocyte number remains constant

due to a balance of proliferation and apoptosis. Mutation of Bim, a pro-apoptotic protein

in the intrinsic death pathway, or Fas, a Tumor Necrosis Factor Receptor (TNFR)

superfamily member of the extrinsic pathway, results in late onset autoimmunity and

increased antigen-specific CD8+ T cell responses during viral infection. However virus-

specific immune responses eventually return to amounts comparable to non-mutant mice.

Here we show that loss of both Bim and Fas function resulted in a synergistic disruption

of lymphoid homeostasis, rapid-onset autoimmunity, and organ-specific blocks on

contraction of antiviral immune responses. When Lymphocytic Choriomeningitis virus

(LCMV)-specific immune responses were quantitated, double mutant mice had 100-fold

more antigen-specific memory CD8+ T cells in their lymph nodes than wildtype mice.

Our results demonstrate that multiple death pathways function concurrently to prevent

autoimmunity and downsize T cell responses.
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Bim-/-Faslpr/lpr mice exhibit enhanced lymphadenopathy.  Lymphoid

homeostasis is controlled by a balance of proliferation and death. Bim and Fas are two

proteins that play important roles in regulation of cell death.  Bim is a pro-apoptotic

member of the Bcl-2 superfamily that functions in the intrinsic pathway of cell death

(O'Connor et al., 1998).  Fas plays a role in the extrinsic pathway of cell death (Itoh et al.,

1991).  In order to determine how loss of both Bim and Fas would affect lymphocyte

development and homeostasis we generated Bim-/-Faslpr/lpr animals. The Bim-/- animals

were generated by targeted mutation (Bouillet et al., 1999), while the lpr mice have a

hypomorphic mutation generated by an insertion of an early transposable element into

intron 2 of Fas (Adachi et al., 1993; Watanabe-Fukunaga et al., 1992a).   The double

mutant animals appeared to develop normally, but by 14 to 22 weeks (14+ weeks) they

had massive lymphadenopathy (Figure 11A) and splenomegaly (Figure 11B) compared to

the other genotypes and some mortality was observed.  When cell numbers were

determined, the number of thymocytes was not significantly (p value >0.05) different

between the four genotypes (Figure 12A).  However, double mutant animals contained

significantly higher (p value < 0.05) numbers of total splenocytes (Figure 12B), liver

(Figure 12C), and lymph node (Figure 12D) lymphocytes compared to the parental

genotypes. At 6 to 8 weeks the number of cells in each organ was similar between Bim-/-

and Bim-/-Faslpr/lpr mice (Figure 13). When the double mutant were compared to wildtype

mice at 14+ weeks, there were 10-fold more splenocytes and liver lymphocytes, however

the increase in lymph node cells was almost 100-fold.   Thus, homeostasis in the immune

system is dramatically exacerbated by loss of both Bim and Fas compared to either

parental strain.
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Figure 11.   Bim-/-Faslpr/lpr mice develop massive lymphadenopathy and splenomegaly

with age.  Bim-/-, Faslpr/lpr, Bim-/-Faslpr/lpr, and wildtype mice were sacrificed at 14+ weeks

of age.  (A) Superficial cervical, brachial, axillary, and inguinal lymph nodes (arrows)

were enlarged in Bim-/-Faslpr/lpr animals compared to the other genotypes.  (B) Spleens

from Bim-/-Faslpr/lpr animals exhibited severe splenomegaly compared to the parental

genotypes and wildtype mice. Images are representative of five to ten mice analyzed in

two independent experiments.
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Figure 12.  Bim-/-Faslpr/lpr mice develop massive lymphadenopathy and splenomegaly.

Bim-/-, Faslpr/lpr, Bim-/-Faslpr/lpr, and wildtype mice were sacrificed at 14+ weeks of age.

(A)Thymocytes, (B) splenocytes, (C) liver and (D) lymph node lymphocytes from all

genotypes were quantitated and the averages and standard deviations are plotted.  Five to

ten mice were analyzed at each timepoint in two independent experiments using an

ordinary ANOVA with a Student-Newman-Keuls multiple comparison test.  ***,

significant difference compared to both Bim-/- and Faslpr/lpr with a p-value ≤0.05.
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Figure 13.  Bim-/-Faslpr/lpr mice contain similar numbers of cells in both lymphoid and

non-lymphoid tissues compared to the Bim-/- parental genotype at 6-8 weeks of age.

Bim-/-, Faslpr/lpr, Bim-/-Faslpr/lpr, and wildtype mice were sacrificed at 6-8 weeks of age.

Thymus (A), spleen (B), liver (C), and lymph nodes (D), (superficial cervical, brachial,

axillary, and inguinal) were harvested and quantitated, and the averages and standard

deviations are plotted.  Five to seven mice of each genotype were analyzed in two

independent experiments using an ordinary ANOVA with a Student-Newman-Keuls

multiple comparison test.  NS, no significant difference p-value >0.05.
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Bim-/-Faslpr/lpr animals contain elevated numbers of T cells in both lymphoid

and non-lymphoid tissues.  Previous studies have demonstrated a prominent role for

Bim during negative selection (Bouillet et al., 2002).  Although proteins involved in the

intrinsic pathway of cell death have been implicated in negative selection, Fas has been

shown to have minimal effects on negative selection (Singer and Abbas, 1994).  To

determine the effects of loss of both Bim and Fas on thymocyte development, we

removed the thymi from 14+ week old animals and determined the number of T cells.

Bim-/-Faslpr/lpr animals contained significantly (p value < 0.05) elevated numbers of CD8+

single positive thymocytes compared to the parental genotypes, however the number of

CD4+ single positive thymocytes was not significantly (p value >0.05) altered.  Although

the number of single positive thymocytes was elevated in the double mutant animals,

there was a decrease in CD8+CD4+ double positive thymocytes compared to the other

genotypes (Figure 14A).  Thus, double mutant animals contain elevated numbers of

mature thymocytes compared to the parental genotypes.

Further examination of T cells in the spleen, lymph nodes, and liver revealed that

the majority possessed an activated or memory CD44High phenotype.  Both wildtype and

Bim-/- animals contained populations of CD44Low and CD44High T cells at 14+ weeks of

age, with the majority of the cells being CD44Low.  This contrasts with Faslpr/lpr and Bim-/-

Faslpr/lpr animals where the majority of both populations was skewed towards CD44High

(Figure 14B).  The total number of CD8+CD44High and CD4+CD44High T cells was elevated

in Bim-/-Faslpr/lpr animals at 14+ weeks compared to the parental genotypes in the both the

spleen (Figure 14C) and lymph nodes (Figure 14D). The increases observed at 14+ weeks

were not restricted to lymphoid organs, as they were also observed in the liver (Figure
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Figure 14.  Bim-/-Faslpr/lpr mice have increased numbers of mature T cells in both

lymphoid and non-lymphoid tissues.  Bim-/-, Faslpr/lpr, Bim-/-Faslpr/lpr, and wildtype mice

were sacrificed at 14+ weeks of age and the thymus was harvested and the numbers of

single positive and double positive thymocytes were calculated and the averages and

deviations are shown (A).   The number of activated or memory phenotype CD8+ and

CD4+ T cells was quantitated in the spleen (B) by staining splenocytes with CD8α, CD4

and CD44 antibodies. The dot plots are gated on viable cells and the numbers indicate the

gated populations portion of viable cells. The number of cells in the spleen (C), lymph

nodes (D), and liver (E) at 14+ weeks of age, were determined and the averages and

standard deviations are plotted.  The number of CD3+B220+CD8-CD4- cells in the spleen

was determined at 6-8 weeks and 14+ weeks of age, and the averages and standard

deviations are plotted (F). Five to ten mice were analyzed at each timepoint in two

independent experiments using an ordinary ANOVA with a Student-Newman-Keuls

multiple comparison test.   *, significant difference compared to Bim-/- with a p-value

≤0.05.  **, significant difference compared to Faslpr/lpr with a p-value ≤0.05.  ***,

significant difference compared to both Bim-/- and Faslpr/lpr with a p-value ≤0.05.
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14E). In order to further determine the activation status of naïve T cells in the mutant

animals, the number of CD69+ cells was determined at 14+ weeks of age.  Bim-/-Faslpr/lpr

animals contained significantly increased numbers of CD8+CD69+ (Figure 15A and C)

and CD4+CD69+ (Figure 15B and D) T cells in both the spleen and lymph nodes

compared to the parental genotypes.  At 6-8 weeks the number of cells were similar

between Bim-/- and Bim-/-Faslpr/lpr mice (Figure 16).

Previous studies have demonstrated that Faslpr/lpr animals contain an expanded

population of activated CD3+B220+CD8-CD4- T cells in the periphery (Watanabe et al.,

1995).  At 6-8 weeks, wildtype, Bim-/-, and Faslpr/lpr mice contained similar numbers of

this population in the spleen, whereas double mutant mice possessed ~20 times as many

cells.  Although the number of these cells remained similar between 6-8 and 14+ weeks

in Bim-/-Faslpr/lpr animals, by 14+ weeks this population increased in Faslpr/lpr mice to

similar levels as in the double mutant mice (Figure 14F).  Thus, the appearance of a

population of CD3+B220+CD8-CD4- T cells in the spleen is accelerated in Bim-/-Faslpr/lpr

animals compared to Faslpr/lpr animals.

 Increased cell numbers in Bim-/-Faslpr/lpr mice are not due to increased

proliferation.  Because cell numbers result from a balance between death and

proliferation, we determined whether proliferation rates were increased in Bim-/-Faslpr/lpr

animals by administering 0.8 mg/ml Bromodeoxyuridine (BrdU) in the drinking water for

8 days beginning at 10 weeks of age.  A wildtype mouse receiving water alone was

included as a control.  This time point was selected because it was an intermediate point

between 6-8 weeks and 14+ weeks when we observed a major increase in cell numbers.

Mice were sacrificed and splenocytes and lymph nodes were harvested and stained for
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Figure 15.  Bim-/-Faslpr/lpr mice contain increased numbers of activated T cells in the

spleen and lymph nodes.  B i m-/-, Faslpr/lpr, Bim-/-Faslpr/lpr, and wildtype mice were

sacrificed at 14+ weeks of age. The number of activated CD8+ CD69+  (A and C) and

CD4+CD69+ ( B and D) T cells was quantitated in the spleen (A and B) and lymph nodes

(C and D) and the averages and standard deviations are shown. Five to ten mice were

analyzed at each timepoint in two independent experiments using an ordinary ANOVA

with a Student-Newman-Keuls multiple comparison test.   *, significant difference

compared to Bim-/- with a p-value ≤0.05.  **, significant difference compared to Faslpr/lpr

with a p-value ≤0.05.  ***, significant difference compared to both Bim-/- and Faslpr/lpr

with a p-value ≤0.05.
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Figure 16.  Bim-/-Faslpr/lpr and Bim-/- mice contain similar numbers of mature T cells

in both lymphoid and non-lymphoid tissues.  Bim-/-, Faslpr/lpr, Bim-/-Faslpr/lpr, and

wildtype mice were sacrificed at 6-8 weeks of age.  The thymus was harvested and the

number of single and double positive thymocytes was determined.  The averages and

standard deviations are shown (A).  The number of activated/memory phenotype CD8+

and CD4+ T cells was quantitated in the spleen (B), lymph nodes (C), and liver (D) and

the averages and standard deviations are shown. Five to seven mice of each genotype

were analyzed in two independent experiments using an ordinary ANOVA with a

Student-Newman-Keuls multiple comparison test. NS, no significant difference p-value

>0.05.
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Figure 17.  Increased cell numbers in Bim-/-Faslpr/lpr animals is not due to increased

rates of proliferation over the parental genotypes.  Proliferation of T cells from all

genotypes was assessed at 10 weeks of age by including BrdU (0.8 mg/ml) in the

drinking water for 8 days.  Splenocytes were isolated and stained with anti-CD8α, anti-

CD4, anti-CD44, and anti-BrdU antibodies.  The dot plots are gated on CD8+CD44High or

CD4+CD44High cells (A).  The percentage of CD8+CD44HighBrdU+ (B),

CD4+CD44HighBrdU+ (C), CD3+B220+CD8-CD4-BrdU+ (D) present in the spleen was

determined and the averages and standard deviations are shown.  The percentage of

CD8+CD44HighBrdU+ (E) and CD4+CD44HighBrdU+ (F) T cells in the lymph nodes was

determined and the averages and standard deviations are shown.  Three to five mice were

analyzed for each genotype in two independent experiments using an ordinary ANOVA

with a Student-Newman-Keuls multiple comparison test.  NS, no significant difference,

p-value >0.05.
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surface markers and intracellular BrdU.  Figure 17A shows the staining of CD8+CD44High

and CD4+CD44High T cells for BrdU.  Regardless of the cell type or tissue examined

(CD8+CD44High (Figure 17B and E), CD4+CD44High (Figure 17C and F) or

CD3+B220+CD8-CD4- (Figure 17D), similar rates of proliferation in the spleen and lymph

nodes were observed in double mutant mice compared to the parental strains.  Thus, the

synergistic increase in activated or memory phenotype T cell numbers observed in Bim-/-

Faslpr/lpr animals is not due to increased rates of proliferation compared to the parental

genotypes.

