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The murine LCMV system provides a classic model to study the mechanism of
immunological tolerance, an efficient strategy used by virus to establish a persistent
infection by selective down-regulation of virus-specific T lymphocytes. High viral
burden in the onset of infection drives responding cells into functional unresposiveness
(anergy) that can be followed by their physical elimination. In this study, the downregulation of the virus-specific CDS+-T-cell response was' studied during a persistent
infection of adult mice, with particular emphasis on the contribution of the interferon
response in promoting host defense, or perforin-, Fas/FasL-, or TNFRI-mediated
cytolysis in regulating T -cell homeostasis. Since LCMV infects a broad range of host
tissues, the functional properties of virus-specific CDS+ T cells in different tissues during
LCMV infection were also evaluated.
Infection of mice deficient in receptor for type I

(IFN-a/~),

type II (IFN-y), or both type I

and II IFNs with LCMV isolates that vary in their capacity to induce T-cell exhaustion,
revealed a critical role for

IFN-a/~

in restricting LCMV spread at the onset of infection

while IFN-y has impact on effector cells. The production of

IFN-a./~

and/or IFN-y

critically regulates the virus-host balance during the acute phase of infection, such that a
high viral burden drives responding cells into different programs of exhaustion. Infection
of mice deficient in perferin, FasL or TNFRI with the Docile or Aggressive strains of
LCMV revealed comparable kinetics of expansion and functional inactivation of virusspecific CDs+ T cells in the early phase of infection in C5 7BL/6 controls. However, the

data underscore a critical role for these molecules in the persistence of the virus-specific
ens+-T-cell population once it has become anergic. Study of the functional properties of
virus-specific ens+ T cells in different tissues during LeMV infections showed that a
central role for the viral load in lymphoid tissue in the induction and maintenance of
clonal exhaustion. The <;lata strongly suggest that ens+ T cells may be differentially
regulated in the environments of lymphoid versus nonlymphoid tissues, and the pattern of
T cell exhaustion observed with mice is likely a common feature ofthe immune response
during chronic infections in humans.

INDEX WORDS: LeMV, IFNs, Perforin, Fas/FasL, TNFRl, T cell exhaustion,
nonlymphoid tissues.
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Chapter I. Introduction
1.1 The murine LCMV model

Persistent virus infections provide an opportunity for long-term pathologic consequences,
but little is known about the mechanism by which viruses persist and escape immune
surveillance in the host. Much of our existing knowledge of viral pathogenesis has
originated from experimental studies of virus-host interactions in animal models. Often,
conclusions derived from such studies have provided universal concepts which are
applicable to human diseases. An especially valuable system is the murine Lymphocytic
choriomeningitis virus (LCMV) infection model [1, 2].
LCMV ·is the prototypic member of the family Arenaviridae, which also includes
important human pathogens such as Lassa (Lassa fever), Junin (Argentine hemorrhagic
fever) and Machupo (Bolivian hemorrhagic fever) viruses [3]. The LCMV genome
consists of two ambisense single stranded RNA segments, designated L (large) and S
(small), with approximately 7.2 and 3.4 kilobases (kb) in length, respectively [4, 5]. Both
RNA strands are associated with a viral nucleoprotein (NP) to form a small and a large
nucleocapsid. Each RNA segment has an ambisense coding strategy encoding two
proteins in opposite orientations, separated by an intergenic region. The S RNA directs
synthesis of the 63 kilodalton (kD) NP; and two mature virion glycoproteins GP-1 (40-46
kD) and GP-2 (35kD) derived from· post-translational cleavage of a precursor
polypeptide, GP-C (75kD) [6, 7]. Tetrameric projections composed ofGP-1 and GP-2 are
1

2
located on the virion envelope, which is derived from the host plasma membrane

[8].

Evidence indicates that GP-1 mediates virus interaction with a receptor on the host cell
surface. Recently, a-dystroglycan has been identified as such a receptor for LCMV [9].
The L RNA segment encodes a high-molecular-mass protein (L protein; 200kD), which
is thought to be the main component of the arenavirus polymerase, and a small
polypeptide Z (1lkD) containing a zinc-binding RlNG finger motif [10]. Recent studies
have indicated that Z protein acts as a viral matrix protein and maybe critical for the virus
budding process.
LCMV infection of mice provides one of the most widely used model systems to
investigate cell-mediated anti-viral immune responses and viral persistence for a number
of reasons. First, LCMV is maintained in nature as a persistently infected pathogen in
wild mice [11], thus avoiding the "mouse-adapted" virus system. The fact that the virus
persists in these mice at very high titers and in a wide range of tissues and cell types,
without apparent damage to the host (apart from late renal immune complex disease),
illustrates the lack of cytopathic effects of the virus [12]. Second, experimental LCMV
infection induces a strong cytotoxic T cell (CTL) response in mice [13]. When
immunocompetent adult mice are infected with LCMV, they usually generate a marked
immune response to. eliminate the virus. Although innate immune responses, including
production of interferon (IFN)[14] and activation ofmacrophages and natUral killer cells,
significantly restrict viral spread within the host, adaptive immune responses, primarily
CTL mediated response, have been demonstrated to be critical for efficient control of
virus replication during primary infection [15, 16]. T helper cells are not essential for
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induction of LCMV-specific CTLs [17]; therefore induction of CTL can be assessed
independently of the presence of T helper cells. Third, persistent viral infection can be
easily established in newborn mice via neonatal or transplacental infection, but also in
immunocompetent adult mice via inoculation with immunosuppressive viral strains [18,
19]. This enables investigations related to the phenomenon of immunological tolerance
[20, 21]. Fourth, LCMV has been well characterized at the molecular level, and
recombinant vaccinia viruses expressing selected viral antigens can easily be constructed
[22, 23]. Further, recent efforts to develop "reverse genetics" systems for genetic
manipulation of LCMV hold· the promise for dissection of the molecular basis underlying
numerous biologic phenomena observed during experiments with LCMV, thus offering a
unique opportunity to understand the fundamental aspects of LCMV pathogenesis. Such
insights will in all likelihood greatly further our knowledge of the pathogenesis of other
viral infections [24]. Finally ,LCMV can be very easily propagated and accurately titrated
in tissue culture [25].
In the past these advantages have led to a variety of important immunological discoveries
that are applicable in the control of infections by a wide spectrum of DNA and RNA
viruses, bacteria, parasitic and metastatic diseases in human. Studies of abrogated
immnologic surveillance resulting in viral persistence carried out long before HIV was
discovered [26]. In 1936 Traub could show that neonatal or transplacental infection of
mice lead to a virus carrier state. It later became clear that only T cells and not B cells
were tolerated, which leads to immune complex disease [27]. The underlying concept that
an anti-viral immune response can promote immunopathology, i.e. that infected host cells
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are not damaged by the virus itself but by the immune response mounted against it, was
based on observations in the LCMV system [28]. The important notion that CTLs were
restricted in their recognition of infected cells by major histocompatibility complex
(MHC) class I molecules was also realized by studying LCMV-specific CTLs [1].
1.2 The general aspect of murine immune response against LCMV

LCMV is a non-cytopathic virus with a wide tropism, which includes antigen-presenting
cells like macrophages and dendritic cells and most other somatic cells [29]. The murine
immune responses against LCMV are primarily dependent on the strain of the virus, the
initial dose of infection, the route of inoculation, and the strain and age of the mice [30].
The murine LCMV. system has been used extensively to study the dynamics of virus-host
interactions, and two extreme features in the interaction between the virus and the host
immune system have been clearly demonstrated with this viral system [21, 31].
First, sustained CD g+ T -cell responses result in viral clearance within 2 weeks of
infection, primarily mediated via perforin-dependent cytolysis [32]. In this situation,
systemic infection of adult immnocompetent mice by intravenous (i.v.) injection of a
relatively low dose of virus results in replication of the virus in all major organs. Virus
reaches maximal titers of 107-10 8 plaque-forming units (PFU) per gram tissue on day 4 to
6. Antigen-specific

cos• T cells expand and differentiate into effector cells and becomes

measurable between day 4 and 7, peaking on day 8 to 9 after infection [33]. The process
'

ofT -cell mediated clearance of LCMV is normally very efficient and virus is not usually
detectable beyond day I 0 to 14 after infection. The animal only shows subclinicle
manifestations with minor histological changes in most tissues. However, LCMV is
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observed to induce short-lived immnosuppression [34] and certain LCMV isolates are
known to induce hepatitis in certain mouse strains [35]. Although LCMV induces not
only CTLs but also T helper and B cells in mice, cos+ T cells are regarded as crucial for
clearance ofLCMV during a primary infection. C04+ T cells are essential for generation
of antiviral antibodies and are important in sustaining a protective cos• CTL response
[31, 36-39]. Antibodies against viral proteins are detectable early in the infection (day 4
to 6), but LCMV -specific protective neutralizing antibodies occur later (day 20-60)
suggesting that they do not contribute substantially to elimination of the acute viral
infection [40-42]. However, recent studies suggest that neutralizing antibodies might be
involved in protection against reinfection. After virus clearance, antigen-specific cos• T
cells undergo a death phase in which the majority of the expanded T cells are eliminated.
The remaining virus-specific cos• T cells persist as memory cells at relatively high
levels throughout the life of the host. The specificity of antiviral cos• T-cell response is
highly focused against a relatively small number of viral epitopes. Among these
immunogenic peptides, a few dominant epitopes elicit the strongest responses. Other
immunogenic peptides induce weaker responses and are referred to as subdominant. The
magnitude of expansion varies depending on the infection, and reproducible hierarchies
of immunodominance are observed in antigen-specific cos+ T cells. Four CTL
immunodominant epito.pes, derived from the GP or NP of most LCMV strain, are known
to be presented in an MHC .class !-restricted fashion in mice with the b haplotype MHC.
They

are

H-20b binding peptides GP IJJ.4I (KA VYNFATC), GP2 276 .2s6

(SGVENPGGYCL), NP396-404 (FQPQNGQFI), and an H-2Kb binding peptide GP1]4. 43
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(AVYNFATeGI) [43-46]. Two subdominimt epitopes, which include an H-2Db binding
peptide GP192-IOI (eSANNSHHYI) and an H-2Kb binding peptide NP 2os-2I2
(YTVKYPNL), were also found in the b haplotype mice [47, 48]. LeMV-Docile contains
an amino acid change in the peptide GP2276-286 (380N_s) and the mutation (380N_s) in
LeMV-Docile substantially reduces the ability of the GP2276-286 peptide to bind H-2Db
[49]. Another potential outcome of LeMV acute infection is that of fatal neurological
disease, which is also mediated. via strong specific ens• T cells response. When a
relatively low dose of "neutropic" virus is injected intracerebrally into a previously
unexposed immunocompetent mouse, mouse will suffer lethal meningitis due to targeting
of virus specific ens• T cells to the infected cells in the choroid plexus and meninges
[50, 51].
In contrast, LeMV can persist for prolonged periods of time in an apparently healthy host
and has evolved mechanisms to avoid surveillance by the host's immune system. The
most important proposed mechanisms for viral elusion include hiding in immunologically
privileged sites, changing their growth kinetics or tissue tropism, down-modulating viral
Ag or MHe products, alternating cytokine secretion, inducing immunological tolerance,
generating variants resistant to recognition by antigen-specific T cells, or selectively
deleting of antiviral eTLs by "clonal exhaustion" [21, 52-57]. Mostly, LeMV persists in
vivo by two distinct mechanisms. One instance is the infection of mice with an immature

immune system during the neonatal period. Viral antigens in the thymus of these mice
lead to deletion of immature eTLs with complementary T-cell receptors, and mice
become virus carriers for life [20, 58]. The lack of eTL reactivity is highly specific to the
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virus because these mice respond normally to other antigens [59-61]. The other
mechanism is brought about by the infection of immunocompetent mice with variants of
LCMV generated and propagated in carrier mice. Such selected LCMV isolates produce
a profound, disseminated viral infection in adult mice infected with relatively high doses
of virus, and sometimes the animals become chronically infected [62]. This has been
shown in great detail for LCMV-nocile and LCMV Cl13-Armstrong [54, 63]. Under
conditions of high antigenic load during infection with invasive LCMV strains, such as
LCMV-nocile and LCMV Cl13-Armstrong, virus can persist by selective "clonal
exhaustion" of antigen-specific ens• T cells. A transient cns•-T-cell response in which

antigen-specific ens• T cells are induced and proliferate, initially exhibiting antiviral
function but progressively losing this ability, fails to control viral replication [21].
Function inactivated antigen-specific ens• T cells either persist in this state for long
periods or eventually undergo deletion [31, 64]. In contrast, infection with the parentalstrains WE, Aggressive_ or Armstrong leads to the generation of a strong CTL response
that eliminates LCMV very efficiently and a fraction of these cells persist as long-term
memory cells after virus clearance.
These distinct outcomes of LCMV infection are critically controlled by host factors,
which determine the strength and magnitude of the virus-specific CTL response, and by
the rapidity of spread of the virus in various tissues of the host, determined by the virus
strain and the route and dose of infection [49, 65, 66]. Both outcomes (viral clearance or
persistence) are of limited pathological consequence for the host. Consistent with this
model, virus control and functional T-cell memory, or viral persistence and exhaustion of

s
virus-specific ens• T cells, reflect the ends of the spectrum of the virus-host interaction.
Thus, susceptibility to persistent infection by "clonal exhaustion" correlates with a
quantitatively lower virus-specific ens• T-cell response from the host and with rapidly
replicating LeMV strains [49, 67]. The findings about "clonal exhaustion" of antiviral
eTLs agree with a general model of primary T cell responsiveness in virus infections.
The central concept is that the magnitude of viral load during the onset of viral infection
determines the fate of antiviral ens• CTLs. If the extent of infection is so massive that
the virus cannot be cleared relatively quickly, persistent virus at high titers leads to
excessive stimulation via the clonotypic T cell receptor after engagement with MHC
class-I/peptide complex, driving all the eTL precursors to apoptosis. However,
understanding the mechanism of "clonal. exhaustion" requires a more in depth
examination of the functional status of the antigen specific T cell in vivo and a
delineation of the cellular and viral components involved in the process. The studies
reported here were undertaken to explore the mechanisms and factors that determine the
nature and kinetic patterns of functional inactivation and/or physical deletion of virusspecific ens• T cells during persistent infection of a mature host with LCMV, with
particular emphasis on the role of interferon (IFN), perforin, Fas/FasL, or TNFRl
pathways in regulating virus-specific T-cell responses.
1.3 The role ofiFNs in immune responses to viral infection

The immune response to viruses involves activation of both effector arms of the adaptive
immune system, i.e., virus-specific ens• T cells and neutralizing antibody production, as
well as components of the innate response, including IFNs system [6S-70]. IFNs were
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first recognized for their ability to impede viral replication, a function that is indeed
critical for host survival in response to viral infection [71-73]. The IFNs system includes
cells that synthesize IFNs in response to an external stimulus such as viral infection and
cells that respond to IFNs by establishing an· antiviral state. IFNs are a multigene family
of inducible cytokines and commonly grouped into two types which are type I (alpha/beta
interferon

[1FN-a/~])

and type II (IFN-y) IFNs [68, 74, 75]. In humans and mice, type I

IFNs includes a number of IFN-!X subtypes and a single species of IFN-~ while type II
IFN includes only a single encoded gene of IFN-y. The two recognized types of IFNs
exhibit distinct immunological properties as well. Type I IFNs are mostly induced by
virus infection, whereas type II IFN is induced by mitogenic or antigenic stimuli. Most
types ofvirally infected cells are capable of synthesizing IFN-a/~ in cell culture [76]. By
contrast, IFN-y is synthesized only by a limited number of cell types of the immune
system including activated natural killer (NK) cells, activated CD4+ and

eng+ T

cells,

and, in the presence ofiL-12 and IL-18, activated DCs and macrophages [77-79].
IFNs exert their actions through cognate cell surface receptors that are largely species
specific. In both humans and mice the type I IFNs appear to have a common receptor
consisting of two subunits, IFNAR1 and IFNAR2. There is a single form of the IFNAR1
subunit. However, alternative processing of the. IFNAR2 gene transcript produces long
(2c), short (2b), and soluble (2a) forms of the encoded subunit [80]. IFN-y binds to a
receptor distinct from that used by

IFN-a/~.

Similarly, the IFN-y receptor complex also

contains two subunits, IFNGR1 and IFNGR2 [81]. IFN signaling involves an IFNmediated heterodimerization of the cell surface receptor subunits, IFNAR1 and IFNAR2
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with

IFN-a/~

and IFNGRI and IFNGR2 with IFN-y [78, 80]. IFN-mediated signaling

and activation of transcription of interferon-inducible genes are best understood in the
context of JAK-STAT pathway proteins [82, 83]. The signal transducer and activator of
transcription (STAT) family of proteins are latent cytoplasmic transcription factors that
become tyrosine phosphorylated by the Janus family of tyrosine kinase (JAK) enzymes
in response to cytokine stimulation. Different members of the JAK and STAT families
have distinct functions in cytokine signaling. Overlapping subsets of JAKs and STATs
are involved in signaling by the two types ofiFNs. The signaling process is initiated by
binding of the IFN ligand to its cognate multi-subunit receptor followed by activation of
receptor-associated JAKs. The JAK-1 and Tyk-2 kinases are activated by IFN-al~, which
leads to the phosphorylation and dimerization of the STAT-I (p91) and STAT-2 (pl13)
proteins and subsequent translocation, along with the IFN regulatory factor 9 (IRF-9,
p48), to the nucleus. The complex of these three proteins, known as IFN-stimulated gene
factor 3 (ISGF-3), activates the transcription of IFN-al~ inducible genes through IFNstimulated response element (ISRE). The JAK-1 and JAK-2 kinases are activated by IFNy, which leads to the phosphorylation and homodimerization of the STAT-I protein and
subsequent translocation to the nucleus. The STAT-I dimer complex, known as gamma
activation factor (GAF), activates the transcription of IFN-y inducible genes through the
gamma-activated site (GAS) enhancer element.
Virus infection activates the transcription of a large number of host genes. Among these
proteins implicated in the antiviral actions ofiFNs are the IFN-induced double-stranded
RNA activated protein kinase (PKR), the Mx proteins GTPases, and 2' -5' oligoadenylate

11
synthetase (OAS), Rnase L, and RNA-specific adenosine deaminase (AI)AR) [74, 8487]. These systems act to promote a cellular antiviral state, resulting in the inhibition of
viral gene transcription and expression and, in certain cases, apoptosis of infected cells
[88]. In addition to inducing an antiviral state in susceptible cells, IFN-a/[l and IFN-y
also have many other important functions in the immune system and are now known to
play key roles to help integrate early, innate responses with later events mediated by the
adaptive immune system [72, 73]. Both types ofiFNsupregulate the expression ofMHC
class I and II molecules and are major activators ·of natural killer cells [89]. Recently,
IFN-a/[l has been reported to be of importance in the augmentation of dendritic cell
responses [90] and in promoting of proliferation and survival of activated lymphocytes
[91, 92], whereas IFN-y exerts stimulatory effects on macrophage function and regulates
the balance of cytokine production during immune responses [64].
Infection of mice with the .relatively noncytopathic LCMV results in an early and
dramatic elevation ofiFN-a/[l, within day 2 to 3 of infection [14, 15]. The adaptive Tcell immune response, characterized by profound CDS+ T-cell expansion and IFN -y
production, is elicited by day 7 to 9 after infection [2, 93]. We previously observed that
the ability of individual virus strains to induce extensive spread of infection correlates
with their relative resistance to IFN-a/fl and IFN-y [94]; hence, fast-growing IFNresistant isolates, such as Docile and CL 13 Armstrong, readily induce persistent
infection, whereas slow-growing IFN-sensitive strains, such as WE, Aggressive, and
Armstrong, do not. Thus, it is of interest to further understand the roles played by IFNs
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during the establishment of persistent infections, and LCMV serves as a valuable model
for such studies. It is particularly important to determine the impact of IFNs on viral
dissemination during the onset of infection and to elucidate their role in initiation and
regulation of the T-cell response and therefore the outcome of infection. Clonal expansion
and differentiation of LCMV -specific cog+ T cells reportedly proceeds normally in the
absence of IFN-y, and the importance of this cytokine during acute LCMV infection is
influenced by the invasiveness of the virus strains used [95-97]. However, complete
inhibition of virus clearance following treatment with antibody specific to IFN-y has been
reported [98, 99]. This correlated with a greatly reduced CTL response and suggested an
essential role for IFN-y in generation of virus-specific cog+ T cells. Similarly, studies
with ffiice deficient in the IFN-a/P pathway revealed that LCMV-WE is able to initiate a
persistent infection due to the absence of virus-specific

cog+ T cells, while clearance of

LCMV -Armstrong proceeds but with slower kinetics [1 00-1 02] Together, these studies
imply an essential role for IFN-a/P or IFN-y in LCMV infection, which can determine the
outcome of acute infection. However, the mechanisms by which IFNs are operational in
this respect (direct suppression of virus replication and/or regulation of adaptive antiviral
responses) are not well understood.
Murine gene targeting technologies provide a means to study individual components of
the immune system, including cytokines [103]. Due to the large number of IFN-a/P
genes, strategies to render mice genetically deficient in IFN-a/P are currently not
feasible. However, in both humans and mice the same receptor complex is used for both
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IFN-a and IFN-fl. Genetically modified mice bearing disruptions in IFNAR1 and
IFNGRI knockout mice have been available. Such knockout mice show dramatically
increased susceptibilities to a range of viruses [96, 101]. These animals provide an
avenue for exploring the roles played by IFNs in the shaping and regulation of
doWnstream adaptive immunity to LCMV infection and in the process of "clonal
exhaustion".

1.4 The role oflymphocyte-mediated cytotoxicity in viral infection
Host survival depends on an immune system that provides both protective responses to
infectious pathogens and control mechanisms that spare the host from immune damage.
Systemic infection of normal B6 mice with a low-to-moderate dose of LCMV elicits a
strong CTL response. After the infection has been cleared, the immune system retures to
homeostasis through apoptosis of the majority of the antigen-specific effector cells and

.
development of long-term T-cell memory. However, high-dose infection with a
disseminating strain of LCMV results in clonal exhaustion of the T-cell response and
mice survive with a persistent infection. This silencing of the immune response and the
decline in the number and activation state of antigen-specific T cells during the course of
an acute or chronic viral infection is a poorly understood phenomenon. Analyses of the
complex regulatory networks leading to T -cell survival, death, and immunodeficiency in
viral infections support the view that the strength of antigenic stimulation via the
clonotypic T -cell receptor (TCR) after engagement with the MHC-peptide complexes can
dictate the fate of virus-specific T cells [104-106]. Many different signaling molecules
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are engaged when T cells interact with virus-infected antigen-presenting cells (APC), and
integration of these signals by the T cell ultimately decides whether it will be activated
and remain functionally active, become anergic, or undergo apoptotic lysis. Factors such
as the prior activation state of the T cell, the dose of antigen, affinity of the TCR for the
MHC-peptide complex, and costimulation provided by professional APC play a role in
this process [I 06]. Among the immune regulatory mechanisms that have been identified
so for, the granule exocytosis and membrane-lytic pathways involving perforin and
granzymes and the nonsecretory receptor-mediated cytolytic pathway involving Pasassociated death domain (FADD) are major mechanisms implicated in antigen-induced
downsizing of virus-specific T cells during viral infections [68, 107, 108].
The granule exocytosis pathway utilizes perforin to traffic the granzymes to appropriate
locations in target cells, where they cleave critical substrates that initiated DNA
fragmentation and apoptosis. The perforin-dependent pathway is dominant in ens• CTL,
which must undergo an activation process through engagement ofTCR with appropriate
MHC-peptide complex [1 09, 11 0]. When an activated T cell recognizes its target, a tight
junction is formed between the effector and target, and a signal is generated in the
effector cell that causes its granules to migrate by vector to the site of contact [111]. At
the cell surface, the granule fuses with the plasma cell membrane, and its contents are
secreted into the tight junction between the cells. There, in the presence of calcium,
perforin polymerizes and enters the target cell membrane to form a charmel. Perforin was
thought to act as an important gateway for grazymes proteins into target cells, and it was
also thought that perforin could induce membrane damage that could ultimately lead to
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the death of the target cell[ll2, 113]. However, several early experiments suggested that
perforin itself was not capable of causing target cell apotosis unless granzymes were also
added. It is widely believed that lymphocyte granule-specific serine esterase granzyme B
activates caspases in target cells, which then leads to the cleavage of additional apoptotic
substrates that results in DNA fragmentation and apotosis [114, 115].
The other apoptotic pathway, the FADD pathway, is also requires an initial activation of
the effector cell [116]. Activated T cells lead to up-regulation of Fas and Fas ligand
(FasL). Fas is the most physiologically important receptor initiating death through the
recruitment of FADD and caspase 8, but other members of the tumor necrosis factor
(TNF) receptor pathway including TNFRl converge on FADD as well [117]. These
receptors contain an intracellular protein interaction domain, a death domain. The ligands
(FasL for Fas and TNF for TNFR1) that activate these receptors are structurally related
molecules with homologies to TNFa.. Upon ligand binding an activated intracellular
"death domain" of the receptor interacts with a homologous domain in an adaptor protein,
which recruits and activates specific proteases with its death effector domain. Activated
upstream caspases subsequently initiated a cascade of downstream effector caspases,
which cleave a plethora of cellular proteins and thereby ultimately cause cell death [118,
119].
In some human diseases, alterations ofF as, FasL are associated with lymphoproliferative
diseases such as malignant lymphoma and the autoimmune lymphoproliferative
syndrome type I (ALPS!) [120-122]. Hereditary fever syndromes and familial
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hemophagocytic lymphohistiocytosis are caused by defects in TNFRl and perforin,
respectively [123-125]. Thus, in addition to the established role as effector molecules in
the targeted destruction of abnormal cells, the both apoptotic pathways via perforingranzymes or FADD are considered very important iri maintenance of immune
homeostasis and regulation of immune response [126-128]. A number of cytokines such
as IFN-y have been also proposed as factors either inducing apoptosis or conditioning
cells to become susceptible to apoptosis [68, 129, 130]. Antigen-specific death or
survival may be directed by the expression of such death factors, death receptors, and
survival receptors by the T cells themselves. Alternatively, these mechanisms can
influence antigen-specific T-ee!! regulation via termination of antigen processing through
T cell-mediated killing of professional APC, occurring as a consequence of the infection
of professional APC by the invading pathogen and rendering these critical accessory cells
targets for destruction by the immune response [131]. Thus, deficits in accessory cell
cosignal delivery are likely to affect the initial expansion, differentiation, and death phase
of homeostatic T-cell regulation.
Another major apoptosis pathway involves mitochondria [132, 133]. A key molecule in
mitochondrial cell death is cytochrome c. When a cell is in response to cell damage, the
cytochrome c is released from mitochondria and binds to the cytoplasmic adaptor
molecule Apaf-1 [132, 134]. 'The Apaf-1 then recruits and activates pro-caspapase 9,
which triggers a cascade. of downstream caspase reactions. Members of the Bcl-2 family
are involved in the regulation of mitochondrial cell death [!35, 136]. Anti-apoptotic
members like Bcl-2 and Bcl-xL i:i!hibit cytochrome c release from mitochondria [137,
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13S]. Pro-apoptotic members like Bax may act by forming pore complexes in the outer
mitochondrial membrane [139]. In some earlier reports, upregulation of Bcl-2 was
detected in memory ens+ T cells during acute infection with LeMV [140-142]. Thus,
these pro-poptotic molecules may also play some important role in clonal downsizing of
the anti-viral ens+ T cell response and the generation ofT cell memory.
1.5 The anti-viral T cell response in non-lymphoid tissues

Many intracellular pathogens including LeMV infect a broad range of host tissues. As
infection is not initiated in or confined to lymphoid tissue, initial antigen exposure and
activation of specific T cells in lymphoid tissues is followed by their migration to site of
virus replication in non-lymphoid tissues. This migration facilitates a rapid protective
response and is regulated by expression of homing and adhesion molecules such as
selectins, integrins, chemokine receptors [143-145]. Because most of our understanding
of antimicrobial T cell responses came from analyses of lymphoid tissue, the importance
ofT cells immunity in these non-lymphoid sites is unclear. Evidence exists to indicate
that the T cells in the periphery could behave differently from those in the lymphoid
tissue. It was shown that ens+ memory T cells isolated from nonlymphoid tissues
exhibited effector levels of lytic activity directly ex vivo, in contrast to their splenic
counterparts [146]. More recent research demonstrated that human memory-phenotype
ens+ T lymphocytes within the blood might be divisible into two subsets, central
memory and effector memory on the basis of chemokine receptor expression and their
effector cell functions [147]. Despite all the efforts given to understand the behavior ofT
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cells in peripheral tissues, it is still unclear the detail kinetics of the T cell expansion as
well as the function development in these tissues during a course of infection, especially
in a persistent infection. In a persistently infected host, the impact of viral antigen
persistence on the population dynamics and fate of virus-specific T cells with respect to
their patterns of migration and abilities to control the infection within different tissues of
the infected host remains poorly characterized. In particular, it is unknown whether the
kinetics and characteristics of T -cell exhaustion (anergy or deletion) determined for
lymphoid tissues reflect those of the overall population of antigen-specific

cos+ :r cells

in different host tissues. Moreover, it is unknown whether memory T lymphocyte
characteristics measured in lymphoid· tissue are indicative of the overall memory
•

population. An evaluation of these parameters with animal models is of particular interest
because the study of chronic infections in humans is limited by the inability to recover
virus-specific T cells from different tissues, forcing a reliance upon the analysis of
antigen-specific T-cell populations recovered from peripheral blood (PBL). Murine
LCMV model provides a supervior advantage to study this problem because of its wide
tissue tropism as well as natural ability for persistence. The information given in this
study will be valuable for understanding the T cell behavior in the nonlymphoid tissues in
acute or persistently infected patients.

Chapter II. Materials and Methods
2.1 Preparation of viruses
2.1.1 Viruses

LCMV-WE was originally obtained from F.Lehmann-Grube (Hamburg, Germany), and
LCMV-Docile and LCMV-Aggressive (variants isolated form an LCMV-WE [UBC]
carrier mouse) were obtained from C. J. Pfau (Troy, N.Y.)' as plaque-purified second
passage virus [63]. LCMV-Armstrong and CL13 Armstrong viruses were obtained
originally from M.B.A.Oldstone (Scripps Clinic and Research Foundation, La Jolla, CA)
[148] and Rafi Ahmed (Emory University Vaccine Center, Atlanta, GA) [54]. CL13
Armstrong is a variant isolated from the spleen cells of an adult BALB/WEHI mouse
neonatally infected with LCMV-Armstrong.
2.1.2 Viruses propagation

2

X

106 cells (MDCK cells for LCMV-Docile and Aggressive, BHK21 cells for

Armstrong and CL13-Armstrong; and 1929 cells for WE) were seeded in 20 ml
Minimum Essential Medium containing 20 mM L-glutamine (MEM, Invitrogen,
Carlsbad, CA), 100 I.U./ml penicillin and 100 1-!g/ml streptomycin, supplemented with
5% fetal calf serum (FCS), to 75 cm2 tissue culture flasks. Cells were cultured at 37°C in
5% COz for 20 to 24 hours. When cells were 40-50% confluent, media were removed and
cells were infected with virus at Multiplicity oflnfection (MOl) ofO.Ol (MOI=number of
virus particles/number of cells) in 2 ml ofMEM with 5% FCS. After incubated at 37°C
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for 1 hour to allow virus attaching to cells, 50 ml MEM with 5% FCS were ad,ded in
each flask. Then infected cells were incubated for additional 48 hours at 37°C and the
supernatant were harvested by centrifugation at 2000g for 10 minutes. The supernatants
containing virus were stored under -70°C.
2.1.3 Virus titration

LCMV titers were determined with an immunological focus assay on adherent fibroblast
cell lines in 24- or 96-well plates [25]. 200 J.ll of virus (serial10-fold dilution with MEM
2% FCS) was added to each well of 24-well plates or 50 J.ll of virus/well was added to
96-well flat-bottomed tissue culture plates. Then 200 J.ll of6%10 5/ml MC57G (50 J.ll cells
to 96-well plate) was added and incubated at 37°C in 5% COz for 4 hours. After a cellmonolayer was formed, 300 J.ll (100 J.ll in 96-well plate) of a 1:1 mixture of 2x
Dulbecco's Modified Eagle Medium (DMEM, Invitrogen) and 2% methylcellulose was
added. The plate was incubated at 37°C in 5% C02 for 40-48 hours. After aspirated off
the overlay, the plate was washed with phosphate-buffered saline (PBS) and cells were
fixed with 4% formalin in PBS at room temperature for 2 hours, followed by two washes
with PBS and permeablized with 0.5% Triton X-100 in PBS at room temperature for 20
minutes. After washing, the cells were incubated with 10% FCS in PBS for 1 hour to
block nonspecific binding site, followed by incubated with rat anti-LCMV nucleoprotein
monoclonal antibody (clone VL-4) for 1 hour at room temperature. The cells were
washed again with PBS and incubated with secondary antibody horseradish peroxidaseconjugated donkey anti-rat IgG (Jackson Laboratories, Bar Harbor, MI) for 1 hour at
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room temperature. The color reaction was performed using Ortho-Phenylendiamin
substrate (OPD, 0.4 mg/ml; H202, 0.12%; Na2HP04, 0.1 M; Citric Acid, 0.05 M; Sigma,
StLouis, MO) after thoroughly washing the cells with PBS. The reaction was stopped by
washing for 5 times with water. Virus titers were calculated as the following. Number of
plaques/well was counted as many dilutions as possible. The number of plaques was
added together to get total number of plaques from all dilutions. Then the number was
divided by1 for the lowest dilution used, plus 0.1 for the next dilution used, etc., followed
by multiplied by the inverse of the lowest dilution, and then by the dilution factor to get
plaque forming units/ml (PFU/rnl).

For determination of virus titers in tissues collected from infected mice, tissues were frrst
homogenized in 1 ml ]\1EM with 5% FCS with a pestle after recording tissues' weight.
For determination of virus titers in blood, 100 ~-tl blood was diluted in 900 ~-tl MEM with
5% FCS followed by homogenizing. For determination of virus titers in bone marrow,
bone marrow was flushed from a femur with 2 ml MEM containing 5% FCS and
homogenized. The resulting supernatants were transferred to fresh tubes after
centrifugation at 2000g for 10 minutes at 4°C. Then viruses were titrated using the same
procedure as above. Virus titers of different tissues (except blood and bone marrow) were
corrected by divided against their weight to get PFU/g. Virus titers in blood were
calculated by multiplying with a dilution factor of 10. Virus titers in bone marrow were
corrected by multiplying by 2 to get PFU/femur.
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2.2 Viral peptides

Peptides were synthesized at the Medical College of Georgia Molecular Biology Core
Facility (Augusta, GA), using a Perkin-Elmer Applied Biosystems (Berkely, CA) 433
peptide synthesizer. The LCMV -specific CTL epitope peptides used in this study were
. the H-2Db binding peptides GP133-41 (KAVYNFATC), GP2276-286 (SGVENPGGYCL),
NP396-4o4 (FQPQNGQFI), and GPlg 2.w1 (CSANNSHHYI) and the H-2Kb binding
peptides GP134-43 (AVYNFATCGI) and NP2os-212 (YTVKYPNL). Except LCMV-Docile,
which contains an amino acid change in the peptide GP2276-286 (380N_s), all viruses strains
used in this study were conserved in epitopes recognized by virus-specific T cells. Note
that the mutation (380N_s) in LCMV -Docile substantially reduces the ability of the
GP2276-286 peptide to bind H-2Db.
2.3 Mouse usage and definition.

Most mice colonies were maintained in specific pathogen free (SPF) conditions. Some
experimental mice were housed under conventional conditions. Animals were kept and
experiments .were performed in accordance with institutional animal welfare guidelines.
2.3.1 Mice

Mice deficient in !FNARl (IFN"a/f3R'1'), IFNGRl (IFN-y R'1'), or both IFNARl and
IFNGRl (IFN-a/f3y R'1') on the 129/SvEv background [101, 102, 149] were originally
obtained from B&K Univeral Limited (Hull, United Kingdom). Age-matched 129/SvEv
control mice were purchased from Jackson Laboratories (Bar Harbor, MI). C57BL/6
(B6), B6-gld (FasL-1-), and IFN-y-deficient mice on the B6 background (IFN-y-1-) [150]
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were obtained from Jackson Laboratories (Bar Harbor, MI). Perforin-deficient mice (P+)
were of a pure B6 genetic background, generated by homologous recombination in
embryonic stem cells of B6 origin (32]. TNFRl-deficient mice (TNFR1_,_) on the B6
genetic background were kindly provided by Tak Mak (Toronto, Canada) [151]. p-t- mice
were crossed with TNFR1_,_ or IFN-y_,_ mice to obtain mice deficient in either perforin
and TNFR1 (P-'1NFR1-t-) or perforin and IFN-g (P-1-IFN-y-1-). The genotypes of the
mice were determined by PCR of tail DNA. All mice used in the studies have the H-2blb
MHC (b haplotype).
2.3.2 Mouse genotyping

Mouse genotyping was performed by using DNA extracted from a 5 to 10 mm long tail
biopsy. This tissue was digested with 50

~J.g/ml

of Protease K in 400

~-tl

reaction buffer

(20 mM Iris pH7.6, 100 mM NaCl, 1% SDS, 5 mM EDTA) at 56°C overnight. The next
day, the reaction mixture was centrifuged at 18000g for 5 minutes at 4°C and supernatant
was extracted with an equal volume ofphenol:chloroform:isoamylalcoho1 (25:24:1) once
and an equal volume of chloroform:isoamylalcohol (24:1) once. The DNA was
precipitated by adding 2 volume of isopropanol, and centrifuged at I 8000g for 5 minutes
at 4°C. The DNA pellet was dissolved in 50

~-tl

ofTE (5 mM Iris pH 8.0, I mM EDTA)

at room temperature overnight. For PCR analysis, DNA was diluted IO times and I ~-tl was
used per reaction. Each PCR reaction was carried out on a Hybaid Omnigene
thermocycler.
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For the genotyping of p-t- mice, a primer set consisting of 5'tttttgagaccctgtagaccca3' and
5'gcatcgccttctatcgccttct3' was used with _the appropriate PCR program (94°C 4 minutes
for 1 cycle; 94°C 30 seconds, 55°C 30 seconds,

noc 1 minute for 35 cycles; noc 10

minutes for 1 cycle) to detect the mutation. The other (5'ccggtcctgaactcctggccac3' and
5'cccctgcacacattactggaag3') was used with the appropriate prograni (94°C 4 minutes for 1
cycle; 94°C 30 seconds, 60°C 30 seconds, 72°C 4 minute for 35 cycles; 72°C 10 minutes
for 1 cycle) to differentiate between-/- and+/- mice. For the genotyping ofiFN-y_,_ mice,
two set of primers, one for detecting wild type allele (5'agaagtaagtggaagggcccagaag3'
and 5'agggaaactgggagaggagaaatat3 ') and one for determining knock out allele
(5'tcagcgcaggggcgcccggttcctt3' and 5'atcgacaagaccggcttccatccga3'), were used with the
PCR program 1 (94·c 4 minutes for 1 cycle; 94·c 30 seconds, 5o·c 30 seconds,
minute for 35 cycles;

n·c 1

n·c 10 minutes for 1 cycle) and program 2 (94·c 4 minutes for 1

cycle; 94·c 30 seconds, 5s·c 30 seconds,

n·c I minute for 35 cycles; 72"C 10 minutes

for 1 cycle), respectively.
2.4 Isolation of lymphocyte populations
2.4.1 Preparation of lymphocyte populations from lymphoid tissues

Mice were infected intravenously with indicated dose of virus to initiate an acute or
persistent infection. At indicated time after virus infection, mice were sacrificed and
tissues (spleen or lymph nodes) were removed. Single cell suspension were prepared in
RPMI 1640 (Invitrogen) with 10% FCS. Lymph nodes took in these studies includes
mesenteric and brachial or axillary lymph nodes. Bone marrow cells were flushed from
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femurs and washed with RPMI 1640 containing 10% FCS and resuspended in appropriate
volume ofRPMI 1640 with 10% FCS.
2.4.2 Preparation of lymphocyte populations from non-lymphoid tissues

Mice were euthanized at indicated time post infection. Blood was collected in lml PBS
containing heparin (75U/ml) by cutting the right atrium. Then mice were perfused with
PBS containing heparin (75U/ml) prior to other tissue removal. Peripheral blood
leukocytes (PBL) were isolated by centrifugation of collected blood and treatment with
0.83% ammonium chloride to pellet to lyse the red blood cells, followed by extensive
wash with RPMI 1640 containing 5% FCS. Lung tissues were minced and then treated at
37°C for 1 hour with collagenase (150 U/ml; Invitrogen) in RPMI 1640 with 5% FCS.
The resulting suspensions were pelleted by centrifugation at 300g for!O minutes,
followed by resuspension in 5 to I Om! 44% Percoll (Amersham Biosciences, Piscataway,
NJ) in PBS. The suspensions were laid on 10 m167.5% Percoli in PBS and spun at 300g
for 30 minutes at room temperature. The lymphocyte population was harvested from the
gradient interface and washed extensively with RPMI 1640 before use. Liver and kidney
tissues were mashed through a 70 J.!m strainer in RPMI 1640 with 5% FCS. The resulting
cell suspensions were centrifuged at 1OOOg for 15 minutes and the pellets by resuspension
in a 38% Percoll in PBS were centrifuged again at 300g for 30 minutes at room
temperature. Cells harvested from the pellet were treated with 0.83% ammonium chloride
to remove red blood cells and washed extensively and resuspended in RPM! 1640 with
5%FCS.
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2.5 Analysis of virus-specific CDS+ T cells
2.5.1 Preparation ofMHC-peptide Tetramers