CD8+ T cells from B i m-/-Faslpr/lpr animals display resistance to similar

apoptotic stimuli as the parental genotypes, however they exhibit increased survival

through TCR-stimulated division.  Since proliferation rates were not increased in

double mutant mice, we determined whether sensitivity to apoptosis was altered.

Directly ex vivo, the majority (~98%) of the CD8+ T cells from all of the genotypes were

viable (7AAD-).  Purified naïve CD8+ T cells from 6-8 week mice were exposed to

various intrinsic or extrinsic death inducing stimuli.  To test sensitivity to growth factor

withdrawal induced apoptosis, cells were cultured in media alone (Figure 18A).  Cells

from Bim-/- and Bim-/-Faslpr/lpr mice were resistant to death, while those from wildtype and

Faslpr/lpr died within 3 days.  Cells from all four genotypes were equally sensitive to γ-

irradiation (Figure 18B).   To determine if adding back growth factor would rescue death

observed in wildtype or Faslpr/lpr CD8+ T cells, 10 U IL-2 per ml was added to the media.

As expected, the specific apoptosis of wildtype and Faslpr/lpr cells was decreased with the

addition of IL-2 (Figure 18C).  To determine sensitivity to extrinsic pathway mediated

apoptosis, cells were activated in vitro with plate-bound anti-CD3 and anti-CD28 and
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Figure 18.  CD8+ T cells from Bim-/-Faslpr/lpr mice have increased survival through

division compared to parental genotypes.  Purified CD8+ T cells from 6-8 week old

Bim-/-, Faslpr/lpr, Bim-/-Faslpr/lpr, and wildtype mice were either cultured in media alone (A),

γ-irradiated (B), or media containing 10U/ml IL-2 (C).  Purified CD8+ T cells were

activated with plate bound anti-CD3 and anti-CD28 and cultured for 3 days in the

presence of IL-2.  Viable cells were purified on day 3 and were cultured in media alone

(D) or treated with either anti-CD3 (E) or rFasL (F).  The percent of viable CD8+ T cells

was determined daily by staining with 7AAD and the average and standard deviation are

plotted.  The percent specific apoptosis was calculated using the formula (stimulation

induced apoptosis-spontaneous apoptosis)/(100-spontaneous apoptosis), where

spontaneous apoptosis is the percentage obtained when cells are cultured in media alone.

Purified CD8+ T cells were labeled with CFSE, and then activated with plate bound anti-

CD3 and anti-CD28 antibodies.  Cells were harvested daily and the proliferation of CD8+

T cells from the different genotypes was assessed by the loss of CFSE as shown in the

indicated representative histograms (G).  The percent survival was calculated by dividing

the actual number of cells determined by trypan blue exclusion by the theoretical value

calculated using the division index.  The percent survival for day 2 (H) and day 3 (I) is

shown.  Five to ten mice were analyzed at each timepoint in two independent

experiments using an ordinary ANOVA with a Student-Newman-Keuls multiple

comparison test.  *, significant difference compared to both Bim-/- and Faslpr/lpr with a p-

value ≤0.05.
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then either cultured in media alone (Figure 18D) or re-stimulated on day 3 with anti-CD3

(Figure 18E), or treated with rFasL (Figure 18F) to provoke activation-induced cell death

(AICD).  Under these conditions, cells from Faslpr/lpr and Bim-/-Faslpr/lpr were resistant to

AICD, while the wildtype and Bim-/- cells died.

Effects on survival during TCR-stimulated division were measured by CFSE

labeling naïve CD8+ T cells and stimulating with plate bound CD3 and CD28 antibodies.

The CFSE profiles were similar between all of the genotypes, although there was a slight

delay in division of CD8+ T cells from both Bim-/- and Bim-/-Faslpr/lpr animals on day 2

(Figure 18G). The percent survival of the cells during division was calculated by dividing

the viable cell number by the theoretical cell number. This value was determined by

multiplying the starting cell number by 2X, where x represents the division index. On

days 2 (Figure 18H) and 3 (Figure 18I) post-activation, the survival of CD8+ T cells from

Bim-/-Faslpr/lpr animals was dramatically increased compared to the other genotypes. Thus,

T cells from Bim-/-Faslpr/lpr mice are equally resistant to certain apoptotic stimuli, but

survive TCR-stimulated division better than either parental genotype.

Bim-/-Faslpr/lpr mice exhibit an accelerated autoimmune syndrome compared

to the parental genotypes.  One of the consequences of altered lymphocyte apoptosis is

the development of autoimmunity.  Circulating auto-antibodies against a variety of self

antigens are present in several systemic autoimmune diseases.  Previous reports have

indicated that Bim-/- animals contain elevated titers of IgG autoantibodies in addition to

antibodies against double stranded DNA (Bouillet et al., 1999).  Faslpr/lpr animals also

contain elevated autoantibody titers (Andrews et al., 1978).  In order to determine the

effect of the combined loss of Bim and Fas on antibody titers, serum IgM, IgG and IgA



90

Figure 19.  Bim-/-Faslpr/lpr mice have an exacerbated autoimmune syndrome

compared to parental genotypes.  Serum was collected from Bim-/-, Faslpr/lpr, Bim-/-

Faslpr/lpr, and wildtype mice at 14+ weeks of age and IgM, IgG1, IgG2a, IgG2b, IgG3, and

IgA (A) and anti-dsDNA (B) titers were determined by ELISA.  Kidneys were excised

from 14+ week Bim-/-, F a slpr/lpr, B i m-/-Faslpr/lpr, and wildtype animals and fixed in

formaldehyde followed by paraffin embedding and staining with hematoxylin and eosin.

Representative low magnification (4X) of the kidneys is shown (C).  Bar represents

300µm. The percentage of the area containing infiltrate was determined and the average

and standard deviation are plotted (D). Kidneys from these animals were also frozen in

optimal freezing medium (OCT) then stained with FITC-labeled goat anti-mouse IgG

antibodies to determine the presence of IgG-containing immune complexes (E).  High

magnification (40X) of the glomeruli are shown.  Bar represents 10µm. The percentage

of the area containing IgG was determined and the average and standard deviation are

plotted (F). Three to six mice were analyzed for each genotype in two independent

experiments using an ordinary ANOVA with a Student-Newman-Keuls multiple

comparison test. **, significant difference with a p-value ≤0.001, *, significant difference

with a p-value ≤0.01, +, significant difference with a p-value ≤0.05. ***, significant

difference compared to both Bim-/- and Faslpr/lpr with a p-value ≤0.05.
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titers were quantitated in 14+ week old animals of all four genotypes by ELISA (Figure

19A).  Bim-/-Faslpr/lpr animals contained similar amounts of IgG1, IgG2a, IgG2b, and IgG3

antibodies as the Bim-/- parental genotype.  However, IgM was decreased in Bim-/-Faslpr/lpr

animals compared to Bim-/-, but was increased compared to Faslpr/lpr animals.

Additionally, increased IgA antibodies were observed in Bim-/-Faslpr/lpr animals

compared to both parental strains.  ELISAs were performed to determine autoantibody

titers against double stranded DNA in 14+ week old animals of all four genotypes.  Bim-/-

Faslpr/lpr animals contained increased anti-dsDNA antibodies compared to both the Bim-/-

and Faslpr/lpr parental genotypes (Figure 19B).  Therefore, combined loss of Bim and Fas

further increases serum IgA antibodies and anti-dsDNA autoantibodies compared to both

parental genotypes.

Another prominent feature of several autoimmune syndromes in mice is the

accumulation of lymphocytic infiltrate and immune complexes in the kidney.  The

accumulation of these complexes can become severe resulting in renal failure and

eventual death of the animal.  To determine the amount of infiltrate present we performed

hematoxylin and eosin staining on fixed kidney sections.  Six to eight week old animals

of each genotype contained minimal infiltrate based on this staining (Figure 20).   By 14+

weeks, wildtype and Bim-/- kidney sections did not contain lymphocyte infiltrate, while

Faslpr/lpr and Bim-/-Faslpr/lpr animals possessed infiltrate.  However, the extent of infiltration

observed in the double mutant animals was exacerbated compared to the Faslpr/lpr parental

strain (Figure 19C).  Frozen kidney sections were stained with FITC labeled goat-anti-

mouse IgG to determine if immune complexes were present in the mutant animals.

Sections from Bim-/-Faslpr/lpr animals stained positive for IgG in the glomeruli and
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Figure 20.  Bim-/-Faslpr/lpr mice do not have enhanced autoimmune syndrome

compared to the Bim-/- parental genotype at 6-8 weeks of age.  Serum was collected

from 6-8 week old Bim-/-, Faslpr/lpr, Bim-/-Faslpr/lpr, and wildtype mice and anti-dsDNA titers

were determined by ELISA (A).  Kidneys were excised from 6-8 week old animals of

each genotype and fixed in formaldehyde followed by paraffin embedding and staining

with hematoxylin and eosin.  Representative low magnification (4X) of the kidneys is

shown (B).  The scale bar represents 300µm. The percentage of the area containing

infiltrate was determined and the average and standard deviation are plotted (C).  Kidneys

from these animals were also frozen in OCT, then stained with FITC-labeled goat anti-

mouse IgG antibodies to determine the presence of IgG-containing immune complexes.

High magnification (40X) of the glomeruli are shown (D).  The scale bar represents

10µm. The percentage of the area containing IgG was determined and the average and

standard deviation are plotted (E). Three to six mice of each genotype were analyzed in

two independent experiments using an ordinary ANOVA with a Student-Newman-Keuls

multiple comparison test. ***, significant difference compared to both Bim-/- and Faslpr/lpr

with a p-value ≤0.05.  NS, no significant difference p-value >0.05.
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surrounding area of the kidneys (Figure 19E). When the lymphocytic infiltrate and

immunoglobulin deposition were quantitated in several mice (Figure 19D and F), the

amounts were dramatically higher in double compared to single mutant or wildtype mice.

Thus, Bim-/-Faslpr/lpr animals exhibit an enhanced autoimmune syndrome compared to

either parental genotype.

Virus-specific CD8+ T cells are increased in Bim-/-Faslpr/lpr animals following

acute LCMV infection.  While apoptosis plays a key role in maintaining homeostasis

and precluding autoimmunity, it also controls antiviral immune responses. To determine

the effect of loss of both Bim and Fas on antiviral CD8+ T cell responses, mice were

infected at 6-8 weeks with LCMV Armstrong, which causes an acute infection that is

cleared in 7 to 9 days. The antiviral CD8+ T cell response was quantitated by MHC Class

I tetramer staining for three virus-specific populations (DbGP33-41+, DbNP396-404+, and

DbGP276-286+, Figure 21A-C). On day 8 postinfection, the effector CD8+ T cell response

was comparable in spleen, liver, and pooled lymph nodes between all 4 genotypes. By

day 35, contraction ensued in wildtype mice and the number of antigen-specific CD8+ T

cells declined to 5-10% of the values observed on day 8 in all three tissues. In Bim-/- mice

numbers remained somewhat elevated in the spleen, but decreased in the liver and lymph

nodes. This contrasts with Faslpr/lpr mice where the number of virus-specific CD8+ T cells

was similar to wildtype mice when the spleen and liver were examined, but ~2-fold more

virus-specific cells were observed in the lymph nodes compared to wildtype mice. When

Bim-/-Faslpr/lpr mice were examined, contraction was similar to Bim-/- mice in the spleen

and liver, but no decrease in virus-specific cells was observed in the lymph nodes. By day

97 postinfection, virus-specific CD8+ T cells were stable in all tissues of wildtype and
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Figure 21.  Acute LCMV infection of Bim-/-Faslpr/lpr mice results in increased

numbers of antigen-specific CD8+ memory cells compared to both parental

genotypes.   Bim-/-, Faslpr/lpr, Bim-/-Faslpr/lpr, and wildtype mice were infected with LCMV

Armstrong.  Mice were sacrificed at the indicated time points and stained with anti-

CD8α, anti-CD44, and MHC class I tetramers to determine the number of antigen-

specific cells in the spleen, liver, and lymph nodes.  The numbers of DbGP33-41 (A),

DbNP396-404 (B), DbGP276-286 (C) specific CD8+ T cells were quantitated in each

tissue and the averages and standard deviations are shown.  The total number of antigen-

specific CD8+ memory T cells was quantitated for each epitope in all three tissues (D)

and the averages and standard deviations are shown. Three to six mice were analyzed for

each genotype in one to two independent experiments using an ordinary ANOVA with a

Student-Newman-Keuls multiple comparison test. *, significant difference compared to

both Bim-/- and Faslpr/lpr with a p-value ≤0.05.
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Faslpr/lpr mice. In Bim-/- mice numbers had declined to levels that were ~2-fold greater than

wildtype mice. In the spleen and liver, Bim-/-Faslpr/lpr mice reached a similar setpoint as

Bim-/- mice. However, no contraction occurred in the lymph nodes of Bim-/-Faslpr/lpr mice.