MHC-peptide tetramers for staining of epitope-specific T cells were prepared following J.
D. Altman's protocol [152-154]. Soluble mouse MHC class I heavy chain (H-2Db) with a
specific biotinylation site and human f32-microglobulin (f32m) were produced in large
amounts as recombinant proteins by transforming Escherichia coli strain BL21DE3
(Novagen, Madison, WI) with the plasmid pET23-Db-BSP or pHN1-b2m (kindly
provided by J.D. Altman, Emory University, Atlanta, GA). Expression of the proteins
were harvested after 3 hours induction with 1mM isopropyl-b-thiogalactopyranoside
(Molecular Probes, Eugene, OR), and dissolved in 8 M urea solution.
For in vitro folding, 2 mM of f32m and 3 mM of heavy chain with required peptide were
injected into folding buffer _(100 mM Tris-Cl, 400 mM Arginine, 10 mM EDTA) and
incubated at lOOC for 48 hours. The 500 ml final folding product was concentrated to 10
ml using an Arnicon stirrer cell (Millipore, Bedford, MA) with a 30 kD cutoff membrane
(Millipore). The MHC peptide complex were further purified with FPLC (Amersham
Biosciences) using a Sephacryl S300 (26/60) column (Amersham Biosciences). The
purified product was concentrated with an Ultrafree 15 centricon (3 0 kD cutoff) to the
concentration of 5 to 10 mg/ml. Monomers are aliquoted to 1 mg size and store at -70T.
A biotin ligase (BirA) (Avidity, Denver, CO) was used for the biotination of MHC
monomers. For each reaction, 1 mg of monomer and 10 !lg ofBirA were used according
to the manufacture instruction. MHC monomers were purified from free biotin using a
SpinColumn GSO (Amersham Biosciences) immediately before coupling with
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phycoerythrin (PE)-conjugated streptavidin for MHC tetramers. 150 Jll of PE conjugated
streptavidin (1mg/ml) (Molecular Probe) were added in 100 Jlg ofMHC monomers with
10 equal aliquots for 4 hours. Experiments utilized H-2Db tetramers complexed with
LCMV GPhJ-41, GP227&-286, or NP396-404 peptides. For GP2 tetramer, 1J,lg of peptide was
added immediately before every use. For GPl tetramer, a high affinity peptide
(KAVYNFATM) was used instead of wide type (KAVYNFAT C) in order to stabilized
· the MHC-peptide complex.
2.5.2 Flow cytometry and tetramer staining

Antibodies used in flow cytometry were purchased from BD/Pharmingen (San Diego,
'

CA), or otherwise stated. Single-cell suspensions prepared from spleen or lymphocytes
isolated from different tissues of infected mice at indicated time points postinfection were
stained with H-2Db tetramer along with anti-mouse CD8a Allophycocyanin (APC)co~ugated

rat monoclonal antibody (clone 53-6-72) in fluorescence-activated cell sorter

(FACS) buffer (PBS with I% bovine serum albumin and 0.2% sodium azide). After
staining for 1 hour at 4°C, cells were extensively washed with FACS buffer and fixed in
PBS containing 0.1% paraformaldehyde and acquired on a F ACSCalibur flow cytometer
(Becton Dickinson, San Jose, CA). Data were analyzed using CELLQuest software
(Becton Dickinson).
2.5.3 Phenotypic analysis of virus-specific CDS+ T cells

Lymphocytes isolated from spleen or liver from B6 mice infected with 102 PFU or 2 x
106 PFU of LCMV -Docile at the indicated time points after infection were triple stained
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b

'

with APC-conjugated anti-mouse CD8o: antibody (clone 53-6-72), H-2D /GPb 3-4 1
tetramer and fluorescein isothiocyanate (FITC)-conjugated antibody specific to murine
CDlla (2D7), CD25 (PC61), CD122 (5H4), CD44 (IM7), CD43 (lBll), CD69
(H1.2F3), CD62L (MEL-14) or
LY-6C (AL-21) in FACS buffer. After staining for 1
.
'

hour at 4°C, cells were extensively washed with FACS buffer and fixed in PBS
containing 0.1% paraformaldehyde and then analyzed by flow cytometry as described
above.
2.5.4 Analysis of distribution of Vf3 usage

Lymphocytes isolated from spleen, blood or liver from B6 mice infected with 102 PFU or
2 x 106 PFU of LCMV-Docile at the indicated time points after infection were triple
stained in FACS buffer with APC-conjugated anti-mouse CD8o: antibody (53-6-72), H2Db/GPb3-4 1 tetramer and FITC-conjugated antibody specific to murine Vf3 segments
using antibodies which recognize mouse Vf3 2 (B20.6), 3 (KJ125), 4 (KT4), 5.1 and 5.2
(MR9-4), 6 (RR4-7), 7 (TR310), 8.1 and 8.2 (MR5-2), 8.3 (IB3.3), 9 (MRl0-2), lOb
(B2l.5), 11 (RR3-15), 12 (MRll-1), 13 (MR12-3), 14 (14-2), and 17• (KJ23) T-cell
receptors. After staining for 1 hour at 4°C, cells were extensively washed with FACS
buffer and fixed in PBS containing 0.1% paraformaldehyde and then analyzed by flow
cytometry as described above.
2.5.5 Intracellular staining for cytokines

Splenocytes or lymphocytes isolated from tissues were cultured in 96-well flat-bottom
plates at 106 cells/well in 200 J.!l RPMI 1640 supplemented with 10% FCS, 10 U/ml of
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recombinant murine interleukin-2 (IL-2) (Roche, Indianapolis, IN) and 1

~-tg/ml

of

Brefeldin A (BD/Pharmingen) in the absence or presence of the indicated peptide at a
concentration of 1~-tg/ml [155]. The peptides used were the H-2Db binding peptides
GPbJ-41, GP2276-286, NPJ96-404, or GP1n-I01 and the H-2Kb binding peptides GP13 443 or
NP2os.212 . To quantitate total virus-specific CDS+ T cell response, virus infected dendritic
cells (DC2.4, kindly provided by K. Rock, Boston, MA) [156] as stimulators in
combination with intracellular cytokine staining was used. 5

X

lOs effector cells

(Splenocytes or lymphocytes isolated from tissues) were incubated with 4 x lOs DC2.4
cells, uninfected or infected 42 hours previously with LCMV at a MOI of 0.5. After 5 to
6 hours of culture at 37"C, cells were harvested, washed once in FACS buffer and surface
stained with APC-conjugated monoclonal rat antibody specific to mouse CD8a (53-6-72).
After washing, cells were then fixed and permeabilized using the Cytofix/Cytoperm kit
(BD/Pharmingen) according to the manufacture's instructions. Cytokine-positive cells
were identified using a FITC-conjugated antibody to murine IFN-y (XMGL2), or PEconjugated antibody to murine TNF-a (MP6-XT22) or IL2 (JES6-5H4) and an isotype
control (A95-1 )- Stained cells were washed several times, fixed in PBS containing OJ%
paraformaldehyde and then analyzed by flow cytometry as described above.
2.5.6 Bcl-2, Bel-XL, and Bax expression by FACS

Splenocytes were surface stained with H-2Db/GPb341 tetramer along with anti-CD8
APC-conjugated rat antibody (53-6-7), washed with FACS buffer, and subjected to
intracellular staining for Bcl-2, Bel-XL, Bax or Bad by using the CytoFix/Cytoperm kit
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(BD/Phanningin) according to the manufacturer's instruction. For intracellular Bcl-2
staining, FITC-conjugated hamster anti-mouse Bcl-2 antibody (clone 3Fll) and an
isotype control antibody (hamster IgG) was used. For intracellular staining for Bax, Bad,
or Bci-XL, the cells were incubated with a hamster antibody specific to Bax (YTH-5B7)
or Bad (2Gll) or a rabbit antibody specific to Bcl-XL (B22630; Transduction Labs,
Lexington KY). The cells were washed twice, and FITC-col\iugated antibody specific to
hamster or rabbit IgG (Jackson, West Grove, PA.) was added. Following incubation for
30 minutes, the cells were washed with FACS buffer and analyzed by FACS. Isotypematched control antibodies, purified hamster IgG and normal rabbit IgG (R&D systems,
Minneapolis, MN), were used as negative controls.
2.5.7 Cytotoxic activity of antigen-specific CDS+ T cells
2.5.7.1

51

Cr release assay

Cytotoxic activity of

cos+

T cells was determined in

51

Cr release assay [157].

Preparation of target cells is indicated below.
Three days before experiments, 0.6 X 106 MC57G (H-2Db) cells were seeded in MEM
with 5% FCS and grown at 37°C in 5% C0 2 for 20 hours and infected with virus
(MOI=0.05). Additional 48 hours later, cells were harvested and 2

X

106 of infected cells

were incubated with 70 J,i.Ci 51 Cr in 0.2 ml MEM with 10% FCS at 37°C for 90 minutes in
15 ml tubes. For preparation of peptide-pulsed target cells, 2

X

106 EL-4 (H-2Db) cells

were incubated with indicated peptide (10 J.l.g/ml) together with 70 J,i.Ci

51

Cr in 0.2 ml

MEM supplemented with 2% FCS at 37°C for 90 minutes in 15m! tubes. After labeling,
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cells were washed two times, resuspended in MEM with 5% FCS and adjusted to 105
cells per mi. As control targets, cells were prepared in the absence of peptide or virus
infection.
Effector cells were suspended in MEM with 5% FCS and I 00 Ill serial 3-fold dilutions of
effectors were prepared in round-bottom 96-well plates with multichannel pipettes.
Duplicated values were made. The plates were placed on a shaker at room temperature to
avoid sticking oflymphocytes to the plastic before the target cells were added.
I 00 J.ll of target cells per well were added into plates. Spontaneous release was revealed
by incubating the target cells with I 00 J.ll of medium; maximun release was revealed by
incubating target cells with 100 Ill of Hydrogen Chloride (HCl, IM). Plates were then
centrifuged for 2 minutes at 200g and incubated for 5 hours at 37°C in 5% COz. After
incubation, plates were spun at 200g for 7 minutes and I 00 Ill supernatant of each well
was pipetted off and transferred into IRA tubes (Sterilin, Stone, Staffs, UK). These tubes
51

were then sealed by paraffin.
51

Cr release was determined in a y-counter. The specific

Cr release is calculated as follows:
specific 51 Cr release (%) =

measured release-spontaneous release
total release-spontaneous release

X 100

2.5. 7.2 CTL response in vitro
CTL precursor activity was determined in a bulk culture system [158]. Peptide-pulsed
splenocytes or virus-infected peritoneal macrophages were used as stimulators.
Splenocytes from uninfected syngeneic mice were incubated with IJ.lg/ml viral peptides
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in serum-free MEM for 1 hour at 37°C. After incubation, cells were washed extensively
with MEM-5% FCS, resuspended in Iscove's modified Dulbecco's medium (IMDM,
Gibco) with 10% FCS and irradiated at 3000 rad. Virus-infected peritoneal macrophages
were prepared by intraperitoneal (i. p.) treatment with 1.5 mllmouse of thioglycollate
(DIFCO laboratories, Detroit, MI) followed with injection (i. p.) of 0.5mllmouse of 104
PFU of virus 2 days later. Four days after infection, peritoneal macrophages were
harvested in MEM-5% FCS, irradiated at 3000 rad and washed. Splenocytes prepared
from primed mice at the indicated time points after infection were cultured in 24-well
plates at 37°C for 5 days at densities of 4

X

106/well together with irradiated peptide-

pulsed splenocytes (2 x 106 cells/well) or virus-infected peritoneal macrophages (5 x 105
cells/well) in 2 ml of IMDM supplemented with 10% FCS and 10 U/ml of recombinant
murine IL-2. Restimulated cells were resuspended in 1 ml of MEM with 5% FCS per
culture well, and serial three-fold dilutions of effector cells were tested in a 51 Cr release
assay that used MC57G cells infected with virus or EL-4 cells pulsed with 10 ).lg of the
indicated peptide/ml as target cells. The cytotoxic activity in the spleen of virus-infected
mice was expressed in lytic units (LU) per spleen. A lytic unit is defined as the number of
splenocytes required to lyse one-third of a standard number of target' cells (1 04 cells per
well).
In an experiment, lymphocytes isolated from liver of infected mice at indicated time
points after infection were incubated at a density of 4
(30Gy) virus-infected macrophages (5

X

X

106 cells/well with irradiated

105 cells/well) for 5 days at 37°C in 5% C02•
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The cytolytic activity of restimulated lymphocytes was measured in a 51 Cr release assay
following the same procedure for splenocytes as above. In order to compare the activities
with those of splenocytes, the effectors : targers (E:T) ratios are corrected for the total
number oftetrarner (H-2Db/GP1334I or H-2DbfNp396-404) positive cells each culture well
(prior to culture), as given by E : T=(D x P

X

L) : N, where P is the percentage of

tetrarner positive lymphocytes, L is the total number of lymphocytes added to each well
in the bulk culture (in this case 4
culture was used in the final

51

X

106), Dis the dilution factor (1110, as 1110 of the bulk

Cr release assay) and N is the number of target cells per

well (I 04) in the 51 Cr release assay.

2.5. 7.3 CTL response ex vivo
Lymphocytes isolated from tissues were incubated directly with peptide (GP hJ.4I or
NPJ96404)1oaded EL-4 cells or virus-infected MC57G cells on E:T ratio of !00:1 in a 5
hours 51 Cr release assay as described above. E:T values were corrected for the number of
epitope-specific CTL, H-2Db/GPbJ4I or H-2Db/NP396404 tetramer positive cells, against
peptide loaded EL-4 cells or for the total number ofH-2Db/GP1334I and H-2Db/NP396-404
tetrarner positive cells against virus-infected MC57G. Note that more than 90% of virusspecific CTL population in LCMV -Docile infected B6 mice is directed to the
irnrnunodorninant GPbJ4I or NPJ96404 epitopes.

2.5.8 Functional avidity analysis of virus-specific ens+ T cells
B6 mice were infected with LCMV-Docile of 102 PFU or 2 x 106 PFU intravenously.
Splenocytes and lymphocytes isolated from livers of infected mice at indicated time
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points were tested for the functional-based avidities of GPbJ-41 specific CDS+ T-cells by
quantifying the amount of peptide require to induce ex vivo lytic activity on EL-4 target
cells loaded with the indicated concentrations ofGPl33-41 in a standard 51 Cr-release assay.
In parallel analyses, IFNy or TNFa production was measured in intracellular staining
following direct stimulation with graded doses of GPbJ-41· The results were expressed as
a percentage of the maximum response attained with a saturating peptide concentration
(10-4M).
2.5.9 TCR affinity measurement by tetramer dissociation assay

TCR affinity ofGP1JJ-41- and NP396-4o4-specific CDS+ T cells was measured by a tetrarner
dissociation assay [159]. Briefly, lymphocytes isolated from spleen or liver of infected
mice were stained at room temperature with obJGPhJ-41 or DbfNpJ96-4D4 tetrarner (50
nm/ml) and CDS antibody (53-6-72) for an hour. Cells were washed twice with FACS
buffer and incubated on ice in the presence of saturating amounts of anti-Db-specific
monoclonal antibody (HB27) to allow for tetrarner dissociation and binding to the Db. antibody. Dissociation was detected by flow cytometor at indicated time intervals for 0120 min. Half-lives (t112) was determined by calculating the (ln2)/mean slope value and
were expressed in minutes. The mean slope of each interval is equivalent to In (Fa!Fb)/t,
where Fa is the normalized fluorescence at the start of the interval, Fb is the normalized
total fluorescence at the end of the interval and t is the length of the interval [I 59].
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2.6 Neutralising antibody detection
LCMV -specific neutralization antibody was detected by an focus reduction assay, an
modified procedure used for virus titration. Blood was collected in serum separator tubes
(Microtainer, Becton Dickinson) from infected mice at indicated time points after
infection and spun at 2000g for I 0 minutes, which yields in separation of serum from
blood cells. 25 ).ll of serum (serial2-fold dilution) were incubated with 25 ).ll ofLCMV in
required dilution (counting between 40-50 plaques/well is optiljlal) in sterile 96-well
microtiter plates for 90 minutes at 37°C. Then added 50 ).ll of 6 X I 05/ml MC57G to each
well and continued to incubate for 4 hours followed overlaid with 1OO).ll of a I: 1 mixture
of2 X DMEM and 2% methycellulose. After 48 hours incubation at 3JDC, the left steps
for detection of .neutralizing antibody were followed the procedure of immunological
focus assay for titration ofLCMV as described above. The titer of neutralization antibody
is defined as the dilution factor of half maximal plaque formation
2. 7 Depletion of CDS+- or CD4+-T -cell subsets in vivo
Mice were depleted ofCD8•- or CD4+-T-cell subsets by intraperitoneal injection of purified
specific antibody ((anti-CD8 (YTS169) or a mixture ofanti-CD4 (YTS191 plus YTA3.1))
[16]. Antibody was administrated I day before and 2 days after infection for depletion of
specific cells at the beginning of infection indicated as day 0. This treatment depleted 99%
of the splenic CD4•- or CDS•-T-cell population for a 3- to 4-week period, but within 2
months these mice had reconstituted their T -cell subsets and contained normal levels of
CD4+ or

ens• T cells. However, although these mice recovered their T -cell populations,
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virus-specific T-cell activity was not detectable in the periphery (due to persisting virus
antigen in the thymus resulting in negative selection). Alternatively,

ens• or CD4+ T cells ·

were eliminated on day 20 after infection by treatment of antibodies on days 20 and 23 after
infection and continuing at weekly intervals throughout the experiment.
2.8 Biochemical and histological analysis of viral hepatitis

2.8.1

Ilistolo~

Liver tissues harvested from infected mice were embedded in Optimal Cutting
Temperature (O.C.T.) compound (TissueTek, Torrance, CA) and snap-frozen in a dry ice
2-methylbutane bath. The frozen tissues were then stored at -70C 0 • Precleaned
microscope slides were coated with gelatin prior to use by dipping the slides into coating
solution (0.1% gelatin, 0.01%potassiumchromium sulfate). Tissue sections (5 to 10 11m
thick) were cut with Leica CM3000 cryostat (Leica, Chantilly, VA), and left air-dried at
room temperature overnight. Tissue. sections on microscope slides were then fixed in
10% neutral-buffered Formalin for 10 minutes and rinsed with running tap water.
Sections from each tissue specimen were stained with hematoxylin (gill formula, normal
strength) for 1 minute,. and rinsed with running tap water. Slides were then treated with
Scott's tap water (2% sodium bicarbonate, 0.35% magnesium sulfate) for 30 seconds,
rinsed with running tap water for 5 minutes, and dipped several times in 70% ethanol
before staining with Eosin-Phloxine working solution (0.11% Eosin Y, 0.011% Phloxine,
82% ethanol, 0.055% glacial Acetic Acid, 1.1% saturated Picric Acid) for 30 seconds.
Slides were rinsed with fresh 95% ethanol for 30 seconds, and then dehydrated through
95% ethanol twice, I 00% ethanol three times and xylene twice. Dehydrated sections were
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mounted with Permount (Fisher Scientific, Pittsburgh, PA) and subjected to gross and
microscopic pathologic analysis.

2.8.2 Measurements of serum alanine aminotransferase (sALT) and serum aspartate
aminotransferase (sAST) activity
Liver injury was monitored by measurcements of serum alanine aminotransferase (sALT)
and serum aspartate aminotransferase (sAST) activity following the manufacture's
protocol (Pointe Scientific Inc., Michigan USA). All the test procedures were performed
at 3TC. ALT catalyzes the transfer of the amino group from L-alanine to a-ketoglutarate
resulting in the formation of pyruvate and L-glutamate. Lactate dehydrogenase catalyzes
the reduction of pyruvate and the simultaneous oxidation of NADH to NAD . .AST
catalyzes the transfer of the amino group from L-aspartate to a-ketoglutarate to yield
oxalacetate and L-glutamate. The oxalacetate undergoes reduction with simultaneous
oxidation ofNADH to NAD in the malate dehydrogenase catalyzed indicator reaction.
The resulting rate of decrease in absorbance at 340 nm is directly proportional to the ALT
or AST activity.