The number of antigen-specific CD8+ T cells in this tissue was greater than that found in

the spleen. This contrasted with the other genotypes where 90% of the virus-specific cells

were found in the spleen. When the number of cells from all three compartments on day

97 postinfection was totaled (Figure 21D), Bim-/-Faslpr/lpr mice contained 2-fold more

GP33-41 specific and 3-fold more NP396-404 specific memory CD8+ T cells than the

Bim-/- mice. Compared to wildtype or Faslpr/lpr mice, there were 10-fold more memory

cells. When GP276-286 specific cells were enumerated similar numbers were obtained in

Bim-/- and Bim-/-Faslpr/lpr mice. Thus, both Bim and Fas contribute to CD8+ T cell

contraction, with Bim playing a larger role, and the contribution of Fas varying with

different T cell epitopes.

Increased virus-specific CD8+ T cells in the lymph nodes of Bim-/-Faslpr/lpr

animals are not due to increased proliferation.   In order to determine if the elevated

numbers of virus-specific CD8+ T cells was the result of increased proliferation, mice

were administered 0.8 mg/ml BrdU in the drinking water from day 15 to 22 postinfection

with LCMV Armstrong.  On day 22 mice were sacrificed and the spleens and lymph

nodes were harvested and stained with anti-CD8α, DbGP33-41 or DbNP396-404 MHC

Class I tetramers, and intracellular anti-BrdU (Figure 22A).  A wildtype mouse that

received water alone was included as a control.  When the BrdU incorporation was

quantitated for all 4 genotypes (Figure 22B and C), the proliferation of both virus-specific

CD8+ T cell populations was similar between Faslpr/lpr and Bim-/-Faslpr/lpr mice in the
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Figure 22.  Increased numbers of virus-specific CD8+ T cells in the lymph nodes of

Bim-/-Faslpr/lpr animals are not the result of increased proliferation.    Bim-/-, Faslpr/lpr,

Bim-/-Faslpr/lpr, and wildtype mice were infected with LCMV Armstrong.  Mice were

administered 0.8 mg/ml BrdU in their drinking water from days 15 to 22 post infection.

Mice were sacrificed on day 22 post infection and splenocytes and lymph node

lymphocytes were stained with anti-CD8α and the MHC class I tetramers DbGP33-41

and DbNP396-404 in addition to anti-BrdU to determine the number of antigen-specific

cells in S phase.  A wildtype animal receiving water alone was included as a negative

control.  The dot plots are representative samples illustrating the percentage of antigen-

specific CD8+ T cells incorporating BrdU in the lymph nodes (A).  The percentage of

DbGP33-41 (B) and DbNP396-404 (C) specific CD8+ T cells that had incorporated BrdU

were quantitated in both tissues and the averages and standard deviations are shown.

Three to four mice were analyzed for each genotype in two independent experiments

using an ordinary ANOVA with a Student-Newman-Keuls multiple comparison test. *,

significant difference compared to both Bim-/- and Faslpr/lpr with a p-value ≤0.05.
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spleen. In contrast, proliferation in the lymph nodes of Bim-/-Faslpr/lpr mice was similar to

Bim-/- mice. Regardless of the organ examined, proliferation was never greater than the

wildtype or parental genotypes.   Thus, the increased number of virus-specific CD8+ T

cells observed in Bim-/-Faslpr/lpr animals is not due to increased rates of proliferation and

must be due to decreased apoptosis in vivo.

Summary statement.  In this study we examined the effects of mutating both a

BH3-only protein and a death receptor on lymphocyte development and homeostasis by

generating Bim-/-Faslpr/lpr animals.  Although these mice developed normally, they

exhibited lymphadenopathy and autoimmunity by 14 weeks.   This autoimmune

syndrome was characterized by increases in serum autoantibody titers, lymphocytic

infiltrate, and immune complex deposition in the kidneys.  Thus, combined loss of Bim

and Fas exacerbated the autoimmune syndromes observed in the parental strains.  Further

examination of T cells revealed increased activated or memory phenotype cells in all

organs examined in double mutant mice by 14+ weeks of age compared to the parental

genotypes. When purified CD8+ T cells were subjected to extrinsic or intrinsic death

pathway inducing stimuli, they behaved as the parental genotype.  However, T cells from

these animals exhibited increased survival through TCR-stimulated division compared to

both parental genotypes.  Thus, increased cell numbers could be the result of increased

survival rather than proliferation.   Similar to these results, acute LCMV infection of

double mutant mice resulted in increased virus-specific CD8+ T cells that were not due to

differences in proliferation.  Thus, the combined function of Bim and Fas is critical for
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maintaining homeostasis, preventing autoimmunity, and downsizing antiviral immune

responses.
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CHAPTER THREE

DEFECTS IN APOPTOSIS RESULT IN INCREASED MEMORY CD8+ T CELLS

FOLLOWING INFECTION OF BIM-/-FASlpr/lpr MICE

Summary. During acute infection, large numbers of effector CD8+ T cells are

generated to clear the virus.  These cells then undergo massive apoptosis during the

contraction phase. The surviving cells differentiate into memory CD8+ T cells that serve

as a critical component of long-term immunity. Although loss of both Bim and Fas

function resulted in a massive increase in the number of antigen-specific CD8+ T cells in

the lymph nodes following acute lymphocytic choriomeningitis virus (LCMV) infection,

it was unclear whether blocking apoptosis resulted in the generation of pardoned effector

or true memory CD8+ T cells.  In this study, we demonstrate that these are bona fide

memory T cells as characterized by surface marker expression, cytokine production,

homeostatic proliferation, and ability to clear a secondary challenge of pathogen. These

studies illustrate that decreasing apoptosis increases the number of memory T cells and

therefore could increase the efficacy of vaccines.
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Antigen-specific CD8+ T cells in Bim-/-Faslpr/lpr animals exhibit phenotypic

markers of memory cells.  Previously, we demonstrated an increase in antigen-specific

CD8+ T cells in mice lacking both Bim and Fas at later time points following acute

LCMV infection (Weant et al., 2008).  To determine if these cells were memory cells or

if they were effector cells that had been rescued from death, we sacrificed mice at various

time points postinfection and examined the surface marker phenotype of the virus-

specific CD8+ T cell populations (DbGP33-41, DbNP396-404, and DbGP276-286).  Mice

of each genotype were infected with LCMV Armstrong and sacrificed on day 8 and day

97 postinfection.  Splenocytes (Figure 23A) and lymph node lymphocytes (Figure 23B)

were stained with anti-CD8α, anti-KLRG1, anti-CD127 (IL-7R), and MHC class I

tetramers to determine the percentage of short-lived effector cells (SLECs,

KLRG1HighCD127Low) and memory precursor effector cells (MPECs,

KLRG1LowCD127High) for each of the antigen-specific CD8+  T cell populations on day 8

and day 97 postinfection.  Previous studies have demonstrated that high levels of KLRG1

are expressed on cells committed to a SLEC fate (Joshi et al., 2007).  These cells are

present at early time points postinfection, however they decline rapidly during the

contraction phase following antigen clearance and continue to gradually decline over

time.  In contrast, most of the antigen-specific CD8+ T cells during the memory phase

exhibit a MPEC phenotype.  On day 8 postinfection with LCMV Armstrong, the

percentage of antigen-specific SLECs (upper left quadrant) and MPECs (lower right

quadrant) was not significantly different between all of the genotypes in both the spleen

and lymph nodes (Figure 23A and B, top panels).  Thus, it does not appear that mutating
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Figure 23.  Antigen-specific CD8+ T cells from B i m-/-Faslpr/lpr animals exhibit

phenotypic markers characteristic of memory cells at later times postinfection.

Bim-/-, Faslpr/lpr, Bim-/-Faslpr/lpr, and wildtype mice were infected with LCMV Armstrong

and sacrificed at day 8 and day 97 postinfection and splenocytes and lymph node

lymphocytes were stained with anti-CD8α, anti-KLRG1, anti-CD127, and MHC class I

tetramers.  The dot plots are representative samples of splenocytes (A) and lymph node

lymphocytes (B) from day 8 and day 97 postinfection.  The dot plots are gated on

CD8+DbNP396-404+ T cells illustrating the percentage of short lived effector cells

(SLECs, top left quadrant) and memory precursor effector cells (MPECs, lower right

quadrant) and the numbers indicate the percent of antigen-specific CD8+ T cells that are

present in that quadrant. Three to four mice of each genotype were analyzed at each time

point.
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both the intrinsic and extrinsic pathways of cell death causes an increase in the

percentage of either antigen-specific population at the peak of the response.  Although the

percentages of SLEC and MPECs were similar, the percentage of antigen-specific

KLRG1LowCD127Low CD8+ T cells (lower left quadrants in Figure 23) at this time point

was significantly increased in Bim-/- and Bim-/-Faslpr/lpr animals compared to wildtype and

Faslpr/lpr animals (p value < 0.05).  On day 97 postinfection, the percent of SLECs and

MPECs in the spleen of Bim-/-Faslpr/lpr animals was similar to both the Bim-/- and Faslpr/lpr

parental genotypes for each of the antigen-specific populations examined (Figure 23A,

bottom panel).  Additionally, the percent of both SLECs and MPECs was similar to the

parental genotypes in the lymph nodes of Bim-/-Faslpr/lpr animals compared to both parental

strains at this time point, with the predominate population being a MPEC phenotype

(Figure 23B, bottom panel).  These results demonstrate that the increased numbers of

antigen-specific CD8+ T cells we observe in the Bim-/-Faslpr/lpr animals exhibit a surface

marker phenotype at later time points postinfection similar to wildtype mice. Thus,

mutation of both pathways of cell death does not prolong the survival of SLECs at later

time points postinfection.

Bim-/-Faslpr/lpr  mice have increased numbers of functional antigen-specific

CD8+ T cells in the lymph nodes on day 97 postinfection with LCMV Armstrong.

Although the antigen-specific CD8+ T cells present in the lymph nodes of Bim-/-Faslpr/lpr

animals display surface marker expression characteristic of “bona fide” memory cells, it

was unclear if these cells were functional and capable of rapidly responding to re-

stimulation.  Therefore, we determined the ability of CD8+ T cells from the spleen and

lymph nodes of Armstrong infected mice of each genotype to produce IFNγ and TNFα
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following peptide re-stimulation in vitro on day 8 and day 97 postinfection.  The majority

of CD8+ T cells from the lymph nodes of each genotype produced IFNγ  and

TNFα following peptide stimulation with the indicated peptides on day 97 postinfection

(Figure 24A).  When CD8+IFNγ+ and CD8+IFNγ+TNFα+ T cells were enumerated at day

8 postinfection (Figure 24B-E), the number of functional cells in Bim-/-Faslpr/lpr animals

was similar to the parental genotypes in both the spleen (Figure 24B & C) and lymph

nodes (Figure 24D & E).  At day 97 postinfection the number of CD8+IFNγ+ and

CD8+IFNγ+TNFα+ T cells was similar to the Bim-/- parental genotype in the spleen (Figure

24F & G), however the number of functional cells was significantly increased in the

lymph nodes of Bim-/-Faslpr/lpr animals compared to both parental genotypes (Figure 24H

and I).  Thus, the antigen-specific CD8+ T cells in Bim-/-Faslpr/lpr animals, similar to bona

fide memory cells, are capable of rapidly producing both IFNγ and TNFα following

peptide stimulation.

Antigen-specific CD8+ T cells from B i m-/-Fasl p r / l p r  animals undergo

homeostatic proliferation during the memory phase.  In addition to surface marker

expression and rapid production of the cytokines IFNγ and TNFα, another cardinal

property of memory cells is homeostatic proliferation.  Previous studies have

demonstrated that memory CD8+ T cells have the ability to proliferate in the absence of

antigen to maintain constant cell numbers (Lau et al., 1994; Murali-Krishna et al., 1999).

To determine whether antigen-specific CD8+ T cells from B i m-/-Faslpr/lpr mice were

capable of undergoing homeostatic proliferation, mice of each genotype were

administered 0.8 mg/ml BrdU in the drinking water from day 90 to 97 postinfection with

LCMV Armstrong.  On day 97 mice were sacrificed, and the spleens, lymph nodes, and
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Figure 24.  Acute viral infection of Bim-/-Faslpr/lpr mice results in increased numbers of

functional antigen-specific CD8+ T cells in the lymph nodes at day 97 postinfection.

Bim-/-, Faslpr/lpr, Bim-/-Faslpr/lpr, and wildtype mice were infected with LCMV Armstrong.