Chapter ill. Experimental Results
3.1 Studies of virus replication and immune response to LCMV in mice deficient in
receptors for IFNs.
It was demonstrated that the capacity of LCMV strains to replicate vigorously and

generate high viral burdens in vivo correlates with their ability to initiate viral persistence
[94], we questioned whether antiviral cytokines such as IFN-a./13 and IFN-y ,play a critical
role in determining viral load and thus the outcome of infection in immune-competent
adults. The purpose· of following experiments was to define roles for IFN-a/f3 and/or
IFN-y-mediated pathways in establishing an effective defense against LCMV strains
differing in their capacities to induce persistent infection.
Infections of knock out mice or control129/SvEv mice with LCMV strains with different
potentials for causing persistent infection were studied. Groups of mice were infected
either with 102 PFU or 2 x 106 PFU ofLCMV-Docile, CL13 Armstrong, or 1~ PFU of

WE, or 105 Armstrong. Fast growing strains like Docile and CL13-Arrnstrong, readily
induce persistent infection, whereas more slowly growing related strains such as WE and
Armstrong do not. Virus titers in spleen were determined on day 1 through day 100
(taken at day 1, 2, 3, 6, 9, 12, 15, 20, 30, 50, 70, 85, 100) after infection. Because the
course of viral infection and T cell immune response mostly remain stable after day 100,
we did not extend our analyses beyond this time point. LCMV titers were determined
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with an immunological focus assay. In parallel, the antiviral ens• T-cell responses were
evaluated at two levels. Primarily, the specific ens• T cells response were quantitatively
analyzed by direct visualization with MHe class I tetramers complexed to LeMV
epitopes and with stimulation of IFN-y expression by viral peptides as determined by
intracellular staining and FAeSealibur flow cytometer. Secondary, after restimulation in
vitro for 5 days, the ens• T cell cytolytic activities were measured in a standard

51

er-

release assay. MHe-peptide tetramers for staining of epitope-specific ens• T cells were
prepared as described above. Experiments utilize H-2Db tetramers complexed with
LeMV GPh3·4I. GP2276-286, or NP396-404 peptide. For IFN-y staining, the peptides used
are the H-2Db-binding GPl33-41. GP2276-286, NP396-4o4 or GP192-IOI and H-2Kb-binding
GPl34-43 or NP2os-212·
3.1.1 Contributions ofiFN-a/fJ and IFN-y to control of acute infection with the WE
or Docile strain of LCMV

Infections with different doses of the rapidly replicating LeMV-Docile lead to different
outcomes. Kinetic studies of virus replication in the spleens of adult 129/SvEv mice
infected with 102 PFU of LeMV-Docile demonstrated that viral burdens peaked at
around day 3 to 6 at levels of 7.5 loglO PFU/g of spleen and were below the limit of
detection by day 15 (Fig. lB). Since LeMV-Docile was isolated from LeMV-WE carrier
mice, 102 PFU ofLeMV-WE was )lSed here as control. Virus clearance also proceeded
efficiently in mice infected with 102 PFU of LeMV-WE, but viral titers increased more
slowly and peaked at slightly lower levels (7 logl 0 PFU/g of spleen) compared to

Fig. 1. Kinetics of LCMV-Docile and LCMV-WE replication in the spleens of
mice deficient in type I, type II, or both type I and II IFN receptors compared to
their 129/SvEv congenic controls.
Virus titers (•) in spleens were measured at the time points indicated following
intravenous injection ofIFN-a/{3R-1-, IFN-yR+, IFN-a/{3-yR-1-, or 129/SvEv mice
either with 10 2 PFU (A) or 2 x 106 PFU (B) ofDocile or with 1~ PFU of WE (C).
Data are expressed as the mean± the standard error of the mean logw PFU per
'

gram of spleens of three to five mice. Different symbols used in the columns
represent values obtained from individual mice.
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infection with 102 PFU of LCMV-Docile (Fig .. lB and C) and declined by day 12. In
contrast, 129/SvEv mice infected with a relatively high dose (2

X

10 6 PFU) of Docile

initially failed to clear the virus and retained high virus levels in spleen for several weeks
(Fig. 1A). Interestingly, virus levels declined over time to below the detection limit by
day 50 after infection.
Extended studies ofiFN-a/PK1", IFN-yK'·, or IFN-a/PyK1" mice infected with LCMVWE (102 PFU) or LCMV-Docile (10 2 or 2 x 106 PFU) revealed strikingly different
outcomes for the viral infection compared to that in control (129/SvEv) mice with intact
IFN responses (Fig. 1). Thus, kinetic stUdies of yirus replication revealed that the absence
of IFN-a/P responsiveness significantly increased sensitivity to LCMV infection, as
determined by higher viral titers (up to 2log units) at day lor 3 compared to the controls.
This was most clearly seen for infection with 102 PFU of strain Docile or WE (Fig. 1B
and C). As a consequence of this, IFN-a/PK'· mice failed to clear infection with LCMVDocile and these mice became virus carriers, retaining high levels of virus in spleens (1 00
days). Infection with LCMV-WE resulted in time-limited persistence of virus infection,
and virus levels declined over time to below the detection limit by day 80. Similarly, the
absence ofiFN-y responsiveness also increased sensitivity to LCMV infection, such that
IFN-yK1" mice failed to control infection with 2 x 106 PFU of LCMV -Docile (Fig. 1).
However, peak viral titers were not significantly different in IFN-yK'· mice compared to
the control (129/SvEv) population, which is consistent with earlier observation ofLCMVDocile resistance to IFN-y effects. In agreement with earlier reports [96], infection of
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IFN-yK1- mice with 102 PFU of LCMV-Docile or -WE induced a severe fatal wasting
disease, and the mice succumbed to infection by day 9 to 14 (Fig. 1). Inactivation of both
IFN-a/~

and IFN-y responses drastically increased susceptibility to virus infection,

resulting in persistence of the virus at high levels in IFN -a/~-yK1" mice infected with
either LCMV-WE or -Docile (Fig. 1). Thus, major contributions to virus replication and
hence the course and outcome ofLCMV infection are determined by both IFN-a/~- and
IFN-y-mediated antiviral mechanisms. Hence, susceptibility of LCMV strains to the
antiviral effects of IFNs,

IFN-a/~

in particular, is a critical factor for the restriction of

virus spread in vivo and thus protection from virus persistence.
3.1.2 Contribution of IFN-a/fl and IFN-y to control of acute infection with the CL 13
Armstrong or Armstrong strain of LCMV

Next, to assess whether the significant contribution of the IFN response towards viral
clearance noted for Docile and WE infection can be generalized to other LCMV strains,
kinetic studies of virus clearance were carried out with LCMV strain Armstrong and its
variant CL13 Armstrong. Thus, studies of 179/SvEv mice infected with 10 5 PFU of
Armstrong or 102 PFU of CL13 Armstrong demonstrated an acute infection with viral
burdens below the limit of detection in spleens by day 15 after infection (Fig. 2B and
2C). However, 129/SvEv mice infected with a relatively high dose (2 X 106 PFU) ofCL13
Armstrong retained high virus levels in spleen for several weeks. Interestingly, virus
burdens declined over time and were below the limit of detection by day 70 after
infection (Fig. 2A).

Fig. 2. Kinetics ofLCMV 13Armstrong and Armstrong replication in the
spleens of mice deficient in type I, type II, or both type I and II IFN receptors
compared to their 129/SvEv congenic controls.
Virus titers (e) in spleens were measured at the time points indicated following
intravenous infection ofJFN-a!f3R-1-, IFN-yR-1-, IFN-al{'ryR+, or 129/SvEv mice
either with 102 PFU (A) or J(f PFU (B) ofCL 13 Armstrong or with 105 PFU of
Armstrong (C). Data are expressed as the mean ±the standard error of the mean
log10 PFU per gram ofspleens of three to five mice. Different symbols used in the
columns represent values obtainedfrom individual mice.
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The absence of IFN-o:/(3 responsiveness significantly increased sensitivity to infection
with Armstrong (10 5 PFU) or CL13 Armstrong (102 or 2

X

106 PFU). Relative to

129/SvEv control mice, IFN-o:!i3R-1- mice showed accelerated kinetics of virus replication

and higher peak viral titers, which favor protraction of infection for an extended period
varying between 2 and 8 weeks (Fig. 2). In the absence of IFN-y responsiveness, longterm persistence of virus infection was observed only in mice infected with 2 x I 06 PFU
of CL 13 Armstrong (except for one mouse of seven that cleared the infection at day 90).
Note that these mice were not free of disease signs, and we have, albeit infrequently,
observed mortality in our experiments. In contrast, 102 PFU of CL13 Armstrong was
cleared efficiently, and no sign of disease development was observed. Mice infected with
I 05 PFU of Armstrong developed a lethal wasting disease and died by days 9 to 14 after
infection (Fig. 2).
Finally, elimination of both IFN-o:/(3 and IFN-y pathways renders mice susceptible to
infection with either virus strain, and permanent virus persistence was observed
irrespective of the dose of infection (Fig. 2). Taken together with the kinetic studies of
virus clearance, this shows that the

absen~e

of either IFN-o:/(3 or IFN-y pathways

increases sensitivity to LCMV infection, as observed by a delay in or abolition of virus
clearance compared to that in animals with intact IFN responsiveness. The development
of wasting syndrome and the subsequent death of mice in the absence of IFN-y
responsiveness was dependent on the conditions of infection. Thus, under conditions
where either initial high viral burden caused persistent infection or initial low viral loads
were cleared rapidly by the host immune system, mice developed few symptoms of
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disease. In contrast, where an imbalance between virus replication and the host immune
system occurred, animals succumbed to a fatal wasting disease. The primary effector
machanism underlying this disease was recognized to be mediated by virus-specific T
cells via perforin-dependent lysis [96, 160].
3.1.3 IFN-a/fJ- and IFN-y-mediated regulation of the virus-specific CD8+-CTL
response during infection of mice with the WE-or Docile strain of LCMV
As host ens• T cells are critical against LeMV infection, the development of the virusspecific ens•-T-cell response was examined in IFN-a/f3R"'-, IFN-yR"'-, IFN-a/{3-yR"'-, or
129/SvEv control mice infected with LeMV. The specificity and function of the ens•-T-

cell response were examined by direct visualization with binding of Db MHe class I
tetramer molecules complexed to LeMV peptides immunodominant for ens•-T-cell
responses (GPh3-4h GP2276-2B6, or NP396-4o4) and by stimulation of expression ofiFN-y
with viral peptides. The results revealed a distinct pattern of virus-specific ens•-T-cell
responses associated with an acute or chronic (protracted or permanent) course of
infection based on the experimental fmdings in Fig. 1 and 2.
Kinetic studies of virus-specific ens• T cells in the spleens of 129/SvEv mice infected
·with LeMV-Docile (2 x 106 PFU) initially showed a significant increase in Db-GP1 33-4 1and Db-NP 396-404-binding ens• T cells (Fig. 3A and B). Interestingly, the numbers of
NP396-404 peptide-specific ens• T cells declined over time and were below detectable
levels by day 30. In striking contrast, GP1J3-41-specific ens• T cells persisted at high
levels over a 3-month observation period (100 days). Both tetramer-binding T-cell

Fig. 3. Kinetics of the virus-specific CD8•-T-cell response in the spleens of mice
deficient in type I, type II, or both type I and II IFN receptors compared to their
129/SvEv congenic controls following infection with LCMV-Doci/e strain.

IFN-a/{3R+, IFN-yR-1-, IFN-a/{3-yR-1-, or 129/SvEv mice were infected with 2 X
106 PFU (A and B) or 10 2 PFU (C and D) ofDocile. Total numbers ofGP133-4J,
GP2276-286 or NP396-404 peptide-specific CDS+ T cells were measured by staining
with H-2D 6 tetramers (e) or intracellular IFN-y production {0) following
stimulation of cells with viral epitope peptide to determine the functional
responsiveness of these cells. Data are expressed as the mean ± the standard
error of the mean (logJo) per spleen of three to five mice. The limit of detection
was 103 antigen-specific cells per spleen. These analyses were performed to
correlate the kinetics of virus replication (Fig. 1A and 1B) with the kinetics of
virus-specific CD8+-T-cell responses.
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Fig. 4. Kinetics of the virus-specific CD8•-T-cell response in the spleens of mice
deficient in type I, type II, or both type! and II IFN receptors compared to their
129/SvEv congenic controls following infection with LCMV-WE strain.
IFN-aJ{3R-t-, IFN-yR-t-, IFN-al/3-yR-t-, or 129/SvEv mice were infected with

ul

PFU WE. Total numbers ofGPhJ-41 (A), GP2276-286 (B) or NPJ96-404 (C) peptidespecific CD8+ T cells were measured by staining with H-2Db tetramers (•) or
intracellular IFN-y production {0) following stimulation of cells with viral
epitope peptide to determine the functional responsiveness ofthese cells. Data are
expressed as the mean± the standard error of the mean (logJO) per spleen of three
to jive mice. The limit of detection was 1 rf antigen-specific cells per spleen. These
analyses were performed to correlate the kinetics of virus replication (Fi"g. 1C)
with the kinetics of virus-specific CDB+-T-cell responses.
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populations in these mice exhibited antiviral functions initially (day 6), producing IFN-y
after stimulation with the appropriate peptide, but rapidly became unresponsive by day 9
after infection. However, the infection had been controlled (around day 50) and GPh 3-4 1specific T cells slowly regained their capacity to elicit antiviral functions after clearance
of virus. Infection of 129/SvEv with 102 PFU ofLCMV-Docile resulted in a vigorous
expansion of GP133-4I and NP396-404 CDS+ T cells that cleared the infection.within 2
weeks and persisted at high frequencies~' retaining a functional phenotype (Fig. 3 C and
D). Likewise, studies on mice infected with LCMV-WE (102 PFU), including the profile
.

.

of the GP22 76-286 epitope specific CD8+-T-cell response, yielded comparable results (Fig.
4A to C).
Infection of IFN-a/BR·'· mice with LCMV -Docile (1 0 2 or 2 X 106 PFU), causing
permanent persistence of infection, revealed another interesting phenotype (Fig. 3A to
D). In these mice GPb-41-specific CDS+ T cells became completely unresponsive (based
on IFN-y production) by day 15 after infection and persisted at high levels, retaining the
nonfunctional phenotype over a 3-month period; however, their levels declined to below
detectable levels between days SO and I 00 after infection. NP396-4o4-specific CDS+ T cells
were eliminated by day 30 after infection. Extended studies with IFN-a/BR-t- mice with a
protracted course ofLCMV-WE infection (10 2 PFU) revealed a phenotype different from
that seen in 129/SvEv mice (Fig. 4A to C). Thus, GPh3-4I' or GP2276-286·specific CDS+ T
cells persist at high levels and are functional during the initial phase of infection.
However, the fraction of epitope-specific CDS+ T cells showing a functional deficit
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increased progressively until no functional T cells were detectable between days. 50 and
60. However, this unresponsiveness was transient, with IFN-y production on restimulation resuming at around day 70 when the infection was controlled. In contrast,
NP395-4o4-specific CDS+ T cells were functionally unresponsive by day 12 and were
subsequently physically deleted by day 50 after infection.
Studies with IFN-yR"1" mice infected with LCMV -Docile (2

X

106 PFU) revealed that

GP133-4 1-specific CDS+ T cells persist for at least SO days, having lost antiviral function
at around day 15 after infection, whereas NP395-4o4-specific cells were deleted by day 30
(Fig. 3A and B). IFN-yR"1" mice infected with a low dose (10 2 PFU) of LCMV-Docile
(Fig. 3C and D) or -WE (Fig. 4A to C) died within 2 weeks after infection but developed
a rigorous virus-specific CDS+-T-cell response, characterized by a rapid and extensive
expansion of tetramer-binding cells that were fully functional as assessed by IFN-y
production. Previous studies have shown that the lack of IFN-y receptor does not impair
the ability of CDS+ T cells to produce IFN-y on peptide stimulation [161, 162]. These
findings are compatible with and provide further experimental evidence for hypothesis
that an imbalance between virus spread and the host immune response results in the
immune-mediated pathology that is instrumental in death of the animal.
Finally, the virus-specific CDs+-T-cell response in IFN-a/B-yR·'· mice infected with
LCMV-Docile (2

X

106 or 102 PFU) was comparable with that seen in IFN-a!BR"'· mice

under similar conditions of infection (Fig. 3A to D). Similarly, infection ofiFN-a/B--yR"'·
mice with LCMV-WE (10 2 PFU) resulted in a drastic expansion of GPhJ-4 1-specific
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ens• T cells, which persisted as long as day 100 after infection, having lost the capacity
to elicit antiviral function around day 15, but NP 396-4o 4- or GP2276-2wspecific cells were
deleted by day 30 or 50, respectively (Fig. 4A to C). Combined, the tetramer binding and
IFN-y staining results indicate that acute infection is characterized by expansion and
maintenance of functional T cells, whereas persistent or chronic infection is characterized
by expansion and loss ofT-cell function with eventual physical deletion.

3.1.4 IFN-a/~- and IFN-y- mediated regulation of virus-specific CDS+ T cells
response during infection of mice with the Armstrong or CL13 Armstrong strain of
LCMV
To further correlate the link between susceptibility of the host to chronic infection and the
extent of virus-specific cns•-T-cell exhaustion, the kinetics of the LCMV-specific T-cell
response were observed in Armstrong- and CL13 Armstrong-infected mice deficient in
IFN pathways. As evident from Fig. 5A to C, data obtained from 129/SvEv mice infected
with CLI3 Armstrong (2

X

106 PFU) revealed an interesting new pattern for virus-

specific ens•-T-cell regulation. GP iJJ-41 or GP2276-286 specific ens• T cells expanded
efficiently during the acute phase of infection and persisted at high levels in the host.
These cells exhibited a fully functional phenotype in the initial phase of infection and
progressively lost function (around 99%) by day 15, but later (by day 70), after virus
clearance was completed, they regained a fully functional phenotype. NPJ96-404 ens+ T
cells were rapidly deleted within the first 2 weeks after infection. In contrast, during the
course of acute infection of 129/SvEv mice with a relatively low dose of CLI3 Armstrong

Fig. 5. Kinetics of the virtis-specijic CDs•-T-ce/1 response in the spleens of mice
deficient in type I, type II, or both type I and II IFN receptors compared to their
129/SvEv congenic controls following infection with the CL 13 Armstrong
LCMV strain.
IFN-a/f3R-I-, IFN-yR-1-, IFN-a/~yR-1-, or 129/SvEv mice were inftcted with 106
PFU (A to C) or 102 PFU (D to F) ofCL13 Armstrong. Total numbers ofGPhJ.4J
(A and D), GP2276-286 (Band E) or NP396-404 (C and F) peptide-specific CD8+ T
cells were measured by staining with H-2Db tetramers (•) or intracellular IFN-y
production (o) following stimulation of cells with viral epitope peptide to
determine the functional responsiveness of these cells. Data are expressed as the
means ± the standard errors of the means (log1o) per spleen of three to five mice.
The limit of detection was 1oJ antigen-specific cells per spleen. These analyses
were performed to correlate the kinetics of virus replication represented in Fig.
2A and 2B with the kinetics ofvirus-specific CD8•-T-cell responses.
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Fig. 6. Kinetics of the virus-specific CDB•-T-ce/1 response in the spleens of mice
deficient in type I, type II, or both type I and II IFN receptors compared to their
129/SvEv congenic controls following infection with LCMV-Armstrong strain.

IFN-a!f3R-I-, /FN-yR-1-, /FN-a/[3-yR-1-; or 129/SvEv mice were i~fected with Iff
PFU of Armstrong (A to C). Total numbers of GP h3-4I (A), GP2276-286 (B) or
NP396-404 (C) peptide-specific CD8+ T cells were measured by staining with H-2Db
tetramers (•) or intracellular IFN-y production· (o) following stimulation of cells
with viral epitope peptide to determine the functional responsiveness of these
cells. Data are expressed as the means ±the standard errors of the means (logw)
per spleen of three to five mice. The limit of detection was 103 antigen-specific
cells per spleen. These analyses were performed to correlate the kinetics of virus
replication represented in Fig. 2C with the kinetics of virus-specific CD8'-T-cell
responses.
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(102 PFU) (Fig. SD to F) or Armstrong (lOs PFU) (Fig. 6A to C), virus-specific CDS+ T
cells directed against the major epitopes expanded to high frequencies and sustained
antiviral effector functions. Next, we evaluated the fate of virus-specific CDS+ T cells in
IFN-a/BR_,_ mice. Similar patterns ofT-cell regulation were obtained during protracted
infection with CL13 Armstrong (2

X

106 or 10Z PFU). Thus, GPl33-11 or GP2276-286 virus-

specific ens+ T cells persisted in a nonresponsive state for as long as 100 days (beyond
'the time of virus clearance by around day 70). Deletion of NPJ96-404 CDS+ T cells
proceeded rapidly within 15 to 30 days after infection (Fig. SA to F). Infection ofiFNa!BR-1- mice with Armstrong (I

os PFU) elicited a vigorous response, with high levels of

GPI 33-1 1-.and GP2276-286-specific CDS+ T cells (Fig. 6A to C). In these mice a fraction
(around 20%) of these cells remained functional, and the LCMV infection was resolved
by day 30, approximately 2 weeks delayed compared to 129/SvEv controls. Interestingly,
NP 39 6-4o6- specific CDS+ T cells fell below detectable levels by day 30, having become
unresponsive by day 12 after infection. Consistent with the data obtained from IFN-a/f3K
,_ mice, IFN-yR·'· mice infected with 2· x 106 PFU of CL13 Armstrong retained
functionally inactive GP13Ht- and GP2276-286-specific ens• T cells at high levels but
rapidly deleted NP 396-4o4-specific cells (Fig. SA to C). In contrast, IFN-yK'· mice infected
with 102 PFU of CL 13 Armstrong, which is cleared by day 15, developed high levels of
tetramer-positive ens• T cells which retained functionality and persisted for at least 90
days (Fig. SD to F). Finally, IFN-yK'· mice injected with lOs PFU of Armstrong, which
causes a lethal wasting disease in these mice, developed a T-cell response against the
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GP133-Ih GP2z76--286, and NP396-404 epitopes prior to death (Fig. 6A to C). However, while
the percentages of Db-peptide tetramerpositive CDS+ T cells remained relatively high (up
to 20%), the overall T-cell responsiveness of these mice was lower than that in the

129/SvEv controls due to a profound loss of splenocytes associated with the wasting
syndrome. Finally, analyses of the immune response in IFN-a/~-yK 1" mice infected with
CL 13 Armstrong (2

'

X

I 06 PFU) revealed that activated CDS+ T cells were generated

against all three epitopes examined in almost equal numbers (Fig. SA to C). However,
GPh3-4 1-specific cells became progressively unresponsive by day 50 to 70 (some 20 to
40 days later than in IFN-a/~K'- mice) and were eventually deleted by day 90. Similarly,
GP2 276--zs6- or NPJ96-404-specific cells were deleted after a brief initial period of
expansion. This pattern was repeated in IFN-a/~-yK 1" mice infected with 102 PFU of
5

CL13 Armstrong or 10 PFU of Armstrong, with the exception that GPh3-4 1-specific
cells were not deleted once they had become nonresponsive (Fig. 5 and 6).
Taken together, these results provide additional evidence for the inverse correlation
between antigenic load and responsiveness of virus-specific CDS+ T cells. The degree of
T-cell activation dictates whether the infection is resolved or not. In addition, the results
are consistent with the concept that the relative contribution of mechanisms operating to
silence antigen-specific T-cell responses (anergy or deletion) can vary depending upon
the epitope specificity of cells. Thus, NPJ96-4o6 tetramer-binding

ens• T cells were more

sensitive to deletion than GP2z76--286-specific cells, whereas GPI33-41-specific T cells were
relatively resistant and were deleted only under conditions of long-term virus persistence.

56
3.1.5 CD8+-T-cell effector functions are lost in mice with a protracted persistent
infection
The results described above revealed a close association between virus persistence and
exhaustion (anergy and/or deletion) of the virus-specific cos·-T-cell repertoire.
However, under certain conditions of infection (e.g., 129/SvEv mice infected with 2 x I 06
PFU of LCMV-Oocile), permanent persistence of infection was not observed and the
virus was eventually cleared from the host. This occurred despite the absence of
functional cos• T celis specific to dominant epitopes, as determined by intracellular
IFN-y staining of restimulated cells with appropriate peptides. It is possible in this case
that resolution of infection may be mediated by functional cos• T cells specific to
subdominant epitopes or an altered physiological pattern ofT-cell response, such as
synthesis of alternate cytokines.
To address these possibilities, intracellular staining was performed on splenocytes from
129/SvEv mice infected with LCMV-Oocile or -CL 13 Armstrong (Fig. 7). No IFN-y-

secreting cos• T cells specific to subdominant epitopes (GP192-IOI and NP2os-m) were
detectable by day 30 after infection with 2

X

106 PFU of LCMV-Oocile or -CL 13

Armstrong. As previously reported [31 ], the virus-specific T cells did not exhibit altered
patterns of cytokine production. Thus, tumor necrosis factor alpha or IL-2 was not
detectable by intracellular cytokine staining after peptide stimulation in vitro by day 30
after infection with 2

X

106 PFU of LCMV-Oocile (Fig. S). In addition, the tetramer-

MHC-peptide complex and IFN-y secretion staining assay techniques are limited by their

Fig. 7. Virus-specific CDS+ T cells in 129/SvEv mice are unable to produce
IFN-y in vitro following stimulation with viral peptides by day 30 after infection
with high dose ofLCMV-Docile.
129/SvEv mice were infected with high or low dose ofDocile or CL 13 Armstrong
as indicated. The percentage of antigen-specific T cells in total number of CD8' T
cells was assessed by intracellular staining for IFN-y following in vitro
stimulation with indicated viral peptides at day 6, day 9 and day 30 postinftction.
Results are representative ofseveral separate experiments.
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Fig. 8. Virus-specific CDS+ T cells in 129/SvEv mice are unable to produce IL2
and TNFa in vitro following stimulation with viral peptides by day 30 after
infection with high dose ofLCMV-Docile.
129/SvEv mice were infected with 2

X

106 PFU or 102 PFU of Docile. The

percentage of antigen-specific T cells in total number of CD8+ T cells was
assessed by intracellular staining for IL2 or TNFafollowing in vitro stimulation
with GP hJ-41 (A, C) or NPJ96-404 (B, D) at day 30 postinfection. Results are
representative ofseveral separate experiments.
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ability to resolve a signal over background staining by FACS (around 0.5% of cos+ T
cells). Thus, it is possible that functional

cos+ T

cells specific to dominant or even

sub dominant epitopes, which escape T cell exhaustion at the onset of infection and persist
at low levels, are capable of subsequently mounting an effective antiviral response and go
on to clear the viral infection. Therefore, as an independent test of functional activity, we
measured the ability of splenocytes from these mice to develop cytotoxic activity towards
the virus or individual peptide epitopes following stimulation in vitro. This analysis was
extended to include IFN-a/~K'·, IFN-yR·'·, or IFN-a/~-yK'· mice. Consistent with the
IFN-y staining data, splenocytes from 129/SvEv mice infected with 2 x 106 PFU ofOocile
initially exhibited substantial cytotoxic a~tivity, later lost their cytotoxic activity by day
15, although regained a functional phenotype after virus clearence (by day 70) [Table
1A]. In CL 13 Armstrong (2

X

106 PFU) infected 129/SvEv mice, CTL activity was not

completely lost and a fraction of the GP133·4I specific cells displaied the function [Table
lB]. To further address the functional

beha~ior

of virus-specific T cells, parallel studies

were conducted on mice infected with 102 PFU ofOocile or CL13 Armstrong [Table 2].
As evident from Table 1 and 2, the magnitude of CTL activity obtained following in vitro
restimulation correlates with the IFN-y staining data.
Taken together, the above findings indicate that during chronic infection, virus-specific

cos+ T

cells become incapable of eliciting their normal array of effector functions,

including cytotoxicity and cytokine production. This is true for all situations of chronic
infection except 129/SvEv mice infected with CL13 Armstrong (2 x 106 PFU), where no
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TABLE L Virus-specific cytotoxic activity in the spleens of mice deficient in type I, type II or both type I
and IIIFN receptors, or in spleens of control mice of 129/SvEv, following infoction with 2 X 106 PFU of
LCMV-Docile (A) or -CL I3 Armstrong (B)"
(A)
Days of Dilution
infection
6
I
3
9
I
9
3
9
15
I
3
9
30
I
3
9
I
70
3
9
(B)

Days of Dilution
infection
6
I
3
9
I
9
3
9
15
I
3
9
30
I
3
9
70
I
3
9

129/SvEv mice
NP
GPI
54
71
52
35
16
28
31
17
6
15
2
7
2
5
2
3
2
2
2
3
2
2
2
2
14
55
32
5
I
9

% CTL avtivitv specific to the indicated viral epitooe
IFN-a/~R_,_ mice
IFN-yR+ mice
IFN-a/P-yR+ mice
GPI
NP
NP
GPI
GPI
NP
81
61
47
82
55
43
66
41
32
32
64
22
39
19
12
14
33
8
69
7
98
28
46
15
42
53
7
27
35
8
22
6
10
3
21
4
I
12
15
I
27
13
6
2
7
I
14
2
I
2
6
3
2
2
4
4
3
5
4
5
2
2
2
2
3
2
2
I
2
I
2
2
6
5
2
7
I
10
I
4
2
3
2
I
0
0
2
I
0
0

.

129/SvEv mice
NP
GPI
47
69
28
50
13
25
85
88
46
70
10
45
18
5
2
5
I
3
4
20
2
9
2
0
6
64
2
53
2
35

% CTL avtivitv specific to the indicated viral epitope
IFN:YR_,_ mice
IFN-a/~R_,_ mice

GPI
70
55
31
22
10
I
8
3
2
5
I
I
16
6
3

NP
56
39
20
15
5
I
7
3
I
7
3
0
10
3
I

GPI
32
16
7
II
5
2
8
3
0
30
15
2.
12
5

2

NP
19
8
4
4
2
0
I
0
0
3
I
I
8
6
I

IFN-a/~-yR_,_

GPI
62
30
9
15
6
0
13

7
3
8
2
I
7
3
I

mice
NP
34
22
7
10
8
4
3
I
I
2
I
0
9
4
2

isolated on days 6, 9, 15, 30 and 70 after infection wilh 2 X Jfl PFU of LCMV-Docile (A) or -CL 13 Armstrong {B)
were stimulated in vitro with GP lno~ 1 or NPm..m peptide-pulsed splenocytes as described in Materials and Methods. The cytolytic
activity ofreslimulated splenocytes cultured at a density of 4 X Jrf cel/slwell was measured in a ncr release assay, using EL-4 cells
pulsed with /Opg ofGPJJJ-II or NPm.m peptide per mi. Restimulated splenocytes were resuspended in I ml of medium per culture
a Splenocytes

well, and serial threefold dilutions of effector cells were performed Lysis of untreated target cells was 55% at the highest E:T raHo.
Results are representative ofthose from three separate experiments
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TABLE II. Virus-specific cytotoxic activity in the spleens of mice deficient in type I. type 11 or both type I
and II IFN receptors, or in spleens of control mice of 129/SvEv, following infection with 1rl PFU of
LCMV-Docile or -CL 13 Armstrong'
% CTL avtivitv specific to the indicated viral eoitooe

Days of Dilution

infection
6

9

20

I
3
9
I
3
9
I
3
9

129/SvEv mice

IFN-a/~R-1-

mice

IFN-yR-/- mice

IFN-a/~-yR-/-

mice

Docile

CL !3

Docile

CL 13

Docile

CL !3

Docile

CL !3

43
24
8
70
48

43
26

58
36
12
28
15

47
30
14
70

52
30
12

50

65
41

18
9
3
44
23

31
!3
7

70
49

49
18
2
14
6

28
75
59
32

22

2

29

16

10

63
38
16

3
I
I

6
4
I

ND*
ND

3
I.

I

ND

70
41
16

10

I

55
30
II
2
I
0

Splenocytes isolated on days 6, 9 and 20 after infection with Iff PFU of LCMV-Doci/e or -CL 13 Armstrong were stimulated in vitro
with virus infected macrophages as described in Materiats·and Methods. The cytolytic activity ofrestimulated splenocytes cultured at
a density of 4 x J(f cells/well was measured in a SJ Cr release assay, using virus-infected MC57G target cells. Restimulated
splenocytes were resuspended in 1 ml ofmedium per cu/Jure well, and serial threefold dilutions of effector cells were performed Lysis
ofuntreated target cells was 55% at the ~ighest E:T ratio. Results are representative ofthose from three separate experiments.

o

*ND, not determined
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complete extinction of antiviral function (cytotoxicity or IFN-y production) was
observed.
3.1.6 Contribution of CD4+ T cells and neutralizing antibodies in clearance of a
protracted infection in the absence of functional virus-specific CDS+ T cells

ens• T cells are critical for clearance of LeMV infection, and their depletion results in
persistence of virus infection. However, under certain conditions, as described above,
virus was eventually cleared from mice with protracted infection, although functional
ens• T cells were undetectable. Evidence for eD4+ T cells and neutralizing antibody
contributing to the resolution of LeMV infection has been obtained in several
experimental settings and may provide an explanation for the eventual clearance of virus
following a protracted infection. Note that en4•-T-cell help is essential for virus-specific
antibody (IgM or IgG) production and for maintaining specific ens•-T-cell responses
[16].

To test this hypothesis, neutralizing antibody titers were measured in the four strains of
mice during chronic infection ~th Docile (2 x 106 PFU). The data presented in Table 3
suggest a correlation between the neutralizing antibody titer and resolution of the
infection. Thus, higher levels of antibody activity observed in 129/SvEv mice were
associated with eventual clearance of the infection by day 70, with LeMV -Docile, while
the lower neutralization titers in IFN-a./f3K'·, IFN-yR·'·, or IFN-a./f3-yK1" mice were
insufficient for controlling chronic infection. Next, the contribution of en4• T cells and
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TABLE IlL Kinetics of the neutralizing antibody response in mice deficient in type I, type II, or both type I
and II IFN receptors compared to their 129/SvEv congenic controls following infection with a high dose of
LCMV-Docile"

Neutralizing antibody titer (log,, 10}' at the following time after infection (days):
Mouse

Db-GP1

Db-NP,

strain

15

30

50

70

90

129/SvEv
1FN-aJPR_,_

1.3 ± 0.3

2.0±0.0

3.5 ± 0.5

5.0 ± 1.0

5.0 ± 0.5

1.5 ± 0.5

1.5 ± 1.5

2.8 ± 0.3

3.0± 1.0

2.2 ± 1.2

IFN-yR_,_

1.0 ± 0.0

2.8 ± 0.3

1.5 ± 0.5

3.0±0.0

3.0± 0.0

1.5 ± 0.5

1.3 ± 0.3

2.3 ± 0.3

2.5 ± 1.5

2.2± 0.8

IFN-a/~-yR_,_

o JFN-a!{JR-t-, IFN-yR:'"", IFN-a/(3-yK'-, or 129/SvEv mice were infected with 2 X 10~ PFU of LCMV-Docile. Sera were analyzed for
neutralizing antibody acthJity as described in MaJerials and Methods. Data are means± standard e"ors ofth? means for three to five

mice.

bData are means± standard errors ofthe means for three tofrve mice.

Fig. 9. A critical role for CD4+ T cells in clearance of a protracted viral
infection via regulation of virus-specific antibody response in the absence of
functional virus-specific CD8+ T cells.
Kinetics of virus replication and antigen-specific CD8+-T-cell responses in the
spleens of I29/SvEv mice infected with I 06 PFU ofLCMV-Docile and depleted of
CD4+ or CD8+-T cells are shown. I29/SvEv untreated infected mice were used as
controls. (A) Virus titers in spleens were measured at the time points indicated
following treatment with antibody (A b) against CD4 (•) at the time of infection
(dayO [dO]) or on day 20 after infection (d20). In a separate group mice were
treated with antibody against CD8 (1!..). Data are expressed as the means ! the
standard errors of the means (logJr/gram) for three to five mice. (Band C) Total
numbers of GP h3-4I or NP396- 4o4 epitope-specific CD8+ T cells in CD4+-T-cell
depleted or control animals were measured by staining with H-2D 6 tetramers (•)
or intracellular IFN-y production (0) following stimulation of cells with viral
epitope peptide to determine· the functional responsiveness of these cells. The
kinetics ofGPI33-4I or NP396-4o 4 epitope-specific CDs+ Tcells in control mice are
indicated as broken lines inlthe right-hand panels. Data are means
standard errors of the means for three to five mice.
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the antibody response in clearance of the chronic infection was tested by depletion of
CD4+ T cells from 129/SvEv mice infected with2 x 106 PFU of LCMV-Doci!e. As
evident from Fig. 9, virus was not cleared when mice were treated with antibody against
CD4 at the time of infection. This protracted infection was associated with poor antiviral
antibody response since 99% of CD4+ T cells were depleted. In contrast, depletion of
CD4+ T cells on day 20 after infection, when virus-specific cos• T cells became
unresponsive, did not inhibit antibody production. Virus titers declined with kinetics
similar to those for non-antibody-treated controls, falling below the threshold of detection
by day 50 and remaining undetectable for a period of around 2 months. However, at the
end of this period (day 100), variant virus in the spleen reemerged and replicated to high
titers. In addition, CD4+-T-cell depletion at the time of infection did not significantly
affect expansion of virus-specific cos• T cells that exhibited a fully functional
phenotype in the initial phase of infection, but these CDS+ T cells progressively lost
function and persisted at slightly (two- to five-fold) lower levels compared to controls for
several weeks before rapidly declining to below detectable levels at between day SO and
100 after infection. Similarly, mice depleted of CD4+ T cells on day 20 after infection
exhibited only a moderate reduction (two- to five-fold) in levels of functionally inactive
GP 133,-u-specific cos• T cells that persisted for 2 to 3 weeks before their levels
progressively declined. This occurred despite virus clearance by day 50 with kinetics
comparable to those for infected untreated controls. Depletion of Cos• T cells on day 20
after infection had no effect on virus clearance, with virus falling to undetectable levels

66
by day 50. In conclusion, these data support an important role for CD4+ T cells and
antibody-producing B cells in resolution of long-term LCMV infection, especially in
situations where

ens•-T-cell activity is lost during the initial phase of infection.

3.2 Studies of virus replication and immune response to LCMV in mice deficient in
perforin, Fas/FasL or TNFRl

·The following experiments were undertaken to explore the mechanisms and factors that
determine the nature and kinetic patterns of functional inactivation and/or physical lysis
of virus-specific

ens• T cells during persistent infection of a mature host with LCMV,

with particular emphasis on the role of perforin, Fas/FasL, or TNFRl pathways in
regulating virus-specific T-cell responses. C57BL/6 mice lacking perforin, FasL, or
TNFRl were infected with selective dose of LCMV-Docile (2

X

106 PFU i.v.) which

causes persistent infection in B6 inbred mice. Control groups of mice were infected i. v.
either with 102 PFU of LCMV-Docile or Aggressive. Note that LCMV-Aggressive
exhibits similar virological characteristics as the LCMV-WE. That is, it does not persist
· in B6 mice when it is injected at very high relatedness· to LCMV -Docile. Both strains
originated from an LCMV-WE (UBC) carrier mouse, and nucleotide sequences of these
viruses show high homology in the 'amino acid sequence (one change per 330 amino
acids, unpublished data). In addition, B6 inbred mice infected (i.v.) with 102 or 2 x 106
PFU ofLCMV -Docile or Aggressive were used as controls.
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3.2.1 Regulation of virus-specific CD8+-T-cell response by perforin and FasL during
chronic infection of mice with LCMV Docile

Perforin and Fas/FasL pathways can control T-cell homeostasis by acting directly on
virus-specific T cells to control cell proliferation or via T cell-mediated killing of virally
infected APe. Although acute LeMV infection of mice deficient in peiforin, Fas, or FasL
has previously been characterized extensively [I OS, 126, 163-165], the potential role of
these molecules in the exhaustion of virus-specific T -cell responses during chronic
LeMV infection has not yet been explored. This issue were addressed here by analyzing
viral replication and the development of the virus-specific ens+-T-cell response in mice
deficient in perforin or FasL in the context of infection with LeMV strains causing an
acute (LeMV-Aggressive) or persistent (LeMV-Docile) infection in B6 mice. As
predicted, B6 mice infected with a relatively high dose (2 X I 06 PFU) of Docile failed to
clear the infection, and the virus persisted indefinitely (Fig. 1OA, left panel). Kinetic
studies of virus-specific ens• T cells in the spleen of these mice initially showed a
significant increase in Db GPbJ-4 1 and Db NPJ96-404 tetramer binding of ens• T cells
(Fig. lOB and e, left panels). The number of GP1J3-41-specific T cells increased to a
steady-state level of around 10% of total splenic ens• T cells by day 9 postinfection and
persisted over a 3-month observation period (90 days), whereas the number ofNPJ96-404specific T cells dropped from a maximum of 3 to 5% of ens• T cells at day 6 or 9 to
undetectable levels (less than 0.1 %) by day 30. Both tetramer binding T-cell populations
in these mice initially exhibited antiviral functions (day 6), producing IFN-y after

Fig. 10. Kinetics of virus replication and virus-specific CDtr-T-cel/ response in
spleens of perforin- or FasL (gld)-deficient mutant mice compared to those of
B6 congenic control mice following infection with a relatively high dose of
LCMV- Docile.
Mice were infected with 2 X 106 PFU of LCMV-Docile, and analyses were
performed to correlate the kinetics of virus replication with the kinetics of virusspecific CD8+-T-cell response. (A) Virus titers in the spleens were measured at
the time points indicated. The data shown are means ± standard errors of the
means for 3 to 5 mice (in log1o PFU/gram of tissue). (B and C) In addition, total
numbers ofGP 133-41 or NP396-4o 4 peptide-specific CD8+ T cells were measured by
staining for H-2Db tetramer (•) or intracellular IFN-y(o) production following
stimulation of cells with the appropriate peptide to determine the functional
responsiveness of these cells. The data shown are means± standard errors of the
means for 3 to 5 mice (in log10 virus-specific T cells per spleen). In the case of
perforin-deficient mice, some variations in the number of NP396-4o 4 tetramerpositive cells were observed at late time points. The symbols (&, •) used in the
right column of panel C represent values obtained from the number of mice
indicated.
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stimulation with the appropriate peptide, but they rapidly became unresponsive by day 15
postinfection. Data obtained from FasL+ mice infected with

2X

106 PFU of LeMV-

Docile revealed a general pattern of virus replication and persistence in the spleen similar
to that seen in B6 mice (Fig. 1OA, middle panel). However, in FasL_,_ mice, antigenspecific ens• T cells were induced at slightly higher levels than in the controls and they
persisted, retaining the nonfunctional phenotype, either for 90 days (GPh3-41-specific T
cells) or around 70 days (NP396-404 specific). The death phase of the NP396-404-specific T
cells, which was essentially completed by day 30 in the control mice, occurred by day 90
in FasL_,_ mice, indicating a significant role for the Fas/FasL pathway in the lysis of
virus-specific T cells. Note that the kinetics of functional inactivation by day 15
postinfection of antigen-specific ens• T cells (based on IFN-y production) were identical
for both FasL_,_ and control mice. Finally, as expected, perforin-deficient mice infected
with 2 x 106 PFU of Docile did not clear the infection (Fig. 1OA, right panel). While a
vigorous virus-sJlecific ens•-T-cell response was detected by tetramers and IFN-y
staining, T-cell function was lost by day 15 as observed in control mice. Functionally
unresponsive cells (GPl33-41 or NP396-404 peptide-specific T cells) persisted with
comparable kinetics to FasL-/- mice over 90 days (Fig. lOB and e, right panels). It is
worthy to note that in agreement with earlier reports [110], perforin-deficient mice were
not free of disease signs, and we have observed mortality (around 40%) in these
experiments. Taken together, these data indicate a role for perforin or Fas/FasL effector
cytolytic pathways in the clonal exhaustion of virus-specific ens• T cells. Deficiency in
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either the perforin or the FasL pathway increases the levels and life span of anergic T
cells, perhaps by preventing apoptotic cell death during chronic LeMV infection.