(A) Mice were sacrificed on day 97 postinfection and the lymph nodes were removed and

stimulated with the indicated peptide and then stained with anti-CD8α, anti-IFNγ, and

anti-TNFα.  The dot plots are gated on CD8+ T cells and the numbers indicate the percent

of CD8+ T cells that are present in that quadrant.  Mice were sacrificed on day 8 (B-E) or

day 97 (F-I) postinfection and the number of IFNγ+ and IFNγ+TNFα+ CD8+ T cells was

quantitated for both the spleen (B, C, F, and G) and lymph nodes (D, E, H, and I) and the

averages and standard deviations are plotted. Three to four mice of each genotype were

analyzed at each time point with an ordinary ANOVA with a Student-Newman-Keuls

multiple comparison test.  *, significant increase compared to Bim-/- with a p-value ≤

0.05.  **, significant increase compared to Faslpr/lpr with a p-value ≤ 0.05.  ***, significant

increase compared to both Bim-/- and Faslpr/lpr with a p-value ≤ 0.05.
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liver were harvested and stained with anti-CD8α, DbGP33-41 or DbNP396-404 MHC

class I tetramers, and intracellular anti-BrdU.  A mouse that received water alone was

included as a control. When the BrdU incorporation was quantitated for the spleen

(Figure 25A), lymph nodes (Figure 25B), and liver (Figure 25C), the percent of antigen-

specific BrdU+CD8+ T cells was similar to the parental genotypes and the wildtype

control.  In the case of LCMV, ~25% of antigen-specific CD8+DbNP396-404+ cells in the

spleen have been shown to incorporate BrdU over an eight day period (Suresh et al.,

2001).  In the current study, the antigen-specific CD8+ T cells from Bim-/-Faslpr/lpr

underwent a similar amount of homeostatic proliferation as the wildtype in the spleen.

Similar to previous findings (Wojciechowski et al., 2006), the extent of proliferation of

antigen-specific CD8+ T cells in the Bim-/- animals was reduced compared to the wildtype

in all compartments examined. Therefore, antigen-specific CD8+ T cells from Bim-/-

Faslpr/lpr animals are able to undergo homeostatic proliferation following acute LCMV

infection.

 Bim-/-Faslpr/lpr mice contain increased numbers of functional antigen-specific

CD4+ T cells in the lymph nodes on day 97 postinfection.   CD4+ T cells also play an

important role in the generation and maintenance of CD8+ memory T cells following

infection (Shedlock and Shen, 2003; Sun and Bevan, 2003; Sun et al., 2004).   Therefore,

we determined the number of functional CD4+ T cells in wildtype, Bim-/-, Faslpr/lpr, and

Bim-/-Faslpr/lpr mice following GP61-80 and NP309-328 peptide stimulation on day 8

(Figure 26A-D) and day 97 (Figure 26E-H) postinfection with LCMV Armstrong.  On

day 8 postinfection, the number of CD4+IFNγ+ and CD4+IFNγ+TNFα+ T cells was similar

among the different genotypes in both the spleen (Figure 26A & B) and lymph nodes
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Figure 25.  Antigen-specific CD8+ T cells from Bim-/-Faslpr/lpr animals are able to

undergo homeostatic proliferation following acute LCMV infection.  Bim-/-, Faslpr/lpr,

Bim-/-Faslpr/lpr, and wildtype mice were infected with LCMV Armstrong.  Mice were

administered 0.8 mg/ml BrdU in their drinking water from day 90 to 97 postinfection.

Mice were sacrificed on day 97 postinfection and splenocytes, lymph node lymphocytes,

and liver lymphocytes were stained with anti-CD8α and the MHC class I tetramers

DbGP33-41 and DbNP396-404 in addition to anti-BrdU so that the number of antigen-

specific cells in S phase could be determined. The percentage of DbGP33-41 and

DbNP396-404 specific CD8+ T cells that incorporated BrdU was quantitated in the spleen

(A), lymph nodes (B), and liver (C) and the averages and standard deviations are shown.

Three to four mice of each genotype were analyzed with an ordinary ANOVA with a

Student-Newman-Keuls multiple comparison test. *, significant increase compared to

Bim-/- with a p-value ≤ 0.05.  **, significant increase compared to Faslpr/lpr with a p-value

≤ 0.05.  ***, significant increase compared to both Bim-/- and Faslpr/lpr with a p-value ≤

0.05.
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Figure 26. Bim-/-Faslpr/lpr mice contain increased numbers of functional antigen-

specific CD4+ T cells in the lymph nodes at day 97 postinfection.   Bim-/-,  Faslpr/lpr,

Bim-/-Faslpr/lpr, and wildtype mice were infected with LCMV Armstrong.  Mice were

sacrificed on days 8 and 97 postinfection and the splenocytes and lymph node

lymphocytes were removed and stimulated with the indicated peptide and then stained

with anti-CD4, anti-IFNγ, and anti-TNFα.  Mice were sacrificed on day 8 (A-D) or day

97 (E-H) postinfection and the number of IFNγ+ and IFNγ+TNFα+ CD4+ T cells was

quantitated for both the spleen (A, B, E, and F) and lymph nodes (C, D, G, and H) and

the averages and standard deviations are plotted. Three to four mice of each genotype

were analyzed at each time point with an ordinary ANOVA with a Student-Newman-

Keuls multiple comparison test. *, significant increase compared to Bim-/- with a p-value

≤ 0.05.  **, significant increase compared to Faslpr/lpr with a p-value ≤ 0.05.  ***,

significant increase compared to both Bim-/- and Faslpr/lpr with a p-value ≤ 0.05.
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(Figure 26C & D).  On day 97 postinfection, the number of CD4+IFNγ+ (Figure 26E) and

CD4+IFNγ+TNFα+ (Figure 26F) T cells was similar between the Bim-/-Faslpr/lpr animals

and the parental genotypes in the spleen.  However, we observed increased numbers of

CD4+IFNγ+ (Figure 26G) and CD4+IFNγ+TNFα+ (Figure 26H) T cells in the lymph nodes

of Bim-/-Faslpr/lpr animals at day 97 postinfection. Thus, loss of both Bim and Fas function

results in a similar block in contraction of the antigen-specific CD4+ T cells in the lymph

nodes as we observed in the CD8+ T cell responses.

Antigen-specific CD8+ T cells from Bim-/-Faslpr/lpr mice respond to secondary

challenge.   In order to determine if the antigen-specific CD8+ T cells in Bim-/-Faslpr/lpr

mice were capable of responding to secondary challenge in vivo, we infected LCMV

Armstrong immune animals with LCMV Clone 13 and on day 5 post secondary challenge

measured the number of antigen-specific T cells and viral clearance. On day 5

rechallenge, virus was below the limit of detection in the serum, spleen, liver, kidney, and

brains of wildtype, Bim-/-, Faslpr/lpr, and Bim-/-Faslpr/lpr animals (data not shown).  When

virus-specific CD8+ T cells were quantitated in the spleen (Figure 27A) and liver (Figure

27C) the number of GP33-41, NP396-404, and GP276-286 specific cells in Bim-/-Faslpr/lpr

animals was similar to the parental genotypes. In the lymph nodes the number of LCMV-

specific CD8+ T cells was increased, although only the difference in GP33-41-specific

cells was statistically significant (Figure 27B).  Nevertheless, the total number of virus-

specific CD8+ T cells in the spleen, liver, and lymph nodes in the Bim-/-Faslpr/lpr animals

was similar to the single mutants (Figure 27D). Thus, secondary CD8+ T cell responses

are not increased in the absence of both Bim and Fas function.
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Figure 27.   Antigen-specific CD8+ T cells from Bim-/-Faslpr/lpr animals are able to

respond to rechallenge.  Bim-/-, Faslpr/lpr, Bim-/-Faslpr/lpr, and wildtype mice were infected

with LCMV Armstrong.  On day 87 postinfection, LCMV Armstrong immune mice were

challenged with LCMV Clone 13.  Mice were sacrificed on day 5 post challenge and

splenocytes, lymph node lymphocytes, and liver lymphocytes were stained with anti-

CD8α and the MHC class I tetramers DbGP33-41, DbNP396-404, and DbGP276-286.

The numbers of DbGP33-41, DbNP396-404, and DbGP276-286 specific CD8+ T cells

were quantitated in the spleen (A), lymph nodes (B), and liver (C) and the averages and

standard deviations are shown. The total number of antigen-specific CD8+ T cells for

each of the LCMV epitopes was calculated by adding up the antigen-specific cells from

the spleen, lymph nodes, and liver and the averages and standard deviations are shown

(D). Three mice of each genotype were analyzed with an ordinary ANOVA with a

Student-Newman-Keuls multiple comparison test. *, significant increase compared to

Bim-/- with a p-value ≤ 0.05.  **, significant increase compared to Faslpr/lpr with a p-value

≤ 0.05.  ***, significant increase compared to both Bim-/- and Faslpr/lpr with a p-value ≤

0.05.
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Bim-/-Faslpr/ lpr  mice generate secondary effector CD8+ T cells following

rechallenge.  In order to determine if the antigen-specific CD8+ and CD4+ T cells from

the different genotypes were functional, we restimulated splenocytes and lymph node

lymphocytes from wildtype, Bim-/-, Faslpr/lpr, and Bim-/-Faslpr/lpr animals with LCMV MHC

Class I an II restricted epitopes and determined the number of functional cells.  Similar to

primary effector cells, secondary effectors contained a mix of IFNγ+ and IFNγ+TNFα+

cells (Figure 28A). The number of antigen-specific CD8+ (Figure 28B &C) and CD4+

(Figure 28F&G) IFNγ+ and IFNγ+TNFα+ T cells in Bim-/-Faslpr/lpr animals was similar to

the parental genotypes in the spleen.  However, we observed increased numbers of

CD8+IFNγ+ (Figure 28D) and CD8+IFNγ+TNFα+ (Figure 28E) T cells in the lymph nodes

of B i m-/-Faslpr/lpr animals depending on the antigen-specific population examined.

Additionally, we observed a similar number of CD4+IFNγ+ (Figure 28H) and

CD4+IFNγ+TNFα+ (Figure 28I) T cells in the lymph nodes of Bim-/-Faslpr/lpr animals

compared to the Faslpr/lpr mice.  Thus, memory cells from all four genotypes are capable

of differentiating into functional secondary effector cells.

 Chronic LCMV infection results in similar numbers of antigen-specific CD8+

T cells in Bim-/-Faslpr/lpr and Bim-/- animals.  Our results with acute LCMV infection

prompted us to examine how the antigen-specific CD8+ T cells responses following

chronic LCMV infection would be affected by mutations in both Bim and Fas.  LCMV

clone 13 induces a chronic viral infection that is eliminated from most organs between

day 60 and 90 postinfection, however virus persists in the kidneys and brain (Buchmeier

et al., 1980).  Mice of each genotype were infected with LCMV clone 13 and the antigen-

specific responses at various days postinfection were determined by staining splenocytes,
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Figure 28.  Bim-/-Faslpr/lpr animals contain similar numbers of functional CD8+ and

CD4+ T cells as the parental genotypes following secondary challenge.  B i m-/-,

Faslpr/lpr, Bim-/-Faslpr/lpr, and wildtype mice were infected with LCMV Armstrong.  On day

87 postinfection, LCMV Armstrong immune mice were challenged with LCMV Clone

13. Mice were sacrificed on day 92 postinfection and the spleen was removed and

stimulated with the indicated peptide and then stained with anti-CD8α, and anti-IFNγ,

and anti-TNFα.  The dot plots are gated on CD8+ T cells and the numbers indicate the

percent of CD8+ T cells that are present in that quadrant (A). The number of IFNγ+ (B and

D) and IFNγ+TNFα+ (C and E) CD8+ T cells was quantitated for both the spleen (B and

C) and lymph nodes (D and E) and the averages and standard deviations are plotted.  The

number of IFNγ+ (F and H) and IFNγ+TNFα+ (G and I) CD4+ T cells was quantitated for

both the spleen (F and G) and lymph nodes (H and I) and the averages and standard

deviations are plotted. Three mice of each genotype were analyzed at each time point

with an ordinary ANOVA with a Student-Newman-Keuls multiple comparison test. *,

significant increase compared to Bim-/- with a p-value ≤ 0.05.  **, significant increase

compared to Faslpr/lpr with a p-value ≤ 0.05.  ***, significant increase compared to both

Bim-/- and Faslpr/lpr with a p-value ≤ 0.05.
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liver lymphocytes, and lymph node lymphocytes with anti-CD8α and MHC class I

tetramers DbGP33-41 (Figure 29A), DbNP396-404 (Figure 29B), and DbGP276-286

(Figure 29C).  On day 8 post infection, we observed increased numbers of DbGP33-41,

DbNP396-404, and DbGP276-286 antigen-specific CD8+ T cells in both Bim-/- and Bim-/-

Faslpr/lpr animals in the spleen.  This increase in cell numbers was also observed in the

liver for DbNP396-404 and DbGP27-286 specific CD8+ T cells.  In contrast to acute

infection, we did not observe an increase in the number of DbGP33-41 and DbGP276-286

specific CD8+ T cells in the lymph nodes of Bim-/-Faslpr/lpr animals compared to the

parental genotypes on day 8 postinfection.  However, the number of DbNP396-404

specific CD8+ T cells was increased in the lymph nodes of Bim-/-Faslpr/lpr, Bim-/-, and

Faslpr/lpr animals compared to wildtype.  By day 35 postinfection, the number of DbGP33-

41 and DbGP276-286 specific CD8+ T cells declined in the spleen and liver in all

genotypes. The number of DbNP396-404 specific CD8+ T cells remained elevated in both

the spleen and liver of both Bim-/- and Bim-/-Faslpr/lpr animals until day 111.  Although the

number of DbNP396-404+ CD8+ T cells in the spleen and liver remains elevated,

contraction occurred in the lymph nodes of all genotypes by day 35 postinfection. When

the total number of antigen-specific CD8+ T cells in the spleen, liver and lymph node was

calculated for each epitope there was no difference between Bim-/- and Bim-/-Faslpr/lpr mice

(Figure 29D).   Furthermore, the viral titers in the spleen, liver, serum, and kidney from

Bim-/-Faslpr/lpr animals were not significantly different from either single mutant at day 8

(Figure 30A-D), day 35 (Figure 30E-H), and day 111 (Figure 30I-L) postinfection.  Thus,

the additional mutation of Fas does not increase antigen-specific CD8+ T cells compared

to single mutation of Bim.
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Figure 29.  Chronic LCMV infection results in similar numbers of antigen-specific

CD8+ T cells in Bim-/-Faslpr/lpr and Bim-/- mice. Bim-/-, Faslpr/lpr, Bim-/-Faslpr/lpr, and

wildtype mice were infected with LCMV clone 13.  Mice were sacrificed at the indicated

time points and splenocytes, liver lymphocytes, and lymph node lymphocytes were

stained with anti-CD8α, anti-CD44, and MHC class I tetramers so that the number of

antigen-specific CD8+ T cells could be determined.  The numbers of DbGP33-41 (A),

DbNP396-404 (B), and DbGP276-286 (C) specific CD8+ T cells were quantitated, and the

averages and standard deviations are shown. The total number of antigen-specific CD8+ T

cells was quantitated on day 111 postinfection for each epitope in all three tissues (D) and

the averages and standard deviations are shown. Three to seven mice of each genotype

were analyzed at each time point with an ordinary ANOVA with a Student-Newman-

Keuls multiple comparison test. *, significant increase compared to both Bim- / -  and

Faslpr/lpr with a p-value ≤ 0.05.
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Figure 30.  Clone 13  infection generates similar viral titers in Bim-/-Faslpr/lpr animals

compared to the parental genptypes.  Bim-/-, Faslpr/lpr, Bim-/-Faslpr/lpr, and wildtype mice

were infected with LCMV clone 13.  Mice were sacrificed on day 8 (A-D), day 35 (E-H),

and day 111 (I-L) and spleen, liver, serum, and kidneys were isolated, and virus was

quantitated by plaque assay. Each symbol indicates the value for one mouse. Dashed

lines in day 111 graphs indicate the limit of detection.  Three to eight mice were analyzed

at each time point. *, significant increase compared to both Bim-/- and Faslpr/lpr with a p-

value ≤ 0.05.
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Summary statement. In this study, we examined the effects of mutating

components of both the intrinsic and extrinsic pathways of cell death on the generation of

memory CD8+ T cells and the survival of CD8+ T cells during chronic viral infection.

Following mutation of both the pro-apoptotic BH3-only protein Bim and the extrinisic

death receptor Fas, we observed increased numbers of antigen specific CD8+ T cells at

late time points postinfection compared to parental genotypes following acute LCMV

infection.  These cells exhibited a memory surface marker phenotype and were capable of

undergoing homeostatic proliferation, producing both IFNγ  and TNFα  upon

restimulation, and clearing virus upon rechallenge.  In contrast to the increased antigen

specific T cell numbers observed following acute infection, chronic LCMV infection

resulted in similar numbers of antigen specific CD8+ T cells in Bim-/-Faslpr/lpr animals

compared to the Bim parental genotype. In addition, no differences were observed in

viral burden in Bim-/-Faslpr/lpr animals compared to the parental genotypes. Together, these

results demonstrate that antigen-specific CD8+ T cells in mice lacking functional Bim and

Fas that survive to later time points postinfection following acute LCMV infection are

true memory cells.  Additionally, they highlight differences in the cell death pathways

used to regulate shutdown of immune responses following acute and chronic viral

infection.
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DISCUSSION AND CONCLUSIONS

The goal of the work presented here was to determine if blocking cell death could

result in the generation of increased numbers of antigen-specific memory CD8+ T cells

following viral infection. Antigen-specific T cells undergo extensive proliferation during

viral infection and massive apoptosis upon viral clearance.  Therefore, investigating the

processes mediating cell death is important to understanding the regulation of the

shutdown of immune responses.  Previous studies have demonstrated that mutation of

single genes within the cell death pathways has minimal effects on the contraction and

memory set point of antigen-specific CD8+ T cells following acute viral infection (Table

1).  Therefore, redundancy and compensation within the components regulating apoptosis

demonstrates that further studies are needed to determine the genes that regulate

contraction and the memory setpoint following immune responses.  In this study, we

utilized animals deficient in apoptosis to demonstrate that genes within both the intrinsic

and extrinsic pathways of cell death are required for the shutdown of immune responses

following viral infection. Thus, these studies have important implications for

understanding the development of autoimmunity and the design of efficient and effective

vaccines and therapeutics.

Implications for autoimmunity.  Apoptosis is critical to the development and

homeostasis of the immune system. In healthy individuals, multiple mechanisms in the

thymus and periphery function to prevent the onset of autoimmune disease by either

deleting self-reactive cells via apoptosis or silencing these cells by making them tolerant.

As a result, these checkpoints function to limit the accumulation of autoreactive T cells
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and the onset of autoimmunity. In this study, our results demonstrate a synergistic

increase in the number of activated/memory phenotype lymphocytes in Bim-/-Faslpr/lpr

mice leads to accelerated and exacerbated autoimmune disease compared to both parental

genotypes (Figures 14 & 19).  Therefore we hypothesize that the autoimmune syndrome

we observe in mice with defects in both the intrinsic and extrinsic pathways of cell death

results from bypassing multiple independent checkpoints involved in eliminating self-

reactive cells.

T cell development is dependent on stimulation through the T cell receptor

(TCR).  Weak stimulation during positive selection, in which the TCR does not recognize

self-MHC molecules, results in death by neglect.  In contrast, during subsequent negative

selection, T cells that receive a strong stimulus due to a high affinity interaction with self-

MHC are eliminated via apoptosis.  This stimulation dependent process prevents self-

reactive cells from entering the periphery and is one of the first checkpoints in limiting

the development of autoimmunity.  In support of this idea, exposure of thymocytes to

anti-CD3 antibody is a common model used to study negative selection since this strong

stimulus results in aggregation of the TCR-CD3 complex and induces apoptosis in

CD4+CD8+ thymocytes (Sentman et al., 1991; Strasser et al., 1991).  Members of the Bcl-

2 superfamily, including Bim, have been shown to play a role in apoptosis that occurs

during thymic negative selection (Bouillet et al., 2002; Villunger et al., 2004). For

example, while injection of anti-CD3 antibody results in a massive decrease in double

positive (DP) thymocytes in wildtype mice, expression of a Bcl-2 transgene slightly

increases survival of thymocytes (Bouillet et al., 2002). More importantly, essentially all

thymocytes from Bim-/- mice survive anti-CD3 injection. Additionally, anti-CD3
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treatment increases levels of BimL and BimEL in complex with the anti-apoptotic Bcl-2

family member Bcl-xL, thereby resulting in apoptosis.  Our data, as well as other

published reports, demonstrate that Bim is critical during this process to limiting egress

of auto-reactive cells into the periphery.  Together, these results show that Bim mediates

apoptosis induced following a strong stimulation during negative selection and suggests

that the intrinsic pathway of cell death has a major role in the apoptosis of autoreactive

thymocytes during the negative selection checkpoint.

 Similar to Bim, previous studies have demonstrated that Fas can play a role in

negative selection (Kishimoto et al., 1998; Kurasawa et al., 1999; Ogasawara et al.,

1995).  However, the extent of Fas involvement in this process is unclear because Faslpr/lpr

mice do not exhibit defects in negative selection (Adachi et al., 1996; Singer and Abbas,

1994) and auto-reactive thymocytes lacking FADD or caspase-8 function are eliminated

normally (Newton et al., 1998; Smith et al., 1996; Walsh et al., 1998).  Early stages of T

cell development in the thymus are accompanied by a minimal expression of Fas.

However, as T cells mature and continue through the selection process, Fas expression

increases (Ogasawara et al., 1995).  In support of this finding, CD4+CD8+ pre-T cells

from wildtype mice undergo apoptosis following FasL treatment when cultured in vitro.

The contribution of Fas in negative selection is thought to be dependent upon the strength

of stimulation.  Kishimoto et. al. suggest a role for Fas during negative selection

following high dose administration of staphylococcal enterotoxin B (SEB), whereas

apoptosis is independent of Fas at low to moderate doses (Kishimoto et al., 1998).

Additionally, similar effects were observed when Fas deficient TCR transgenic mice

were injected with a high dose of their cognate peptide.  This induced apoptosis and
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deletion of CD4+ thymocytes in the TCR transgenic animals.  However, apoptosis was

reduced in TCR transgenic animals crossed to mice deficient in Fas.  Together, these

results suggest that under strong stimulation, Fas mediated apoptosis can play a role in

negative selection.  One caveat to these studies is that high concentrations of stimulus

were required to observe an effect of Fas during this process.  This suggests that over-

stimulation potentially induces activation induced cell death (AICD) and therefore

renders cells more susceptible to Fas mediated apoptosis.   In support of this idea, we

observed that T cells from animals with defects in Fas were resistant to AICD (Figure

18E-F).  Therefore, it appears that the critical role of Fas and other members of the

extrinsic pathways of cell death is mediating deletion of self-reactive cells in the

periphery, where AICD is more likely to occur.   Thus, Fas induced cell death regulates

an additional checkpoint in the prevention of autoimmunity.

Based on these findings, we propose that both the intrinsic and extrinsic pathways

of cell death are critical in preventing the development of autoimmunity.  We propose

that in the absence of Bim, self-reactive clones escape negative selection and can be

found in the periphery.  Once there, additional checkpoints function to prevent these cells

from accumulating and promoting autoimmune pathology. For example, auto-reactive

cells can be regulated and eliminated by the members of the extrinsic pathway of cell

death such as Fas.  In the absence of Fas, cells are resistant to AICD, allowing for the

accumulation of stimulated auto-reactive T cells. In support of this model, animals

deficient in Fas exhibit an accelerated development of autoimmune disease characterized

by increased autoantibody production, proliferation of aberrant T cells (CD8-CD4-

B220+CD3+) in the periphery, and lymphocytic infiltrate into the kidney compared to
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Bim-/- mice (Figure 19).  Thus, Bim and other members of the intrinsic pathway of cell

death play a key role in regulating the escape of self-reactive clones during negative

selection, while Fas and other members of the extrinsic family of cell death control the

fate of these cells in the periphery.

Interestingly, although there are intact mechanisms, such as Fas, to eliminate self-

reactive cells in the periphery of Bim-/- mice, these cells eventually accumulate and

promote lymphadenopathy and splenomegaly as these animals age.  Even at 6-8 weeks of

age, Bim-/- mice contain increased numbers of lymphocytes compared to wildtype (Figure

13), but do not yet exhibit signs of autoimmunity (Figure 20).  Mice lacking Bim develop

systemic autoimmune disease at approximately one year of age, characterized by

increased circulating serum autoantibody concentration to nuclear antigens, accumulation

of IgG secreting plasma cells resulting in hypergammaglobulinemia, and some mice have

increased anti-dsDNA antibodies (Bouillet et al., 1999).  Additionally, these mice

develop fatal kidney disease with immune complex glomerulonephritis and in some

cases, cardiac infarction or vasculitis.  One potential explanation for the development of

autoimmunity seen in Bim-/- mice in the presence of peripheral selection mechanisms is

that the accumulation of auto-reactive cells can outcompete the rate of Fas mediated

killing.  Since Fas/FasL interaction is contact dependent, it requires cell to cell contact.

However, as the absence of Bim is autonomous it renders all cells resistant to growth

factor withdrawal induced apoptosis and therefore promotes the survival of auto-reactive

cells during both selection and within the periphery.

Although single mutations of Bim and Fas promote the gradual development of

autoimmunity, our results demonstrate that the combined loss of both Bim and Fas leads
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to accelerated, massive lymphadenopathy, splenomegaly and exacerbated autoimmune

disease.  This disease is characterized by increased autoantibody titers, immune complex

deposition in the kidneys (Figure 19), and a significantly decreased lifespan compared to

parental genotypes (A. Weant unpublished observation; Hughes et al., 2008).  In the

Bim-/-Faslpr/lpr mice, we hypothesize that defects in the negative selection of thymocytes,

due to the loss of Bim, contributes to increased numbers of self-reactive cells in the

periphery. This escape from apoptosis during thymic selection is the first defective

checkpoint that makes these animals susceptible to autoimmunity.  Although auto-

reactive cells are typically controlled by the interaction of Fas and FasL in the periphery,

mutation of Fas results in the failure to eliminate this population in double mutant mice.