3.2.2 Regulation of virus-specific CDS+-T-cell responses through perforin or FasL
during acute infection of mice with LCMV-Docile or LCMV-Aggressive
We next examined virus specific ens+-T-cell homeostasis under conditions of an acute
LeMV infection, which induced in wild-type mice a vigorous ens+-T-cell response with
rapid control of the virus. Infection of B6 mice with I 02 PFU of LeMV-Docile resulted
in the expa.nSion of GPI33-41 or NP396-404 ens+ T cells that cleared the infection within 2
weeks (Fig. II A, left panel) and persisted at high frequencies, retaining a functional
phenotype (Fig. liB and e, left panels). After virus clearance, a death phase ensued in
which a substantial fraction of the expanded antigen-specific T cells were eliminated.
Similar results were obtained with FasL-t- mice under these infection conditions (Fig. II,
middle panels), except the peak number of virus-specific ens• T cells was approximately
five-fold greater than In the controls. However, the kinetics of the death phase after virus
clearance did not differ significantly, although the level of antigen-specific memory ens+
T cells was somewhat higher in FasL_,_ mice than in the controls. As expected, perforindeficient mice infected with 102 PFU of LeMV -Docile did not clear the infection (Fig.
llA, right panel). Virus-specific ens+ T cells were initially induced and progressively
lost effector function by day 30. When functionally deficient GPb3-4r peptide-specific T
cells were maintained at high levels throughout the period of this study (90 days), the
level ofNP396-404 peptide-specific T cells declined below detectable levels by day 50 oniy

Fig. 11. Kinetics of virus replication and virus-specific CD8•-T-cell response in
spleens of perforin- or FasL (gld)-deficient mutant mice compared to those of
B6 congenic control mice following infection with a low dose of LCMV-Docile.
Mice were infected with 1rJ PFU ofLCMV-Docile, and analyses were performed
to correlate the kinetics of virus replication with the kinetics of virus-specific
CD8•-T-cell response. (A) Virus titers in the spleens were measured at the time
points indicated. The data shown are means ± standard errors of the means for 3
to 5 mice (in log1o PFU/gram of tissue). In addition, total numbers ojGPl33-41 (B)
or NP396-404 (C) peptide-specific CD8+ T cells were measured by staining for H2Db tetramer (•) or intracellular IFN-y (o) production following stimulation of
cells with the appropriate peptide to determine the jUnctional responsiveness of
these cells. The data shown are means ±standard errors of the means for 3 to 5
mice (in log1o virus-specific T cells per spleen). In the case ofperforin-deficient
mice, some variations in the number of NP396-4o4 tetramer-positive cells were
observed at late time points. The symbols (.1.., •) used in the right column ofpanel
C represent values obtained from the number of mice indicated
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Fig. 12. Kinetics of virus replication and virus-specific CD8•-T-cel/ response in
spleens ofperforin- or FasL (gld)-dejicient mutant mice compared to those of
B6 congenic control mice following infection with a low dose of LCMVAggressive.
Mice were infected with 102 P FU of LCMV-Aggressive, and analyses were
performed to correlate the kinetics of virus replication with the kinetics of virusspecific CD8•-T-cell response. (A) Virus titers in the spleens were measured at
the time points indicated. The data shown are means ± standard errors of the
means for 3 to 5 mice (in log10 PFU/gram of tissue). In addition, total numbers of
GP133-41 (B), GP2276·286 (C), or NP396-404 (D) peptide-specific CDS• T cells were
measured by staining for H-2Db tetramer (•) or intracellular IFN-y (0)
production following stimulation of cells with the appropriate peptide to
determine the functional responsiveness of these cells. The data shown are means
±standard errors of the means for 3 to 5 mice (in log10 virus-specific T cells per
spleen). In the case ofperforin-deficient mice, some variations in the number of
NP396-404·tetramer-positive cells were observed at late time points. The symbols
(.&, •J used in the right column ofpanel D represent values obtained from the

number ofmice indicated.
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in a fraction of the infected mice (around 50%). Extended analyses of infection with 102
PFU of LCMV Aggressive essentially reproduced the picture obtained from infection
with 102 PFU ofLCMV-Docile (Fig. 12A to C). The latter analyses include the profile of
the GP2276-286 epitope-specific CDS+ T-cell responses. Note that the delayed kinetics of
functional inactivation of virus-specific CDS+ T cells in perforin-deficient mice infected
with 102 PFU of either Docile or Aggressive were reflected by higher mortality rates
(around SO%) than that seen with mice infected with 2

X

106 PFU of Docile. However,

sufficient numbers of surviving animals were obtained for these experiments, and such
survivors were generally free of severe disease signs.
3.2.3 CD8+-T-cell effector functions are lost in mice with persistent LCMV infection

The MHC-tetramer peptide complex and IFN-y secretion staining assay techniques are
limited by their ability to resolve a signal over background by FACS (around 0.5% of
CDS+ T cells). Hence, as an independent test of functional activity, we measured the
ability of splenocytes from FasL_,_ or B6 mice infected with 2 x 106 or 102 PFU of Docile
to develop cytotoxic activity to the virus or individual peptide epitopes following
stimulation in vitro. Consistent with the results of IFN-y staining, splenocytes from B6
mice infected with Docile (2

X

106 PFU) exhibited substantial cytotoxic responses to

virus or peptides of dominant (GPb3-41, NP396-406, or GPb4-43) or subdominant
(GP1 92_ 101 or NP2os-m) epitopes in the initial phase of infection but lost their cytotoxic
activity by day 15 (Fig. !3A). Similar results were obtained with FasL_,_mice under these
infection conditions (Fig. 13C). To further address the functional behavior of virus-

Fig. 13. Virus-specific cytotoxic activities in spleens of control B6 mice in
comparison to those of FasL (gld) mice.
B6 control mice (A and B) or FasL (gld) mutant mice (C and D) were infected
with 2

X

106 or 10 2 PFU of LCMV-Docile as indicated. Splenocytes isolated on

days 3, 6, 9, 15, 30, and 50 postinfection were stimulated in vitro with GP133-4/ or
NP396-4o4 peptide-pulsed splenocytes as described in Materials and Methods. The
cytolytic activity of restimulated splenocytes cultured at a density of 4

X

I 06

cells/well was measured in a 51 Cr release assay. Virus-specific cytotoxic activity
was expressed in lytic units (LU) per spleen. The data shown are means ±
standard errors of the means for 3 to 5 mice (in log1o virus-specific T cells per
spleen).
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specific T cells, parallel studies were conducted of mice infected with 102 PFU of Docile
(Fig. 13B and D). In general, the magnitude of eTL activity obtained following in vitro
restimulation correlates with the IFN -y staining data. Thus, cytotoxic T-cell responses
were elicited in B6 or FasL_,_ mice in the initial phase of infection and were sustained at
high levels after virus elimination over the period of 3 months. Taken together, the above

fmdings indicate that during chronic infection, virus-specific ens• T cells become
incapable of eliciting their normal array of effector functions, including cytotoxicity and
cytokine production. In addition, the rapid functional inactivation of ens• T cells
specific to subdominant epitopes suggests that such T cells are susceptible to clonal
exhaustion.
3.2.4 Regulation of virus-specific CDS+-T -cell resp011'ses in mice deficient in TNFRl,
perforin and TNFRI, or perforin and IFN-g during infection with LCMV-Docile

In addition to perforin and Fas/FasL effector pathways, 1NFR1 has also been implicated
in homeostatic apoptotic regulation ofT lymphocytes. Thus, we studied the ens•-T-cell
responses in1NFR1_,_ mice infected with LeMV-Docile. 1NFR1_,_ mice were unable to
clear infection with 2

X

106 PFU of Docile, and the levels of GPh3-4I and NP396-4 04

peptide-specific ens• T cells increased initially and either persisted (GPh3-4t) over the
period of this experiment (to day 70) or progressively declined (NPJ96-4o4 ) below
detectable levels by day 70 (Fig. 14, left panels). In these mice, ens• T cells for either
epitope initially exhibited antiviral functions, producing IFN-y after stimulation with the
appropriate peptide, but progressively became unresponsive by day 50 (GPb 3-41) or 30

76
(NP396-404) postinfection. Thus, in contrast to control mice, in which antigen-specific cells
have essentially lost function by day 15 and the elimination of NP396-404 was completed
by day 30, TNFR1 deficiency resulted in prolonged persistence of antigen-specific T
cells and in a delay in the kinetics of functional inactivation.
Extended studies on p-tlNfR1+ mice confirmed the normal course of viral persistence
observed in control mice (Fig. 14, middle panels). However, the number ofvirus-specffic
ens• T cells specific for the NP396-404 epitope did not decrease and remained elevated at
day 90 postinfection. Strikingly, a major fraction of NP396-404 epitope-specific T cells
retained a functional phenotype until day 50. Finally, as a role for IFN-y in the
homeostasis ofT cells through pathways independent of their cytotoxic effector function
has been proposed [6S], we analyzed antigen-specific T cells induction, proliferation, and
death in perforin- and IFN-y-deficient mice (Fig. 14, right panels). As expected, infection
of these mice with 2 X 106 PFU of Docile resulted in viral persistence, and in contrast to
the control mice, neither peptide-specific ens•-T -cell population declined but persisted
at relatively high levels. With regard to the mortality described for LeMV -infected mice
with disruption of the perforin or IFN-y gene [96, 108, 110], perforin- and TNFR1- or
perforin- and IFN-y-deficient mice were generally free of disease sigos, and we have only
occasionally observed lethality in the above experiments.
We next examined antigen-specific ens•-T -cell responses aft~r infection with 102 PFU
ofLeMV-Docile. TNFRI_,_ mice elicited vigorous ens+-T-cell responses against the
dominant GP133-4I and NP396-404 epitopes (Fig. 15, left panels). After clearance of

Fig. 14. Virus-specific cytotoxic activities in spleens of control B6 mice in
comparison to tltose ofFasL (gld) mice.
B6 control mice (A and B) or FasL (gld) mutant mice (C and D) were irifected
with 2 x 106 or 102 PFU of LCMV-Docile as indicated. Splenocytes isolated on
days 3, 6, 9, 15, 30, and 50 postirifection were stimulated in vitro with GP 133-4/ or
NP396-4o4 peptide-pulsed splenocytes as described in Materials and Methods. The
cytolytic activity of restimulated splenocytes cultured at a density of 4 x I 06
cells/well was measured in a

51

Cr ·release assay. Virus-specific cytotoxic activity

was expressed in lytic units (LU) per spleen. The data shown are means ±
standard errors of the means for 3 to 5 mice (in log10 virus-specific T cells per
spleen).
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Fig. 15. Kinetics of virus replication and virus-specific CD8+-T-cell response in
spleens of mice deficient in TNFRJ, peiforin and TNFRl, or.peiforin and JFNr following injection with a low dose of LCMV-Docile.
Mice were infected with 102 PFU ofLCMV-Doci/e, and virus titers in the spleens
were measured at the time points indicated (A). The data shown are means

±

standard errors of the means for 3 to 5 mice (in log,o PFU/gram oftissue). In
addition, total numbers ojGPh1-41 (B) or NP396-404 (C) peptide-specific CD8+ T
cells were measured by staining for H-2Db tetramer (•) or intracellular IFN-r
(o) production following stimulation of cells with the appropriate peptide to

determine the functional responsiveness of these cells. The data shown are means
±standard errors of the means for 3 to 5 mice (in log1o virus-specific T cells per
spleen).

78

B6-TNFR1"1"
(A) 9
8
-;;7
II.

,

~

...

..
s

=

~

"'
D

....

6

:. 5

c

!I s
~ ..

~

3

..........

!\

<2 ~ ,

r-t

'N:~

e:

ft

.

~

/";-:~- "'"' 4!1

;
~

. i/···-··"·~.-·

·~ ~. ~

i

e- :•.T.•.7.•.7 .• ,

•:

•

•

,.I \.

.,
·-

~

•

~-~,~t
Q-Q,Q

t
-

f<O.
8 12 16 30 !0 70 90

Perf"~·IFNy-1·

Perf"".TNFR1"1"

.,f. '•-•....
•
•
~.•

8 12 16

i;> .-Q :9

;l()

90 70 90

r··~.
fe.

' •........,. '

•

J
•

t~o

'•

8 12 16 30 50 70 90

Time after Infection (days)

79
infection by day 15, antigen-specific T cells remained as a functional phenotype at
elevated level. Consistent with the data presented in Fig. 14, in p-'!NFRI_,_ and
p-'-rFN+- mice infected with 102 PFU of Docile, the infection was not cleared and
antigen-specific cos• T cells persisted after losing their antiviral function by day 30 (Fig.
15, middle and right panels). Together, these data show that antigen-specific cos•-T-cell
functional inactivation is disrupted in 1NFR1-, perforin- and 1NFRI-, or perforin- and
IFN-y-deficient mice. The fact that perforin-, FasL-, or 1NFR1-deficient mice showed
comparable viral titers at the onset of infection with 2 X 10 6 PFU of LCMV -Docile,
suggests that it is unlikely that different viral loads could account for our results.

3.2.5 Relative expression of Bcl-2 family members by virus specific CDS+ T cells
during chronic viral infection
Longterm survival of anergic GPI33-4 1-specific CDS+ T cells in the chronic infected host
is observed, despite persistent antigen stimulation that can lead to apoptotic cell lysis as
shown in different experimental settings. This suggests that survival pathways are
activated to prevent physical lysis of these virus specific T -cell populations. In a classical
immune response, the initial phase of expansion ofT cells is followed by a second phase
of elimination of activated cells by apoptosis. In contrast to activated cells, memory T
cells and naive T cells are relatively resistant to apoptosis. These distinct phases of
susceptibility to apoptosis are likely to reflect different expression profiles for members
of the Bcl-2 family with proapoptotic (Bad, Bax) or antiapoptotic (Bcl-2, Bcl-XL)
properties. We therefore examined expression of these molecules by GPIJJ-41-specific

Fig. 16. Expression of Bc/-2 family members in virus-specific CD8+ T cells
during LCMV injection ofB6 mice.
(A) Spleen cells from naive mice (Jt..) or mice infected with 2 X 106 PFU (•) or 1tY
PFU (0) of LCMV-Docile analyzed at the indicated time points after infection
were triple stained with anti-CD8a; antibody specific to Bcl-2, Bcl-XL, or Bax;
and either anti-CD44 (naive mice) or GP 133-4 1 tetramer (infected mice). The
mean fluorescence ofBcl-2 family expression on gated CDs+-CD4l"" or GP 133-41
tetramer-positive T cells was measured by FACS. Bcl-2, Bcl-XL, or Bax
expression was calculated as the mean (± standard error of the mean)
fluorescence increase in relation to isotype antibody control expression for 3 to 6
mice. Statistical analysis (Student's t test) comparing GP h3- 4 rspecific T cells
between mice infected with a high or low dose of LCMV-Docile was conducted
and revealed significant differences (P < 0.01) between Bcl-2 levels at day 9 and
Bcl-XL levels at day 30. P values are indicated in the panels where appropriate.
(B and C) Bcl-2 and Bcl-XL levels in GP 133-4rspecific CDS+ T cells are indicated
for mice infected with high (B) and low (C) doses ofLCMV-Docile on days 9 and
30. In these panels, the green line represents GPh3-41 tetramer-positive T cells,
the red line represents CD8•-CD4l"w T cells in uninfected mice, and the broken
blue line represents isotype antibody control staining. Mean fluorescence
intensity values of Bcl-2 and Bcl-XL staining for GP 133-41 tetramer-positive cells
from infected mice are indicated in the upper right hand corner of each panel.
The mean fluorescence intensities were 20 and 25 for CD8•-CD44'"" cells and 5
and 16 for antibody isotype controls for Bcl-2 and Bcl-XL staining, respectively.
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Cos+ T cells derived from B6 mice infected 1, 9, 15, 30, or 70 days previously with 2 x
106 or 102 PFU of LCMV-Ooci1e (Fig. 16). The levels of Bcl-2 found on GPIJJ-4 1specific cos• T cells isolated from acutely infected mice decreased around the time of
the peak T-cell response (day 9 and 15) to levels lower than in naive (Cos•-C044 10w) T
ceUs. After completion of the death phase and viral clearance, the expression ofBcl-2 in
this T-ceU population increased to a level similar to that found in naive T ceUs. In
contrast, these changes were not observed in functionaUy unresponsive GPIJJ-41-specific
Cos• T ceUs from persistently infected mice (2 x 106 PFU) which had Bcl-2 levels
similar to those found in naive cos• T ceUs isolated early in the infection (day 9 or 15)
and slightly higher than those found later in the course of chronic infection (day 30 or
70). FunctionaUy deficient GP133-41-specific Cos• T cells showed levels of Bcl-XL
which were slightly higher than those of naive cos• T ceUs, whereas levels of Bcl-XL
were significantly decreased in active memory T ceUs generated during acute infection.
Levels of Bax or Bad were at the limit of detection in all cell populations analyzed in this
study.
3.3 Studies of virus replication and anti-LCMV CDS+ T -cell immune response in
lymphoid versus nonlymphoid tissues during acute or persistent infection

The impact of persisting viral antigen on the functional characteristics of virus-specific
cos+ T-ee!! populations in lymphoid versus non-lymphoid tissues and its relationship to
functionally active memory cos+ T-cells generated following acute infection remains an
important but unresolved issue. To address these questions,. the functional properties of

82
virus-specific CDS+ T-cells in different tissues were evaluated here during an acute
versus persistent infection with LCMV. In this study, C57BL/6 mice were used by
infected with selective dose of LCMV-Docile which causes persistent infection (2 x 106
PFU i.v.) or acute infection (10 2 PFU i.v.).
3.3.1 Dynamics of the virus-specific CDS+ T cell response in lymphoid versus nonlymphoid tissues during an acute or persistent LCMV infection

To examine the fate of virus-specific CDS+ T cells in relation to viral load in lymphoid
compared to non-lymphoid tissues during an acute or persistent infection, we measured
the kinetics of viial titers and virus-specific CD s+ T-cell responses in different tissues of
B6 mice infected with LCMV-Docile (10 2 or 2x10 6 PFU); Lymphocytes isolated from
'

spleen, peripheral (axilary, sacral, and mesenteric) lymph nodes (PLN), bone marrow
(BM), liver, kidney, lung and peripheral blood (PBL) were stained with the appropriate
tetramer-peptide complex (Db/GP)J 341 or Db/NP396-4o4) and antibody specific to CD8a to
identify antigen-specific CDS+ T-cells within the entire lymphocyte population in
•'

different tissues. The function of virus-specific T-cells was measured by staining for IFN-

y secretion following peptide stimulation.
In agreement with earlier reports, infection of mice with 102 PFU of LCMV-Docile
causes an acute infection with initial viral replication in multiple tissues. Viral titers
peaked between days 3 and 6, followed by a rapid decline below detectable levels by day
20 after infection in all tissues examined (Fig. 17, panels A and D). Consistent with
earlier experiments, a vigorous expansion of GPbJ-41 and NPJ96-404 T cells were detected
in lymphoid tissues (spleen and PLN). The ensuing contraction phase, shown by

Fig. 17. Persistence of virus-specific CDS+ T cells at high stable memory levels
in nonlymphoid tissues during an acute viral infection.
Analyses were performed to correlate the kinetics of virus replication (A and D)
with the kinetics of virus-specific CDS+ T-cell responses (B, C. E, and F)._
C57BU6 mice were inftcted with 10 2 PFU of LCMV-Docile, and virus titers in
different tissues were measured at the indicated times. Data shown are means ±
standard errors of the means oflogJo PFU/g of tissue for 5 to 10 mice. Parallel
total numbers of GP h3-4J or NP396·404 peptide-specific CDS+ T cells were
determined by staining with H-2Db tetramers (•) or measuring intracellular IFNy (0) production after the stimulation of cells with the appropriate peptide.