Surviving cells can subsequently proliferate and contribute to autoantibody production.

Thus, lacking Fas results in bypassing of an additional checkpoint in which cells are

typically eliminated in the periphery, resulting in enhanced autoimmune disease.

Together, our results support a model in which strong stimulation of self-reactive clones

during negative selection results in Bim mediated apotosis, while strong stimulation of

auto-reactive cells in the periphery makes cells susceptible to Fas mediated AICD.  Thus,

the intrinsic and extrinsic pathways of cell death individually regulate multiple

checkpoints to limit the development of autoimmunity.

Although our model supports the individual contribution of the intrinsic and

extrinsic pathways of cells death to controlling self-reactive cells, an alternative

mechanism that could explain the increased cell numbers and exacerbated autoimmunity

we observed in Bim-/-Faslpr/lpr animals is enhanced protection from apoptosis due to cross-

talk between Bim and Fas.  A well-characterized mechanism of cross-talk between the
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intrinsic and extrinsic pathways of cell death is mediated by the BH3-only protein Bid

(Wang et al., 1996).  Following death receptor ligation, Bid induces mitochondrial

apoptosis upon cleavage by caspase 8 (Gross et al., 1999; Li et al., 1998; Wei et al.,

2000).  It is possible that Bim could function in a similar manner as Bid following Fas

ligation, which would result in the additional activation of the mitochondrial pathway of

apoptosis.  In our system, the contribution of cross-talk mediated by Bim is unclear

because we do not observe enhanced protection from apoptosis in T cells from Bim-/-

Faslpr/lpr mice compared to the Faslpr/lpr parental genotype following treatments mimicking

AICD.  Additionally, we do not observe a defect in Fas mediated killing of T cells

lacking Bim.  Therefore, we favor a model in which the intrinsic and extrinsic pathways

of cell death individually contribute to apoptosis and that the bypassing of multiple

independent checkpoints results in autoimmune disease.

A recent review by C.C. Goodnow supports our model that multiple genes

contribute to the development of autoimmune disease (Goodnow, 2007).  Autoimmunity

typically occurs in both humans and animals after a latent period, demonstrating that

regulatory mechanisms must prevent self-reactive cells from accumulating and causing

disease.  Therefore, in order to develop autoimmunity, mutations must be inherited that

disrupt multiple checkpoints.  Thus, this model of the development of autoimmune

disease functions like cancer, where multiple mutations eventually lead to the inability to

regulate self-reactive cells and subsequently results in the manifestation of disease.

Unlike animals containing a single mutation within the cell death pathways, we

propose that the autoimmune disease observed in Bim-/-Faslpr/lpr mice provides a good

model for studying diseases such as systemic lupus erythematosus (SLE) in humans.
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SLE is a multigenic disease characterized by autoantibody production, resulting in

widespread damage to multiple tissues including the kidneys, spleen, liver, joints, central

nervous system, and cardiovascular system (Munoz et al., 2005).  Defective clearance of

apoptotic cells has been hypothesized to provide a reservoir for autoantigens (Cohen,

2006) and defects in both of the extrinsic and intrinsic pathways of cell death play

important roles in the development of SLE-like disease in mice.  However, the

contribution of each pathway to the progression to disease is not well understood as it has

been difficult to associate a particular apoptotic defect to the development of

autoimmunity due to the dependence on the strain and background.  Our data, in addition

to a recent report by Hutcheson et. al., demonstrates that Bim-/-Faslpr/lpr mice develop a

SLE-like disease with lymphadenopathy, splenomegaly, circulating autoantibodies, and

lymphocytic infiltrate and immune complex deposition in the kidneys on a normally

resistant background (Hutcheson et al., 2008).  We also observed that Bim-/-Faslpr/lpr mice

exhibit a dramatic increase in serum levels of the antibody isotype IgA compared to

parental genotypes (Figure 19). Although its role in the autoimmune syndrome we

observe is unclear, Immunoglobulin A nephropathy (IgAN) is a common form of

glomerulonephritis associated with several autoimmune diseases including systemic

lupus erthematosus (SLE) and rheumatoid arthritis (RA) (Donadio and Grande, 2002).

Thus, these mice provide a model system to elucidate the contribution of components of

the intrinsic and extrinsic cell death pathways to the onset of SLE and could lead to the

development of therapeutics that would target both Bim and Fas to limit the autoimmune

disease observed in SLE.
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Implications for termination of immune responses.  The mechanisms involved

in maintaining homeostasis and precluding autoimmunity in naïve animals are also

responsible for the decline in antigen-specific CD8+ T cell numbers during contraction

following antiviral immune responses.  Naïve CD8+ T cells exist in a quiescent state in

the periphery.  These cells undergo little to no proliferation and are stable for

approximately six months in the absence of antigen, thus they are undergoing minimal

apoptosis (Di Rosa et al., 1999).  The cytokine environment is important during this

period because cytokines, such as IL-7, regulate naive T cell survival and homeostasis

(Schluns et al., 2000; Tan et al., 2001).  Additionally, these cells require a low level of

stimulation for survival.  It is important to protect naïve T cells from apoptosis, as it is

essential to maintain a diverse repertoire capable of responding to a variety of different

infections.  Therefore, Bim is important during naïve T cell homeostasis because it

mediates apoptosis during growth factor withdrawal and can induce apoptosis if the

cytokine environment is altered (Bouillet et al., 1999).  During acute viral infection, naïve

CD8+ T cells become activated and undergo extensive division and differentiate into

effector cells (Grumont et al., 2004; Kaech and Ahmed, 2001; Opferman et al., 1999).

Upon viral clearance, antigen-specific CD8+ T cells undergo massive apoptosis during the

contraction phase, while the surviving cells further differentiate into memory cells

(Kaech et al., 2002b).  Although the mechanisms regulating contraction are not

completely known, there are several criteria that identify which cells will undergo

apoptosis or which cells will survive based on IL-7R expression (Kaech et al., 2003) and

Bcl-2 levels (Grayson et al., 2000). It is possible that effector cells during contraction are

sensitive to apoptosis as a result of growth factor withdrawal because of the decreased
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presence of cytokines, such as IL-2, as a result of viral clearance. This contraction phase

is important because it maintains diversity within the T cell pool so that one antigen-

specific population does not dominate the T cell repertoire. We hypothesize that it may

be possible to increase the generation of memory cells following acute infection by

blocking T cell contraction, thus decreasing the number of booster immunizations needed

to confer protective immunity to specific infections.   Therefore, determining the

contribution of various components of the cell death pathways that regulate contraction is

imperative to the development of effective therapeutics.

The intrinsic pathway of cell death is hypothesized to be the predominate pathway

of cell death regulating contraction following acute viral infection when antigen exposure

is limited (Lohman et al., 1996; Nguyen et al., 2000; Pellegrini et al., 2003; Razvi et al.,

1995; Reich et al., 2000).  In support of this hypothesis, Pellegrini et al. demonstrated the

importance of the intrinsic pathway following infection with acute human herpes simplex

virus type 1 (HSV-1) as contraction of antigen-specific CD8+ T cells was blocked in Bim

deficient mice (Pellegrini et al., 2003). Although this study suggests that Bim is required

for the contraction of antigen specific T cells in the spleen following acute infection, this

work only examined the maintenance of the T cell population until 35 days post

infection. This timepoint marks the beginning of the memory set point and therefore does

not accurately examine if this population of cells is long-lived and protective. Therefore,

in our initial studies we sought to determine the role of Bim on the antigen-specific CD8+

T cell responses at early and late timepoints following both acute and chronic LCMV

infection to determine if increased numbers of antigen specific T cells can not only be

generated, but maintained.



138

Our work demonstrates that although there is a transient delay in the contraction

of antigen-specific CD8+ T cells in B i m-/- mice following acute LCMV infection,

contraction eventually ensues and the number of antigen specific cells is minimally

elevated compared to wildtype at later time points postinfection. One potential

explanation for the eventual contraction of antigen specific cells in Bim-/- mice is that

other genes within the intrinsic or extrinsic pathways of cell death in addition to Bim

regulate contraction following viral infection.  Previous reports have demonstrated that

the BH3-only protein Puma plays a role during apoptosis induced by cytokine deprivation

(Jeffers et al., 2003; Villunger et al., 2003).  Thus, it is possible that Bim and Puma have

overlapping functions, and that during viral infection, Puma could be responsible for

mediating the eventual apoptosis observed in Bim-/- animals.   In support of this idea,

Puma deficient mice possess increased numbers of antigen-specific CD8+ T cells

following HSV-1 infection (Fischer et al., 2008).  Therefore, it appears that Puma also

plays a role in contraction during acute viral infection.  Although both Bim and Puma are

involved in shutdown of immune responses following acute viral infection, other

components of the intrinsic pathway including Bad, Bid, and Noxa do not appear to play

a significant role in this process.  Instead, it is possible that death receptors may

contribute to the induction of apoptosis in the antigen-specific CD8+ T cell populations at

later time points postinfection.   Although previous reports have demonstrated a minimal

role for death receptors during acute viral infection, it is possible that this pathway can be

induced when Bim is lacking.

Bim is the primary regulator of growth factor withdrawal mediated apoptosis

(Bouillet et al., 1999) and therefore, it is possible that this pathway is the first pathway
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induced during contraction.  Thus, when Bim is functioning, death receptors would not be

necessary to induce apoptosis. This hypothesis would explain the minimal contribution of

the extrinsic pathway of cell death during contraction following acute viral infection.

Furthermore, it is possible that another cell type rescued from apoptosis by the loss of

Bim alters the cytokine environment and causes the antigen-specific CD8+ T cells to be

more sensitive to other forms of apoptosis.  For example, in lymphopenic environments

and during HIV infection, IL-7 can prime T cells for AICD by inducing the upregulation

of Fas on the cell surface (Fluur et al., 2007; Rethi et al., 2008).  In addition, a previous

report by Wojciechowski et al. demonstrated that IL-7RLow effector T cells from Bim-/-

mice can convert to IL-7RHigh over time (Wojciechowski et al., 2006).  Therefore, it is

possible that loss of Bim rescues IL-7 producing cells, such as stromal cells, from

apoptosis. Thus, the increased presence of IL-7, in addition to the conversion of Bim-/- T

cells from IL-7Rlow to IL-7Rhigh, could promote upregulation of Fas and the induction of

cell death at later time points postinfection.

An alternative explanation for the decline in the number of antigen-specific CD8+

T cells at later timepoints in Bim-/- animals is due to delayed cell cycle progression.

Following activation, antigen-specific T cells undergo a program of proliferation

consisting of 7-9 divisions and the acquisition of effector functions (Kaech and Ahmed,

2001).  Similarly, there is also evidence that contraction is a programmed event as it

ensues regardless of the antigen dose (Badovinac et al., 2002).  For example, although the

kinetics of contraction differ during acute and chronic infection, the process still

commences regardless of viral clearance or persistence and argues that division acts as an

internal “clock” within the T cell.  Overexpression of Bcl-2 has been shown to retard the
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G1-S cell cycle transition through its effects on intracellular reactive oxygen species

(Mazel et al., 1996).  Recently Craxton et. al demonstrated that Bim also regulates BCR-

induced entry of B cells into the cell cycle by influencing the G0-G1 transition (Craxton et

al., 2007).  In our studies, we observed a similar delay in cell cycle progression of Bim-/-

mice following T cell stimulation (Figure 22). Therefore, loss of Bim may decrease this

transition in the antigen-specific CD8+ T cells during an immune response, resulting in

slower proliferation and a delay in the accumulation of the number of divisions required

to initiate the contraction program. In our studies, decreased proliferation of the antigen

specific CD8+ T cells in Bim-/-  mice following acute LCMV infection could result a

transient delay in contraction as a result of these cells taking longer to undergo 7 to 9

divisions that results in apoptosis. This delay in proliferation, in addition to a delay in

apoptosis, could result in increased numbers of antigen specific T cells by day 35

postinfection. However, at later timepoints further division of this population could

initiate other cell death pathways to induce the contraction of these cells.

In contrast to the optimal acquisition of effector function and the generation of

memory cells following acute viral infection, CD8+ T cell differentiation is altered during

chronic viral infection.  Although functional effector cells are generated early

postinfection, they eventually lose function and become exhausted as a result of

persistent antigen exposure (Ou et al., 2008; Wherry et al., 2003).  Contraction also

occurs during chronic infection, but the components regulating this process may be

different than those used during acute infection since antigen is still present. Because

chronic infection results in constant stimulation of the cells, the extrinsic pathway may be

critical for contraction. We hypothsize that death receptors play a much larger role during
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chronic infection than acute infection due to activation induced cell death (AICD)

promoted by high viral loads for an extended period of time.  Similar to limiting auto-

reactive cells in the periphery, strong persistent stimulation would limit the number of

antigen-specific cells at later time points during chronic infection. Limiting cells numbers

is important since multiple studies demonstrate that increased numbers of functional

antigen-specific T cells mediate morbidity and mortality during chronic infection.