Values were derived by multiplying the percentages of total tetramer-positive
cells by_ the total numbers of lymphocytes isolated from a given tissue. Data
shown are means±standard errors of the means oflog1o virus-specific T cells per
spleen for 5 to 10 mice.
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numerical reduction of antigen-specific ens+ T -cells, was followed by the memory phase
where epitope-specific CDS+ T -cells persisted at stable levels whilst retaining a
functional phenotype (Fig. 17, panels B, C, E, F). As shown in Figure 17, the kinetics of
proliferative expansion and memory T -cell development was similar for virus-specific
ens+ T-ee!! populations isolated from lymphoid versus non-lymphoid tissues. Consistent
with that observed in the spleen and PLN, an equal distribution of epitope hierarchies
among virus-specific ens+ T-ee!! populations was observed in non-lymphoid tissues.
Infection of B6 mice with 2xl0 6 PFU of LCMV-Docile resulted in a long-term
persistence of the infection in different host tissues (Fig. lS, panels A and D). Expansion
of GP[]3 41 or NP396-4o4-specific CDS+ T cells, initially exhibiting a functional phenotype,
proceeded rapidly in lymphoid tissues (spleen, PLN), but their function (IFN-y secretion)
was progressively lost (by day 20) and the cells either persisted at high levels in an
anergic stage (GP hJ.4I), as indicated by a lack of IFN-y secretion on restimulation, or
underwent physical elimination (NPJ96404). In striking contrast, a considerable fraction
(10-20%) of virus-specific T-cel!s that migrated to non-lymphoid tissues with intact
antiviral function retained their functional phenotype for prolonged time periods.
Moreover, the fate ofNP3964o4 specific CDS+ T-cells in lymphoid compared with nonlymphoid tissues followed a distinct pattern. Whilst in blood and lungs the initial
expansion of NP396- 4o4 specific CDS+ T-cell populations was followed by their rapid
physical elimination, in other tissues (BM, liver and kidney) they persisted for prolonged
periods with a fraction of them retaining functional activity. However, antigen-specific
CDS+ T-cells with a functional phenotype were inefficient in viral control, and eventually

Fig. 18. Differential regulation of virus-specific

ens•

T-cell responses in

lymphoid versus nonlymplzoid tissues during a persistent infection.
C57BV6 mice were infected with 2 X 106 PFU of LCMV-Docile, and virus titers
in different tissues were measured at the indicated times (A and D). Data shown
are means ±standard errors of the means of log1o PFU/g of tissue for 3 to 5
'

mice. Total numbers of GP133.41 or NP396- 4o4 peptide-specific CD8+ T cells were
determined by staining with H-2Db tetramers (•) or measuring intracellular IFN-

y (0) production after the stimulation of cells with the appropriate peptide (B, C,
E, and F). Data shown are 'means ±standard errors of the means of log10 virusspecific T cells per spleen for 5 to 10 mice.
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(by day 250) lost their antiviral properties and either persisted (GP1

33-4t) or underwent

deletion (NPJ96-404). Extended analysis of the Kb-restricted GPIJ4-43 peptide-specific ens•
T-cell response that is prominent during an acute infection, revealed comparable kinetics
in functional inactivation and physical ~limination to that observed for NPJ96-404 peptidespecific T cells in mice with chronic LCMV infection. Thus, the impact of a chronic
infection on the dynamics and function of the antiviral ens• T-cell popuhition differs
markedly in different tissues. The lymphoid tissues provide an environment for effective
and rapid down-regulation of the antiviral ens• T -celf response during a chronic

.

infection. In contrast, the mechanisms ofT-cell exhaustion operate less efficiently in nonlymphoid tissues.
To test whether the distinct kinetics of epitope specific ens• T-cell populations observed
in lymphoid versus non-lymphoid tissues in mice with acute or persistent

infec~ion

(Fig.

17 and 1S) reflected the overall response to virus, we determined the kinetics of virusspecific ens• T-cell populations by using virus-infected dendritic cells (nC2.4) in
combination with intracellular IFN -y ·staining. As expected, in mice with an acute
infection the sum of GPhJ-4t and NP396-404 specific ens• T-cell populations, as detected
by tetramer staining, essentially comprises the overall LCMV -specific ens• T-cell
response measured in the IFN -y secretion assay (Fig. 19). In addition the data confirmed
the distinct pattern of functional loss and deletion during the course of a persistent
infection. Collectively, these data demonstrate that LCMV infection induces a robust
antiviral ens• T-cell response in multiple host tissues. An illustration of the massive
expansion and tissue distribution of GP hJ~ t or NPJ96-404 tetramer positive ens+ T cells

Fig. 19. Kinetics of total virus-specific cna• T-cell response in different tissues
based on tetramer versus intracellular /FN-y secretion after stimulation of
lymphocytes with DC2.4 virus-infected cells during acute or persistent
infections.
C57BU6 mice were infected with 102 (A) or 2 X 106 (B) PFU of LCMV-Doci/e,
and total numbers of virus-specific CD8+ T cells (sum of GP 133-41 and NP396-404
peptide-specific T cells) were determined by staining with bb!GPh3-41 and
Db/NP396-404 tetramers (• )_ The total numbers of virus-specific CD8+ T cells from
tissues were tested for the ability to produce IFN-y after short-term culturing with
virus-infected DC2.4 cells on the indicated days after infection (0). Data shown
are means± standard errors of the means of log10 virus-specific T cells per tissue
for 3 to 6 mice.
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Fig, 20. Expansion and distribution of epitope-specijic CDS+ T cells in
lymphoid and nonlymphoid tissues in relation to the virus-specific IFN-'f
producing CDS+ T cells during acute versus persistent infections.
C57BU6 mice were infected with 10 1 (A) or 2 X 10 6 (B) PFU ofLCMV-Docile,
and lymphocytes were isolated from the indicated tissues 20 days after infection.
The percentage of antigen-specific CDS+ T cells was assessed by staining with
Db/GPh3-41 (top panels) or Db/NP396-4 o4 (middle panels) tetramers and antibody
against CDS a. Plots shown are gated on live cells. Virus-specific CDS+ T cells
producing IFN-r after stimulation with virus-infected DC2.4 cells were
determined by concurrent analyses (bottom panels). The percentages of CDS+ T
cells staining positive for Db/GP 133-41 or Db/NP396-404 tetramers or producing
IFN-r are indicated in the lower right corners of the corresponding panels.
Results are representative ofseveral separate experiments.
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in relation to the total IFN-y positive CD&+ T-cells on day 20 after an acute versus
persistent infection with LCMV-Doci!e in different tissues is presented in Fig. 20.
To further examine whether virus-specific CD&+ T-cell populations are preferentially
accumulated and/or retained in tissues of infected mice, we evaluated the recruitment
kinetics of specific CDS+ T-cells by calculating the percentages of tetramer positive T
cells within the lymphocyte population in each tissue as a function of time. As a
percentage of CDS+ T-cells, tetramer positive ·cells (the sum of GPhJ-41 and NP396-404
specific cells) were greater during an acute than a persistent infection. Furthermore, tissue
specific differences were observed both in magnitude and kinetics of the LCMV -specific
CTL response in each case (Fig 21). Thus, the percentages oftetramer positive CDS+ T
cells increased rapidly in lymphoid tissues or more slowly in non-lymphoid tissues,
including blood, over the course of acute infection, before reaching relatively high stable
levels (30-40%). Surprisingly in the PLN, there was a transient increase in tetramer
positive CDS+ T cells, which peaked by day 9 (around 30%) but then declined rapidly to
relatively low but stable levels (4-5%). In mice with persistent LCMV infection the
percentages of tetramer positive CDS+ T-cells varied significantly between different
tissue compartments. Whilst in the spleen, PLN, kidney, and lung 5-l 0% of CDS+ T-cells
were tetramer positive, in blood, BM, and liver this population was more prominent (peak
values around 30%). This distinct kinetic pattern in the percentage of tetramer positive
CDS+ T-cells in different tissues, and the fact that tissues such as kidney, lung, liver were
perfused extensively before isolation of lymphocytes excludes the possibility that such

Fig. 21. Tissue-specific kinetics of the virus-specific CDS+ T-cell response based
on percentages of CDB+ T cells that were tetramer positive during acute versus
persistent infections.
The percentages of total CDB+ T cells specific for

GP hJ-41

or

NP396-404

in the

indicated tissues, as determined by tetramer staining, were calculated based on
the data presented in Fig. 17 for acute infections (•) or in Fig. 2 for persistent
infections {0) of C57BL/6 mice with LCMV-Docile. Data shown are means±
standard errors of the means of log,o virus-specific T cells per tissue for 5 to 10
mice.
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virus-specific ens+ T-cells were derived from blood contamination. Thus, the kinetics of
the T-cell response with regard to percentages of virus-specific ens+ T cells in different
tissues varied from tissue to tissue, and did not always reflect the kinetics as calculated
from the total numbers of virus-specific ens+ T cells per tissue.
3.3.2. Distinct patterns of virus-specific

ens+ cytolytic activity in lymphoid versus

non-lymphoid tissues during an acute or persistent LCMV infection

To better characterize virus-specific ens+ T-cell populations during acute or chronic
LeMV infection, we tested for possible functional differences, in addition to IFN-y
production, between antigen-specific ens+ T-cells in different tissues. When we
performed direct ex vivo antigen-specific eTL assays, striking differences were observed
between T cells isolated from different tissues. Nine days after acute infection with
LeMV, high lytic activity measured on virus infected or peptide loaded target cells at
identical effector to target cell ratios, was exhibited by cells from all tissues examined
(Fig. 22A). However, although cells isolated from spleen and liver exhibited significant
antigen-specific lytic activity at later times after infection (up to day 200), cells from
PLN and blood lost their lytic activity assayed by day 30 after infection. In mice with a
chronic infection (Fig. 22B), direct ex vivo lytic activity was detected in lymphoid tissues
at early times (day 6 and 9), but lost by day 30. In contrast, cells isolated from the liver
preserved their cytolytic ability for prolonged time periods. In fact, antigen-specific lytic
activity was readily detected with both virus infected or peptide loaded (GPb.41 or
NP396-404) target cells at day 90, although this activity was subsequently lost (by day
200). Similar results were observed for kidney and lung.

Fig. 22. Virus-specific CDa+ T cells from nonlymphoid tissues preserve their ex
vivo lytic activity for prolonged periods during persistent injections.

C57BU6 mice were infected with 102 (A) or 2 x10 6 (B) PFU of LCMV-Docile,
and lymphocytes were isolated from tissues at the indicated times. Direct ex vivo
CTL activity was measured on virus-infected MC57G cells (•) or on EL-4 cells
loaded with a peptide GPh3-4J (Jt..) or NP396-404 (•) target at an E:T ratio of200:1
for all tissues. The E:Tcell values shown are corrected for the number ofGP1 33.41
and NP396-404 tetramer-positive cells in the total virus-specific CTL population
(virus-infected targets) or for .the number of GP 133-41 or NP396-404 tetramerpositive cells in each epitope-specific CTL population (peptide-loaded targets).
Lysis of untreated target cells was usually :0% at the highest E:T ratio. However,
in a few cases, nonspecific lysis exceeding the 5% level was subtracted from
corresponding lysis values. Results are representative of three separate
experiments.
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Fig. 23. Virus-specific CDS+ T cells in nonlymphoid tissues during chronic
infection preserve the ability to up-regulate lytic, activity after antigenic
stimulation in vitro. C57BV6 mice were infected with J(j (A) or 2 X 106 (B) PFU
of LCMV-Docile, ·and lymphocytes isolated from the spleen and liver at the
indicated times after infection were stimulated with virus-infected macrophages
as described in Materials and Methods. The cytolytic activity ofrestimulated
lymphocytes cultured at a density of 4 X 106/well was measured in a 51 Cr release
assay using virus-infected MC57G cells (•) or EL-4 cells loaded with peptide
GPiJJ-41 (Ji.) or NPJ96-404 (l!) as a target. Cultured cells were resuspended in 1 ml
of medium per culture well, and serial threefold dilutions of effector cells were
performed. E:T cell ratios shown in the blot are corrected for the total number of
tetramer-positive cells per culture well of the original lymphocyte populations
(prior to culture), as described in Materials and Methods. Results are
representative of three separate experiments.
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As an independent assay of functional activity we also compared the ability of antigenspecific cos+ T-cell populations in different tissues to develop lytic activity following
stimulation in vitro. This approach allows direct functional. comparison between antigenspecific cos• T-cell populations in different tissues with regard to their capacity for
proliferation; differentiation to effector cells, and acquisition of cytolytic activity after
stimulation with viral antigen. In this analysis, cytolytic activity was expressed as a
function of effector-to-target (E:T) ratio corrected for the number of tetramer positive
cells initially added to each culture well, as described in Methods. Cells isolated from
spleen and liver of acutely infected mice at early times (days 6 and 9) rapidly upregulated their lytic activity, and sustained this response at relatively high levels
following virus elimination over a period of 200 days (Fig. 23A). As expected, cells
fromthe spleen of mice with a chronic infection exhibited substantial cytolytic activity in
the initial phase of infection, but lost their lytic activity rapidly (by day 30) (Fig. 23B).
Experiments performed with cells from liver confirmed the results of IFN-y secretion
assays, showing substantial antigen-specific cytolytic activity on day 30 and day 90, but
not day 200 after infection.

3.3.3. Hierarchical functional impairment of CDS+ T -cells during chronic viral
infection
To further evaluate the functional properties of virus-specific Cos• T-cell populations
during acute versus chronic infection, we performed analyses of cells isolated from liver
or spleen to establish the kinetics of cytokine responses by comparing numbers ofiFN-y-,
TNF-a-, and IL-2-producing cos• T-cells stimulated either with virus (using OC2.4

95

infected cells to stimulate cytokine secretion) or peptide (GPI3341 or NP396-4o4) with the
numbers of tetramer positive

ens+ T-cells with the same specificity. As can seen from

Fig. 24A for mice with acute infection, nearly the entire population of tetramer positive
cells from spleen produced IFN-y during the course of infection. The number of tetram~r
positive

ens+

T-cells producing TNF-a varied from 20% to SO% of total tetramer

positive cells, but became more frequent in the memory phase of infection (days 30 and
I4q). In contrast; only 5 to 10% of the tetramer positive population produced IL-2 upon
stimulation with virus or peptides.· Co-staining for IFN-y and TNF-a or IFN-y and IL-2
during the response to acute infection revealed that TNF-a and IL-2 were produced by
antigen-specific

ens+

peptide-specific

ens+ T~cell populations were observed for cells isolated from the liver.

T cells producing IFN -y. Similar kinetic profiles for virus or

To examine how a chronic infection impacted the ability of antigen-specific

ens+ T-cells

to up-regulate cytokine production upon antigen stimulation in vitro, similar analyses
were performed using mice persistently infected with LCMV. As shown in Fig. 24B, in
the initial phase of infection.(day 6) the entire population of tetramer positive

ens+ T-

cells isolated from the spleen possess the capacity to produce IFN-y, whilst only a
fraction of them produced TNF-a (10-20%) or IL-2 (1-2%). However this ability was
progressively lost by day 20 after infection with similar kinetics for individual cytokines.
Interestingly, the ability of NP396·404 specific

ens+

T -cells to produce IL-2 was

completely suppressed, even at early times of infection. An essentially similar pattern of
cytokine production was observed at day 6 after infection for antigen-specific T -cells
isolated from liver. However marked qualitative differences were observed further in the

Fig. 24. Virus-specific CDB+ T cells in nonlymphoid tissues experience
functional exhaustion with a hierarchical loss of /L-2, TNF-a, and IFN-Y
during chronic infections.
e57BL/6 mice were infected with 102 (A) or with 2 X 106 (B) PFU of LeMVDocile, and lymphocytes were isolated from the spleen and liver at the indicated
times. The total numbers of virus- or GPhJ-41 or NP396-404 epitope-specific ens+
T cells producing IFN-y (•), TNF-a (A.}, or /L-2 ('r) after short-term culturing
with virus-infected De2.4 cells or peptide, respectively, are shown. For a
comparison, the numbers of total (sum of GP hJ-41 and NP396-4o4) (left panels),
GP 133-41 (middle panels), or NPJ96-404 (right panels) peptide-specific ens+ T cells
were determined by staining with H-2Db tetramers ~). Data shown are means±
standard errors of the means oflog1o virus-specific Tcells per tissue for 5 to 10
mice.
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course of infection. Thus, while the capacity for IFN-y production in the initial phase of
infection was lost for the majority of virus or peptide specific ens+ T-cells, a substantial
fraction of them (10-20%) preserved this function and this was retained at stable levels
(until at least 140 ·days after infection). However, the ability to produce IFN-y was also
compromised at day 200 after infection. In striking cop.trast to this, the frequency of
antigen-specific

ens•

T-cells producing TNF-a progressively declined and was

essentially absent by day 120 after· infection. The capacity for IL-2 production was
ablated more rapidly during the initial phase of infection. Thus, these findings suggest
that antigen-specific

ens+

.

.

T -cells in non-lymphoid tissues experience functional

exhaustion with a hierarchical level of secretion and subsequent loss of IL-2, TNF -a and
fmally IFN-y production. In contrast, in the environment of lymphoid tissues (e.g. spleen)
T cells experienced rapid functional inactivation with similar kinetics for individual
cytokines.
3.3.4 Phenotypic analysis of antigen-specific CDS+ T -cells during acute versus
chronic infection
The differentiation of naive

ens+ T-cells into effector cells by acquisition of antiviral

properties and their relocation to different tissues is a complex process involving
structural reorganization of the cellular membrane and cytoskeleton associated with
expression of activation markers and alteration in cell adhesion and homing receptor
expression [144, 166, 167]. To examine the pattern of expression of such molecules
during an acute versus persistent infection, we have longitudinally analyzed activation
and adhesion molecules on

ens+ T-cells (specific for GPh3-41) isolated from spleen and

9S

liver. As shown in Fig. 25A for spleen, enl!a (LFA-1) expression is up-regulated on
antigen-specific ens• T-cells in the early phase of acute or persistent infection (day 6)
and remained at elevated levels throughout the infection. At a very late stage of infection
(day 140), however, en11a expression was higher on antigen-specific T-cells from
persistent compared to acute infection. Expression of en2s (IL2-Ra) and en122 (IL2R~)

molecules was transiently up-regulated during the proliferative phase (day 6 after

infection) of antigen-specific T-ee!! responses in both acute and persistent infection. By
day 20 after infection, expression returned to levels detected on control ens• T-cell
populations from uninfected mice. GPb 3.41 specific ens• T-cells expressed high levels
of en44, which plays a role in lymphocyte migration, throughout the course of infection.
Interestingly, although similar expression levels were observed for specific T -cell
populations from acute versus persistent infection on .day 6 and 9, further in the course of
infection en44 expression was markedly lower during persistent infection. 1B 11
determinant, a carbohydrate epitope expressed on en43 and en45 epitopes, was upregulated on activated antigen-specific ens• T-cells in the onset·of acute infection (day
6), followed by down-regulation during the transition from the effector to memory phase
(day 9 -20). However, lBll was constitutively expressed at high levels during persistent
infection. cn69, an early activation marker, was transiently up-regulated on day 6 during
acute infection. However, this expression remained somewhat higher during persistent
infections, as reported previously [31]. The expression of lymph node homing receptor
en62L was rapidly down-regulated by day 9 after infection during both acute and
persistent infection, although down-regulation appeared less prominent during persistent

Fig. 25. Phenotypic analysis. of virus-specific CDS+ T cells from tlze spleen and
liver during acute versus persistent infections.

Lymphocytes isolated from the spleens (A) or livers (B) ofC57BU6 mice irifected
with lrY PFU (red histograms) or 2 X 106 PFU (open, thickly lined histograms)
of LCMV-Docile at the indicated times after infection were triple stained with
anti-CD8a, an antibody specific for CDlla (LFA-1), CD25 (IL-2-Ra), CDI22
(IL-2-R/3), CD44, JEll (CD43), CD69, CD62L, or Ly-6C, and the D b!GPI 33_41
tetramer. Histograms. are gated on cells that were positive for CD8a- and
Db/GPI 3341 tetramer. As a control, cells from uninfected mice were double
stained for CD8a and the activation markers listed above (green histograms).
These results are representative of three separate experiments.
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infection at day 9. Finally, staining for expression of Ly-6C, a membrane-anchored
glycoprotein involved in cell adhesion and homing, revealed distinct expression patterns
for specific T cells during acute versus persistent infection. During acute infection Ly-6C
was highly expressed on antigen-specific CDS+ T-cells in the initial proliferative. phase
(day 6), followed by transient down-regulation in the effector phase (day 9) and reexpression at high levels in the memory phase (day 20_onwards). In striking contrast,
during persistent infection antigen-specific T -cells lost expression of Ly-6C at the
transition from effector to memory phase. Similar patterns of CD 11 a, CD25, CD 122,
CD44, IBll, CD69, CD62L and Ly-6C expression were observed on

GPbJ-4 1

specific

CDS+ T-cells isolated from the liver of mice with acute or persistent infection (Fig. 25B).
In conclusion, phenotypic analysis of antigen-specific ens+ T-cells in spleen and liver,
revealed similar expression patterns for several molecules broadly used to define effector
and memory T-cell populations. However, comparative analyses with regard to
expression of these molecules during acute versus persistent infection revealed striking
·differences.
3.3.5 Comparable "Functional Avidity" and TCR affinity profiles of specjfjc CDS+ T
. cells in lymphoid versus non-lymphoid tissues during acute or chronic infection

To further investigate whether the differential susceptibility of antigen-specific CDS+ Tcell populations to clonal exhaustion (anergy and/or physical elimination) observed in
spleen versus liver is associated with selection of particular CDS+ T clones, we measured
function-based avidities and performed comparative TCR repertoire analyses within
GPbJ-41

and NP396-404 specific CDS+ T-cell populations.