In support of this model, earlier studies demonstrate that repeated exposure to

viral antigen increases the susceptibility of T cells to apoptosis.  For example, chronic

LCMV Clone 13 infection of TNFRI and II double mutants resulted in an initial delay in

contraction of antigen-specific CD8+ T cells (Suresh et al., 2004). However, the number

of cells eventually declined to wild-type levels for all epitope specificities.  Furthermore,

infection of mice lacking Fas ligand with strains of LCMV that induce persistently high

viral titers in the spleen, such as LCMV docile and LCMV aggressive, results in a delay

in contraction of the antigen-specific CD8+ T cells (Zhou et al., 2002). However, similar

to the TNFR mutants, over time all epitopes decreased to a similar level as wildtype.

Therefore, it remained to be determined the components of cell death mediating the loss

of antigen specific T cells during chronic infection. Although the extrinsic pathway of

cell death appears to be the major regulator of contraction during chronic infection, we

hypothesized that Bim may be involved in contraction of antigen-specific CD8+ T cells

following chronic infection. Since Bim can induce apoptosis following strong

stimulation, as seen during negative selection (Bouillet et al., 2002) and following

treatment with SEB (Hildeman et al., 2002), it potentially plays an important role during

chronic infection,
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When Bim-/- mice were infected with LCMV clone 13, there was a slight increase

in the number of DbGP33-41 and DbGP276-286 specific CD8+ T cells at earlier

timepoints, but these populations eventually underwent a similar extent of contraction as

wild-type mice. However, the NP396 specific CD8+ T cell population remained

significantly elevated for 111 days postinfection, (Figure 1).  The modest increase in the

number of DbGP33-41 and DbGP276-286 specific CD8+ T cells may be due to an increase

in precursor frequency in Bim-/- mice compared to wildtype mice.  Naïve Bim-/- mice

contain approximately 3 times as many naïve CD8+ T cells as wild-type animals.

Therefore, there could be a slight increase in precursor frequency for any epitope. More

importantly, it is interesting that the contraction of DbNP396-404+CD8+ T cells was

blocked, while the other antigen-specific populations were minimally affected by the loss

of Bim. One explanation for this block in contraction is that higher concentrations of

NP396-404 peptide are presented in vivo compared to GP33-41 or GP276-286 peptides.

Previous studies demonstrate that nucleoprotein (NP) mRNA accumulates before GP

mRNA following LCMV infection, indicating that the NP396-404 epitope is presented

first (Fuller-Pace and Southern, 1988).  Similarly, infection of LCMV Armstrong

immune mice with Clone 13 results in greater recruitment of NP396-404 specific

memory cells into the secondary response than other epitope-specific cells, indicating that

Clone 13 infection drives the expansion of this population (Tebo et al., 2005).  Finally,

splenocytes from Clone 13 infected mice have been shown to induce increased

proliferation of DbNP396-404+ T cells to a greater extent than DbGP33-41+ or DbGP276-

286+ CD8+  T cells (Wherry et al., 2003).



143

Previous studies have demonstrated that although apoptosis of CD8+ CTLs

following supraoptimal peptide stimulation is mediated by TNF and TNFRII, Bcl-2 levels

decrease following stimulation (Alexander-Miller et al., 1998).  Therefore, an alternative

possibility for the defect in contraction of the DbNP396-404 specific cells in our system is

that repeated stimulation of these antigen-specific CD8+ T cells could activate TNFRII

mediated apoptosis.  However, in cells lacking Bim, apoptosis may be inhibited because

Bcl-2 is free to exert its pro-survival function.  Loss of Bim would then promote T cell

survival even in the presence of stimulation induced TNFRII mediated apoptosis.

Although this model explains the block in apoptosis of DbNP396-404+ CD8+ T cells, our

results suggest that another component of the cell death pathways is mediating the

contraction of DbGP33-41+ and DbGP276-286+ CD8+ T cells following LCMV Clone 13

infection. Interestingly, mutation of Bim not only blocked contraction of the DbNP396-

404+CD8+ T cells, but surviving cells were more functional based on the production the

cytokines IFNγ and TNFα, suggesting that the mechanisms that regulate apoptosis may

be linked to those that modulate anergy. Although, Bim is typically considered to

function during negative selection and contraction following acute viral infection as a

result of cytokine withdrawal, these results demonstrate that Bim can regulate apoptosis

in the presence of perstent antigen and stimulation.  Thus, it appears that Bim plays a role

in AICD induced apoptosis, supporting our model that both the intrinsic and extrinsic

pathways of cell death can be induced following a strong stimulus.

Our studies demonstrate that although the loss of Bim resulted in a transient delay

in contraction of the antigen-specific CD8+ T cells following acute LCMV infection,

eventually the number of cells decreased to levels only slightly higher than wildtype.
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Additionally, contraction of DbGP33-41 and DbGP276-286 specific CD8+ T cells

occurred to a similar extent as wildtype following chronic LCMV infection.  Together,

these results suggest that other genes, in addition to Bim, regulate contraction following

viral infection.  Since Bim plays a role in the intrinsic pathway of cell death, we

hypothesized that an additional mutation in the extrinsic pathway of cell death could

further decrease apoptosis and results in an increased number of memory cells by

potentially blocking contraction of antigen specific CD8+ T cells.  Therefore, we

generated mice with mutations in both Bim and Fas to represent defects in both the

intrinsic and extrinsic pathways.  We chose to determine the role of Fas in contraction

because of its importance in AICD and since it is a well-characterized member of the

TNF receptor superfamily shown to be important during human disease including HIV.

For example, previous studies have demonstrated that antigen-specific CD8+ T cells from

HIV infected individuals are sensitive to Fas mediated apoptosis (Gehri et al., 1996;

Katsikis et al., 1995; Mueller et al., 2001).  Additionally, chronic LCMV infection of

mice deficient in Fas ligand resulted in a delay in the contraction of a population of

antigen-specific CD8+ T cells, although the numbers eventually declined to similar levels

as wildtype (Zhou et al., 2002). Furthermore, inflammatory cytokines produced by

activated T cells, such as TNFα, have been shown to increase expression of Fas ligand

within tissues (Bonfoco et al., 1998), which could function during this process to

eliminate antigen-specific CD8+ T cells. Thus, the Fas pathway contributes to apoptosis of

antigen-specific CD8+ T cells in both human disease and mouse models of infection.

To determine the requirement for multiple death pathways during contraction, we

examined the immune response in mice deficient in both Bim and Fas function following
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LCMV infection.  The additional loss of Fas in Bim-/- animals resulted in sustained

numbers of antigen-specific CD8+ T cells in the lymph nodes of Bim-/-Faslpr/lpr mice by

day 97 post acute LCMV infection. However, contraction still occured in both the spleen

and liver with similar kinetics as the Bim parental genotype (Figure 21). We demonstrate

that this block in contraction is due to decreased apoptosis, as proliferation of antigen-

specific CD8+ T cells was reduced in both Bim-/- and Bim-/-Faslpr/lpr mice during the

contraction phase (Figure 22).  Together, our observations demonstrate that Fas plays a

major role in lymph node contraction.  Interestingly, the block in contraction was only

observed in mice deficient in both Bim and Fas, demonstrating that defects in both

pathways are necessary to observe this effect in the lymph nodes.  Although Bim and Fas

appear to be the regulators of apoptosis in the lymph nodes, we hypothesize that other

death receptors, differentially expressed between the tissues, are critical along with Bim

to downsizing the immune response in the spleen and liver following acute LCMV

infection.  In support of the role of other death receptors, activated CD8+ T cells are

susceptible to TRAIL mediated apoptosis and previous reports have demonstrated that

memory CD8+ T cells generated without CD4+ T cell help undergo TRAIL mediated

apoptosis upon antigen re-exposure (Janssen et al., 2005). Thus, multiple pathways of cell

death are required for the shutdown of the immune response.

To address the hypothesis that multiple pathways of apoptosis are responsible for

the contraction of GP33-41 and GP276-286 specific CD8+ T cells following chronic

LCMV infection, we examined the effects of the additional loss of Fas function in Bim-/-

mice following Clone 13 infection. Following infection of Bim-/-Faslpr/lpr mice with

LCMV Clone 13, we did not observe a significant difference in the total number of
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antigen-specific CD8+ T cells in the spleen, liver, or lymph nodes for each epitope

compared to the parental Bim-/- genotype (Figure 29). Furthermore, the viral titers in the

spleen, liver, serum, and kidney from Bim-/-Faslpr/lpr animals were not significantly

different from either single mutant at all time points examined (Figure 30).  Thus, the

additional mutation of Fas did not increase the number of antigen-specific CD8+ T cells

compared to single mutation of Bim, demonstrating that another component of the

apoptotic pathways must be regulating apoptosis of antigen-specific CD8+ T cells in

addition to Bim during chronic infection.

Taken together, these results suggest that components of both the intrinsic and

extrinsic pathways of cell death regulate apoptosis in the immune system and that the

strength of stimulus determines the requirement of each pathway. We propose two

models in which stimulation can regulate cell death. In model 1, cell death is regulated in

a T cell autonomous manner by the induction of multiple death receptors on the T cell in

response to increasing stimulation (Model 1). The alternative model is that the extent of

stimulation of non-T cells within the tissue, potentially through cytokines or the

activation of antiviral pathways, drives increased numbers of death receptor ligands in a

non-T cell autonomous manner (Model 2).  In both of these models, the intrinsic pathway

of cell death plays a critical role in mediating cell death, while the extrinsic pathway

functions to amplify apoptosis under conditions of high or persistant stimulation. We

propose that stimulation increases the expression of cell death receptors or ligands to

promote apoptosis and shutdown of the immune response. In support of this model,

greater stimulation renders cells more susceptible to Fas mediated AICD. Thus, highly

stimulated self-reactive cells or persistently stimulated antigen-specific T cells during
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chronic infection are exposed to an increased number of extrinsic death stimuli to limit

their accumulation and pathology.  Therefore, we propose that the extrinsic pathway of

cell death is amplified in response to stimulation, and combined with the intrinsic

pathway of cell death, regulates the shutdown of the immune response.

The increased number of antigen-specific CD8+ T present following viral

infection in Bim-/-Faslpr/lpr mice can be explained using both a T cell autonomous and non-

T cell autonomous model. In support of a T cell autonomous model, previous studies

demonstrate that T cell stimulation induces the up-regulation of death receptors such as

Fas and therefore increases the suceptiblity of cells to the extrinsic pathway of cell death.

Therefore, repetitive stimulation could affect the surface expression of death receptors on

the T cell, as described in model 1. Since Bim-/-Faslpr/lpr mice develop exacerbated

autoimmunity compared to the parental genotypes at later time points following acute

LCMV infection, antigen-specific CD8+ T cells are potentially repeatedly stimulated

because they could be more self-reactive. Although cells may initially be resistant to

apoptosis following acute viral infection, constant self-stimulation could result in

increased death receptor expression on the T cell and promote the delayed contraction of

the antigen specific cells that we observe.  Similarly, contraction may occur even more

rapidly during chronic infection due to persistent and high levels of stimulation that could

induce the expression of additional death receptors on the T cell surface as described in

model 1.  Support for this model comes from previous reports that demonstrate that

inhibitory receptors, such as programmed death 1 (PD-1) are upregulated on antigen-

specific CD8+ T cells from chronically infected mice (Barber et al., 2006).  Furthermore,

increasing the severity and duration of infection results in the induction of increased
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numbers and intensity of inhibitory receptors (Blackburn et al., 2009).  Thus, increased

stimulation corresponds with the involvement of more pathways to regulate T cell

exhaustion and contraction.

It is also possible that extended antigen-specific CD8+ T cell survival could be

due to non-T cell autonomous  defects in apoptosis, as depicted in model 2.  One

potential explanation supporting this model is that the loss of Bim and Fas extends the

survival of dendritic cells in the lymph nodes, similar to that observed in Bim-/- animals

(Chen et al., 2007), and therefore could provide increased cytokines, such as IL-7 or IL-

15, or persistent antigenic stimulation resulting in prolonged survival. However,

prolonged antigen exposure is unlikely during acute LCMV infection since the

proliferation of antigen-specific CD8+ T cells is actually decreased in Bim-/-Faslpr/lpr

compared to wild-type and Faslpr/lpr mice at both early and late time points.  Instead,

increased survival of antigen-specific double mutant T cells due to non-autonomous

effects may result from tissue specific differential expression of death receptors (Figure

31). Prior studies have shown that inflammation can induce Fas Ligand in nonlymphoid

cells (Bonfoco et al., 1998; Pinkoski et al., 2002) and that the high endothelial venules

(HEV) express Fas Ligand (Kokkonen et al., 2004). In addition, viral replication is

reduced in the lymph nodes compared to the spleen at early time points post LCMV

Armstrong infection (J. Grayson, unpublished observation). Thus, it is possible that the

inflammatory environment in the lymph nodes is decreased compared to the spleen and

liver and that Bim and Fas predominately mediates apoptosis in the lymph nodes. In

contrast, increased viral replication and inflammation in the spleen may cause increased

death ligand expression, making the cells in this environment more sensitive to additional
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apoptotic stimuli such as TNF and TRAIL. This model would explain the differences we

observe in the contraction of antigen-specific CD8+ T cells following acute infection

between the lymph node, spleen, and liver in Bim-/-Faslpr/lpr animals. This scenario would

also be true during chronic infection where persistent viral replication may promote the

production of inflammatory cytokines and increased expression of death receptor ligands

in the tissue as depicted in model 2.  In support of this model, inflammatory cytokines,

including TNFα, can induce the expression of Fas ligand on the tissue and therefore

result in increased apoptosis of cells (Bonfoco et al., 1998; Pinkoski et al., 2002).

Ultimately, these models demonstrate that the extrinsic pathway of cell death is amplified

in response to stimulation and, combined with the intrinsic pathway of cell death,

regulates the shutdown of the immune response.

Although our models demonstate that there can be tissue specific differences in

mediating apoptosis, circulating lymphocytes should eventually be exposed to similar

microenvironments and therefore be susceptible to cell death. However, following acute

LCMV infection of double mutant mice, we observed a block in contraction in the lymph

nodes. We propose that stimulation of self-reactive antigen specific CD8+ T cells from

Bim-/-Faslpr/lpr mice could cause retention of these cells in the lymph nodes due to

increased surface expression of the early activation marker CD69 (Figure 32). Following

stimulation, T cells upregulate CD69, resulting in decreased sphingosine 1-phosphate

receptor-1 (S1P1) surface expression. S1P regulates lymphocyte egress from lymphoid

tissue (Shiow et al., 2006). It is present at low concentrations within the lymphoid tissue,

but high concentrations are detected in the blood and lymph (Schwab and Cyster, 2007).

Therefore, cells that express S1P1 on their surface can respond to this gradient and will
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exit the tissue.  Following exit from the tissue, cells down-regulate surface S1P1 due to

the presence of S1P (Lee et al., 1998). We propose that the differences in contraction we

observe between the tissues following acute LCMV infection are partially because the

concentration of S1P is higher in the blood than the lymph (Pappu et al., 2007).  Cells in

the spleen are capable of exiting via the blood, while the cells in the lymph nodes egress

via the lymph.  Therefore, although S1P1 may be down-regulated in cells from Bim-/-

Faslpr/lpr animals, there may still be enough on the surface of the antigen-specific CD8+ T

cells in the spleen to respond to the high S1P gradient in the blood allowing egress

(Figure 32A), but the low concentration in the lymph may not be strong enough to allow

egress and the cells will be retained in the lymph nodes (Figure 32B).  Thus, increased

expression of CD69 resulting in decreased S1P1 expression could explain the retention of

cells in the lymph nodes of mice with deficient Bim and Fas.

In order to determine if the block in contraction we observe in the lymph nodes of

Bim-/-Faslpr/lpr animals is T cell autonomous, we would need to generate P14 TCR

transgenic mice.  The TCR of these mice would be specific for the GP33-41 peptide of

LCMV.  To determine if CD8+ T cells from Bim-/-Faslpr/lpr mice are programmed to traffic

to the lymph nodes, we would need to transfer CD8+ T cells from these animals into

wildtype recipients.  If the effect is T cell autonomous, we would observe the majority of

the transferred cells in the lymph nodes of wildtype animals.  To determine if the tissue

was mediating this block in contraction, we could transfer wildtype CD8+ T cells into

Bim-/-Faslpr/lpr animals.  If the donor cells accumulate in the lymph nodes of these animals,

the lymph node tissue is responsible for the block in contraction.
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Figure 31.  T cell autonomous versus non-autonomous effects on contraction of

antigen-specific CD8+ T cells following acute and chronic viral infection.  Model 1

depicts a T cell autonomous effect in which increased T cell stimulation results in the up-

regulation of multiple death receptors on the cell.  Model 2 depicts non-T cell

autonomous effects in which increased stimulation or duration of infection results in the

induction of multiple death receptor ligands within the tissue.
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Figure 32.  Increased surface expression of CD69 results in retention of antigen-

specific CD8+ T cells in the lymph nodes.  S1P1 signaling in lymphocytes is necessary

for egress of lymphocytes from the lymphoid tissue.  T cells (green circles) express

surface S1P1 when inside the lymphoid tissue. S1P (blue crosses) is maintained at low

concentrations in the lymphoid environment due to the S1P-degrading enzyme S1P lyase.

Following activation, T cells up-regulate surface expression of CD69 (yellow rectangles)

resulting in decreased expression of S1P1.  S1P is produced by radiation-resistant cells

(possibly endothelial cells; blue squares) and red blood cells (RBC; red circles and

arrows) and is present in lymph and blood.  As a result of increased cell types producing

S1P, there is a much higher concentration of S1P in the blood compared to the lymph.

During egress, when cells are exposed to increased concentrations of S1P, lymphocytes

internalize S1P1.   In this model increased CD69 expression due to T cell stimulation

causes S1P1 down-regulation.  T cells are then retained in the lymph nodes because there

is not enough S1P to mediate egress (A).  Due to increased S1P in the blood, T cells can

exit the spleen even when some cells have increased expression of CD69 (B).
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Although numerous studies support our model, there are a few differences

between our observations and those reported by others in the literature. Contrary to our

findings, following acute human herpes simplex virus 1 (HSV-1) infection of the foot

pad, a block in contraction was observed in the spleen of both Bim-/- and Bim-/-Faslpr/lpr

mice (Hughes et al., 2008).  However, the same effect was not observed in the lymph

nodes. Although this supports our model of tissue specific regulation of contraction, a

block in contraction was observed with a single mutation in the intrinsic pathway of cell

death, while our block in contraction required an additional defect in the extrinsic

pathway of cell death. One potential explanation for the difference between our results is

that the extent of viral burden differs between LCMV and HSV-1 infections. During

HSV-1 infection, viral replication is localized compared to the widespread viral

replication that occurs throughout lymphoid and non-lymphoid tissues following acute

LCMV infection. These results suggest that the extent of viral infection may program T

cells to be susceptible to multiple death pathways (Model 1). While the role of varying

antigen cannot be formally excluded, we favor the hypothesis that it is due to different

levels of infection-induced inflammation as a result of stimulation. In this model,

increased stimulation promotes either increased death receptor expression on the T cell or

increased death receptor ligand in the tissue (Figure 31).  In support of this model, when

inflammation is induced during sepsis T cell apoptosis is affected by both expression of

dominant negative FADD molecules and the loss of Bim (Chang et al., 2007). Thus, both

the intrinsic and extrinsic pathways of cell death are involved in this apoptosis.

Additionally, when inflammation is blocked by antibiotic pretreatment, contraction of

antigen-specific CD8+ T cells is abrogated following Listeria monocytogenes infection
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(Badovinac et al., 2004).   Therefore, limiting antigen and inflammation decrease the role

of the extrinsic pathway of cell death in contraction.

Although we did not observe a difference in the antigen-specific CD8+ T cell

response following chronic LCMV infection, a recent report by Hughes et. al. found that

Fas and Bim function in a cooperative manner to limit antigen-specific CD8+ T cell

numbers during chronic mouse γ-herpes virus (MHV) (Hughes et al., 2008).  In this

study, the authors demonstrated that there was a modest increase in antigen specific CD8+

T cell numbers following infection in the spleen and draining lymph nodes of Bim-/- mice.

However, the additional mutation in Fas resulted in a significant increase in the number

of antigen-specific CD8+ T cells in both of these tissues in B i m-/-Faslpr/lpr animals

compared to the parental genotypes. Similar to our findings, the greatest effect was

observed in the lymph nodes. Following intranasal MHV infection, the primary site of

productive viral replication is the lung and virus is rarely found in lymphoid tissue at

early time points postinfection (Cardin et al., 1996; Sunil-Chandra et al., 1992a).

However, once the virus establishes latency, it can be detected in the spleen where the

primary reservoir is B cells (Sunil-Chandra et al., 1992b). This increase in antigen-

specific CD8+ T cells in the lymph nodes could result from continued antigen exposure in

the lungs causing homing to this site or increased survival of germinal center B cells

causing defects in T cell homeostasis that results in increased numbers of antigen-specific

CD8+ T cells. Hao et al. recently demonstrated the importance of an intact Fas/FasL

pathway in germinal center B cells in maintaining both T and B cell homeostasis (Hao et

al., 2008). This is one potential explanation for the differences observed between LCMV

Clone 13 and MHV infections.  Additionally, chronic LCMV infection results in a
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systemic infection with high viral replication in numerous tissues including the spleen,

liver, lung, kidney, and brain (Wherry et al., 2003).  Thus, the severity of infection and

systemic antigen presentation and cytokine production present during LCMV Clone 13

infection could be driving the combinatorial expression of various death receptors and

their ligands.

Although our results following acute and chronic LCMV infection do not match

the results obtained in these model systems, these results still support our model that

increased stimulation results in amplification of the extrinsic pathway of cell death.

Similar to our findings following acute LCMV infection, tissue-specific effects are also

observed in these systems.  Thus, it is possible that the inflammatory environment is

different between tissues and that these differences result in the involvement of different

components of the cell death pathways in regulating apoptosis. Ultimately, our results

and those stated above demonstrate that both the intrinsic and extrinsic pathways of cell

death are involved in the maintenance of immune homeostasis and the contraction of

antigen-specific CD8+ T cells following viral infection. Thus, the extrinsic pathway of

cell death is amplified in response to stimulation and, combined with the intrinsic

pathway of cell death, regulates the shutdown of the immune response.

Implications for vaccination and development of therapeutics. Understanding

the pathways that regulate contraction of antigen-specific CD8+ T cells following both

acute and chronic viral infection is necessary to the development of more effective

therapeutics and vaccines. The goal of the work presented here was to determine if

mutation of both the intrinsic and extrinsic pathways of cell death could decrease the

contraction of antigen-specific CD8+ T cells and thereby increase the number of memory
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cells. In these studies, increased numbers of antigen-specific CD8+ T cells were observed

in mice lacking both Bim and Fas function at later time points post acute LCMV

infection.  These cells exhibited a memory surface marker phenotype

(KLRG1LowCD127High) and were capable of undergoing homeostatic proliferation,

producing both IFNγ and TNFα upon restimulation, and clearing virus upon rechallenge.

Therefore, rescuing effector cells from apoptosis following viral infection could increase

the numbers of memory cells. A similar effect was also observed in Bim-/-OT-1

transgenic mice because effector cells from these animals that were rescued from

undergoing apoptosis were capable of differentiating into memory cells (Prlic and Bevan,

2008).  These results are important because they suggest that targeting the cell death

pathways to prevent apoptosis can increase the numbers of antigen-specific CD8+

memory T cells.

Additionally, although significant advances have been made in developing

treatments to enhance the antiviral responses during chronic infection, such as PL-L1

blockade (Barber et al., 2006), IL-10 blockade (Brooks et al., 2008), and the combined

block of PD-1 and LAG-3 (Blackburn et al., 2009), complete restoration of function and

viral clearance has not been achieved. Although, we only observe an effect on only one

population of antigen-specific CD8+ T cells, there is a significant increase in the number

of cells capable of producing cytokines and there is accelerated viral clearance in specific

tissues. Our results demonstrate that when antigen-specific CD8+ T cells are rescued from

apoptosis, they can retain function and therefore are more effective at controlling the

infection. Together, these results suggest that specific blockade of the cell death pathways

mediating contraction of antigen-specific CD8+ T cells could enhance the immune
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response during chronic viral infection and promote increased numbers of functional,

antigen specific CD8+ T cells to combat infection.

Conclusions.  Our studies demonstrate that multiple mechanisms of apoptosis

regulate the shutdown of immune responses.  Although, previous results suggest that the

intrinsic pathway regulates apoptosis following acute viral infection and that the extrinsic

pathway mediates apoptosis following chronic infection, we demonstrate that both

pathways play a role in mediating contraction in both infectious models. Additionally, the

induction of various components within these pathways is dependent upon the level and

duration of stimulation.  For example, during chronic infections when T cells are

persistently stimulated, contraction is regulated by an increased number of cell death

pathway components, demonstrating that highly stimulated cells exhibit an increased

susceptible to apoptosis. Finally, our work suggests that the intrinsic pathway of cell

death is induced first during an immune response, possibly as a result of cytokine

withdrawal, while the extrinsic pathway further amplifies contraction and cell death in

the presence of strong or persistent stimulation.
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