101
To measure function-based avidities of GPI33-41 specific

ens• T-cell populations, we

quantified the amount of peptide required to induce critical effector functions such as
lytic activity and cytokine production (IFN-y, TNF-a.) (Fig. 26). In general, avidity,
defined as peptide concentration required to obtain 50% maximally sis of target cells, or
to induce IFN-y or TNF-a. production in 50% of GPbl-41 specific

ens• T-cells isolated

from spleen and liver on day 6, 9 or 30 after acute versus persistent infection did not
differ significantly. Interestingly, GPb3-41 specific

ens•

T-cells from the spleen of

acutely infected mice on day 6 after infection showed a 10-fold higher avidity as
determined by the CTL assay than corresponding cells from mice with an persistent
infection. However, this difference could be not verified in the peptide induced IFN-y or
TNF -a production analyses. The absence of difference in functional avidity between
· GPb 341 specific

ens• T-cells isolated from the spleen and liver during acute versus

persistent infection was further supported by analyses of the Vf3 T-cell receptor
repertoires, which showed comparable distribution profiles of Vf3 usage by GPb3-4J
specific ens• T-cells isolated from spleen, PBL and liver between day 6 through day I 00
after infectio"n. Representative distribution profiles ofVf3 usage for day 9 and day 20 after
infection are shown in Fig. 27. Concurrent analyses of NP396-4D4 specific

ens• T-cell

populations on day 6 and day 9 after infection confirmed the above conclusion.
In extended analyses the TCR affinity ofNP396-4D4 versus GP133-41 peptide-specific

ens•

T cells was compared. Although there was a small but reproducible increase in TCR
affinity (increased tl/2 values) over the course of the infection, no apparent differences in

Fig. 26. Functional avidity of virus-specific CDB+ T cells in the spleens and
livers of mice with acute versus persistent infections.

C57BL/6 mice were infected with J(j (0} or 2 x/06 (e) PFU of LCMV-Doci/e,
and lymphocytes were isolated from the spleen and liver at the indicated times.
Function-based avidities of GP h3-4J-specific CD8' T cells were determined by
quanti.fj;ing the amount ofpeptide required to induce ex vivo lytic activity against
EL-4 target cells loaded with the indicated concentrations of GP 133- 41
(KAVYNFATM) peptide (A). Antigen-specific lysis of target cells at each peptide
concentration is shown as a percentage of the maximum response obtained with a
1{f 4 M peptide concentration. In
parallel analyses, IFN-y (B) or TNF-a (C) production was measured after direct
ex vivo stimulation with graded doses ofpeptide. The results were expressed as
percentages of the maximum response attained with a saturating peptide
concentration (1o- 4M). Data are presented as means
means for three experiments.
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Fig. 27. Distribution profiles of V{J usage by GP1JJ-4rspecijic CDS+ T cells
isolated from the spleen, PBL and liver during acute versus chronic injections.
C57BU6 mice were infected ..;,ith 102 (0) or 2

X

106 (•) PFU of LCMV-Docile,

and lymphocytes isolated from the splee.n, blood, and.liver at the indicated times
we~e triple stained with an anti-CD8c' antibody, the Db/GP 131.41 tetramer, and an

antibody specific for VfJ segments. Results from individual mice are shown as
percentages of the GP 131-41-specijic CD8+ T-cell populations for each VfJ
segment.
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TCR affinity were observed between the NP396-404 or GPb3 41 specific

cos• T-cell

populations isolated from spleen and liver of mice with acute or persistent viral infection
(Table 4). Thus, the susceptibility to deletion of virus-specific

cos• T-cells in mice with

chronic LCMV infection is unlikely to be an intrinsic property of the TCR affinity of
each population.

TABLE IV. TCR affinities of virus-specific CD8 T cells in the spleens and livers of mice during acute or
persistent LCMV-Docile infoctions"

t1n ofTCR-peptide-H-2Db interaction

Docile
(PFU)
2 X 106

102

Days after

Db·GPln_,,

infection

Spleen

7

24.9 ± 0.3

9

Db -NP395-404

Liver

Spleen

Liver

38.8±3.1

18.7 ± 0.5

18.2 ± 2.9

37.3 ± 3.2

40.7±3.2

48.5 ± 8.7

23.3±2.0

30

31.0 ± 0.9

48.2 ± 12.7

ND*

ND

7

37.1 ±2.1

31.2±3.9

20.7 ± 1.5

18.4 ± 1.7

9

57.2 ±6.8

57.7 ± 7.0

56.7 ± 3.3

26.8 ± 3.5

30

43.9 ± 5.4

56.1±4.5

61.6 ± 5.3

60.5 ± 3.2

n GP I JJ-.a or NP1 p6-loJ peptide-specific CDa~ T cells in the spleens and livers of persistently (2 X lfl' PFU) or acutely (UI PFU)
infected mice exhibited similar TCR affinities, as measured by a dissociation assay. Lymphocytes isolated on days 7, 9. and 30 qfter
the infection ofC57BU6 mice were stained with the D6-GP I n-JI or d-NPJM-m peptide tetramer at room temperature. Cells were
washed twice and incubated in the presence of a saturating amount of d monoclonal antibody. Dissociation was monitored for 0 to
180 min. The natura/logarithm of the percentage of tetramer-posilive T cells at each time point (compared to 0 mtn) was plotted
against time. The half-life of each tetramer was derived from the slope by the equation 1111 = In 2/slope, as described in Materials and
Methods. Data shown are means ±standard errors ofthe means oft111 expressed in minutes for three or four indMdual mice.
• ND, not done.
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3.3.6 Link between persistence of virus-specific CDS+ T-cell response and liver
injury
A characteristic feature of many chronic infections in human is the persistence of a virus-

specific ens+ T-cell response in the presence of relatively high levels of virus, which can
be associated with emergence of viral escape mutants in class I MHe-restricted ens+ Tcell epitopes and/or tissue injury (e.g. hepatitis). Persistence of viral infection despite
presence of functional ens• T-cells in non-lymphoid tissues. could be explained by
emergence of T -cell escape viral mutants. To explore this possibility sequencing of
LeMV genome of several bulk virus isolates recovered on day 30 after persistent
infection from spleen, liver, kidney and luog was performed. The results did not support
this possibility as no mutations in regions encoding dominant ens+ T -cell epitopes were
detected. The possibility that persistence of functional ens• T-cells in non-lymphoid
tissues, especially in liver, may result in disease has been examined by
immunohistochemical analysis of liver tissues and by measuring serum transaminase
activity over the course of a persistent infection. The histological examination of liver
sections revealed signs of extensive in:flanuoatory reactions at all times evaluated (9, 15,
21, 2S, 35 days) (Fig. 2SA). In the early stage of infection (9, 14 and 21 days)
inflanuoatory cells, consisting mostly of lymphocytes were found distributed over the
entire liver parenchyma and were associated with signs of liver cell destruction.
Thereafter the inflammation become more focal with prominent formation of periportal
mononuclear and lymphocytic infiltrates, associated with a decrease in liver pathology.
Liver tissue damage was also reflected by a drastic increase in transaminase activities in

Fig. 28. Immune system-mediated liver injury during chronic infection of mice
witlzLCMV
(A) C57BL/6 mice were infected with 2 x 106 PFU of LCMV-Docile, and liver
tissues recovered on days 9 (b), 15 (c), 21 (d), 28 (e), and 35 (f) after infection

we~e fzxed in acetone, sectioned, and stained with hematoxylin and eosin. Liver
'- 7

•

tissues from uninfected mice (a) were used as a control. Arrows indicate
periportal mononuclear infiltrates in tissues of infected mice. Original
magnification, X 200. (B) Liver-specific enzyme .activities in serum (sALT and
sAST) were measured over a period of 3 5 days after the infection of mice with 2 X
106 P FU of LCMV-Docile (• ). Control values from sera of uninfec~e_d mic.e are
also shown (0). Data shown are means± SEM of enzymatic activities (units per
liter) of three individual mice.
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serum; they peaked on day 9 for ASTor day 15 for ALT and fell rapidly after day 21
(Fig. 28B). As liver disease during LCMV infection is largely. dependent on the activity
of virus-specific cos• T cells these results indicate that virus-specific cos• T cells
detected in the liver were active at least in the initial stage of persistent infection,
although they were not adequate for resolution ofLCMV infection.
3:3.7 Regulation of the virus-specific CDS+ T -cell response by CD4+ T cells in
lymphoid versus non-lymphoid tissues during a chronic LCMV infection
In most viral infections, cos• T cells form a crucial arm of the immune response through
action of effector cytokines and cytolysis. In addition, C04+T cells provide help for both
cos• T-cell and B-cell responses. Evidence that a robust C04+ T cell response may be
essential for effective antiviral cos• T -cell immunity has been obtained in several
experimental settings. The induction of virus-specific C04+ T cells that persist and retain
function for several weeks during a chronic LCMV infection has been well documented
[16S]. In this context it is interesting to know whether prolonged persistence of virusspecific cos+ T-cells is dependent on C04+ T cell help. Induction of virus-specific cos•
T cells in C04-t- B6 mice in the initial stage of a persistent LCMV infection was
comparable to that observed in control mice (Fig. 29). However, in the absence of C04+
T cell help, virus-specific Cos• T-cells lost their antiviral function rapidly (within 20
days) after infection in different tissues. This is in marked contrast to that observed in
control mice with intact C04+ T cell populations, and was reflected by significantly
higher levels of persisting virus titers in different tissues compared to controls (compare
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Fig. 18 versus Fig. 29). GP1 33 •4 1 peptide-specific

ens• T

cells that were resistant to

deletion were physically eliminated more rapidly than in control mice in all tissues
studied. As evident from Fig. 30, an increase in viral titers, especially in liver, of
chronically infected mice depleted of CD4+ T cells by antibody treatment on day 15 after
infection when virus specific T cells with intact function were present in non-lymphoid
tissues, provided further evidence of a role for CD4+T cells in control of viral levels in
different tissues. We therefore postulate that a persistent CD4+ T-cell helper response
may be essential for effective antiviral CD8+ T-cell responses during chronic infections.

Fig. 29. Rapidfunctionalloss and physical elimination of virus-specific CD8+ T
cells in lymphoid versus nonlymphoid tissues in the absence of CD4'" T-cellltelp
during chronic LCMV infection.
C57BU6-CDr1- mice were infected with 2 x I 06 P FU of LCMV-Docile, and virus
titers in different tissues were measured at the indicated times (A and D). Data
shown are means± standard errors of the means of/ogJo PFU/g of tissue for 3 to
5 mice. Total numbers ofGP hJ-41 or NP396-404 peptide-specific CDft T cells were
determined by staining with· H-2Db tetramers (•) or measuring intracellular
IFN-y (0} production after stimulation of cells with the appropriate peptide {B,
C, E, and F). Data shown are means ±standard errors of the means of log1o
virus-specific T cells per fissure for 3 to 5 mice.
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Fig. 30. Capacity of virus-specific CD8+ T cells and CD4+ T cells to control
levels of viral titers in different tissues of mice with persistent LCMV infections.
Kinetics of viral titers in different tissues ofC57BU6 mice infected with 2 X 106
PFU ofLCMV-Docile and depleted ofCD8+ Tcells (0) or CD4+ Tcells ('tf) by an

antibody treatment on day 15 after infection (indicated by arrow) are shown.
Infected but untreated C57BU6 mice were used as a control (•). Data shown are
means± standard errors ofthe means oflog/0 virus-specific T cells per spleen for
3 to 5 mice.
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Chapter IV. Discussion
4.1. Role of IFN-a/1} and IFN-y in persistence of LCMV by clonal exhaustion of
cytotoxic T cells

In this work, we studied the down-regulation of the virus specific CD8+-T-ceii response
(clonal exhaustion) during persistent infection of adult mice, with particular emphasis on
examining the contribution of IFNs, which play a large part in containment of virus
growth in the early course of infection. The data obtained support the hypothesis that
virus load in the early phase of infection is a critical factor in the effectiveness of the Tcell response and that the production of IFNs can critically regulate the delicate balance
between viral replication and host immune. The main conclusions of this study are that an
inverse correlation exists between antigen persistence and responsiveness of virusspecific T cells and that distinct programs of activation or tolerance (functional
unresponsiveness and/or physical elimination of antigen~specific cells) are operative
during acute and chronic virus infections. (i) During the course of acute infection (which
lasts only about 2 weeks), CD8+ T cells expand and differentiate into effector cells, which
mediate viral clearance. Fully functional, antigen-specific memory CD8+ T cells are
maintained throughout the life of the host at relatively high levels. (ii) During chronic
infection with protracted persistence of virus, antigen-specific CD8+ T cells initially
exhibiting antiviral function lose this function and persist in unresponsive state for
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several weeks. However, after virus levels decline below threshold levels, functional
CD8+ T cells become detectal;lle again. The origin of these cells is unknown, but they
may be anergic virus-specific T cells, which have regained their function in the antigenfree environment, or newly selected virus-specific T cells emerging from the antigen-free
thymus. (iii) During a permanent persistent infection, activated antigen-specific cells
progressively lose their function and either persist indefmitely in this nonfunctional state
or are deleted in the late stages of infection. A further distinction in the last two scenarios
is that anergy followed by physical deletion of virus specific CD8+ T cells can operate to
silence certain epitope specific CD8+ T cells irrespective of whether permanent or timelimited persistence of virus infection is observed. Thus, in this experiment setting,
NP 396-4o6 tetramer-binding CD8+ T cells are more sensitive to deletion than GP2276-286 specific cells, whereas GPhHr-specific T cells are relatively resistant and are deleted
only under conditions of long-term virus persistence. Finally, the data concur with and
provide further experimental evidence for the concept that an appropriate balance
between cellular and huinoral components of the immune system to avoid host disease
caused by immunopathology and prevent immune escape variations of the pathogen is a
feature of a successful immune response with defmitive viral clearance. Thus, failure of
CDS+ T cells to rapidly clear the virus due to their functional exhaustion may lead to a
protracted vii-a! persistence. In this situation, CD4+ helper T cells and neutralizing
antibody produced by B cells can become the principal arm of antiviral defense, and viral
clearance can be achieved at a later stage of infection. Long-term persistence of infection
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can occur if the effectiveness of both arms of the immune response is lost or drastically
reduced. Furthermore, an imbalance between viral spread and the host immune response
can lead to host death, due to excessive activation of ens• T cells resulting in lethal
immune pathology. This has been observed in our experiments with IFN-yR-1- mice under
conditions of infection where -rapid viral clearance or viral persistence cannot be readily
achieved.
A vital question concerns the mechanisms and factors that determine the nature and
kinetic patterns of functional inactivation and/or physical deletion of virus-specific ens•
T cells during persistent infection. Down~regulation of the virus-specific ens•-T-cell
response is the first critical step for survival and persistence of the virus in the host, but
en4• helper T cells are also susceptible to anergy or physical deletion as reported
previously [16S, 169]. According to these earlier reports, antigen-specific en4• T cells
persist for several weeks and retain a functional phenotype in C57BV6 mice infected
with a high dose of LeMV-Docile, which causes permanent viral persistence, but they
progressively become unresponsive, and eventually a fraction are physically deleted.
Furthermore, the process of exhaustion proceeds with much slower kinetics, in that
anergic en4• T cells become detectable at around day 70, compared to virus-specific
ens• T cells, which develop an anergic phenotype by day 15. As CD4+ helper T cells are
central regulators for the B-cell response, exhaustion of virus specific en4• T cells at this
late-time may affect the production of neutralizmg antibody, which represents a critical
component of the host immune system for control of persistent LeMV infection [170-
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173]. The concept that acute or persistent viral infection (protracted or permanent) is

dictated by the degree and kinetics of down-regulation of the virus-specific immune
response can explain the different outcomes of the viral infection in this study. As virusspecific cog+ T cells in mice with LCMV persistence become functionally inactive or
deleted in the early stages of infection, the eventual·clearance of infection seen in mice
with protracted viral persistence may involve intervention of antigen-specific C04+ T
cells and antibody production. Three roles for virus-specific C04+ T cells can be
considered: (i) virus-specific C04+ T cells are critically involved in induction and
differentiation of cog+ T cells, for example, by secretion of cytokines (such as IL-2) or
increasing expression of costiinulatory molecules (e.g., B7-1 and B7-2) on antigenpresenting cells [174],' (ii) C04+ T cells are involved in the virus clearance process by
regulating neutralizing antibody production, or (iii) C04 + T cells function by direct
inhibition of virus replication via secretion of antiviral factors (e.g., IFN-y or TNF-a)
[170, 172, 173, 175]. A major role for C04+ T cells in the induction and differentiation of
c~g+

T cells can be excluded, as our data indicate that depletion of C04+ T cells at the

time of infection has no significant effect on the kinetics of proliferation or functional
inactivation of virus-specific cog+ T cells during the acute phase of infection. However,
it remains possible that C04+ T cells do have a function in the maintenance of cog+- Tcell activation and influence the longevity of the cog+-T -cell population once it has
become anergic. Our data most favor <l role for C04+ T cells in initiation of the virusspecific antibody response responsible .for eventual clearance of LCMV infection, as
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elimination ofCD4+ T cells inhibits antiviral antibody production. The fact that CD4+-Tcell depletion on day 20 after infection, when functional virus-specific cos+ T cells are
not detectable, does not prevent clearance of virus infection and can no longer affect
virus-specific antibody production provides further support for an antibody-mediated role
in the clearance of a protracted viral persistence. Note that the induction and
differentiation of virus-specific B cells are advanced on day 20 after infection and may no
longer be dependent on CD4+-T-cell help. Consistent with this, we have reproducibly
observed moderate levels of neutralizing antibody in IFN-deficient mice infected with a
high dose of LCMV -Docile, while 129/SvEv control mice exhibited significantly higher
antibody levels, having cleared the infection. How;ever, we should keep in mind that the
virus-specific antibody response is auxiliary in the virus clearance process and that
inactivation of CDS+ T cells is the crucial step for virus persistence. This view is
consistent with earlier studies [17, 37, 127] showing that CD4+ T cells are critical only in
threshold situations where complete exhaustion of cos+ T cells normally does not occur
and thus virus resolution proceeds with delayed kinetics. These findings have
implications for chronic viral infections in general and may provide a possible
explanation for the loss of hll)llan immunodeficiency virus-specific CDS+ CTL activity
that is seen during the late stages of AIDS, when CD4+-T cells become limiting. Finally, a
vital question concerns the mechanisms allowing virus to reemerge in the spleens of
infected mice that were depleted of CD4+ T cells by day 20 after infection. One plausible
explanation for this could be that neutralizing antibody escape variants are selected at late
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times in the course of infection as a result of inunune pressure and are able to persist in
the host.
The concepts developed above to explain the different patterns of virus infection in this
study rely solely on the function of IFNs in regulating virus-specific T-cell responses
through modulation of viral replication and spread. However, IFNs have been proposed
to regulate T-cell homeostasis (expansion, immunodominance, hierarchies, death phase,
and memory phase ofT cells) through pathways independent of their antiviral function
[68]. Our data are largely consistent with the view that the principal function of IFNs in
LCMV infection is via direct control of virus spread; however, there are observations that
may be better interpreted in the context of direct regulation ofT-cell responses by IFN s.
Thus, development of the wasting disease and subsequent death of IFN-yR_,_ mice
infected with 102 PFU ofLCMV-Docile in this study, or with LCMV-Traub in studies by
others [96], suggest that IFN-y deficiency can result in impaired silencing of virusspecific CD8+-T-cell responses and thus exacerbation of immune-mediated pathology.
More-detailed analyses are required to determine the mechanisms of IFN -y-mediated
regulation of antigen-specific T -cell homeostatic under different conditions of infection
with LCMV. Finally, despite large viral loads at the onset of infection of IFN-a/~R+
mice with I 05 PFU of Armstrong and the resultant delay in clearance of virus, CDS+ T
cells never entirely lost their antiviral function. This suggests that inactivation of IFNmediated responses may differentially affect the pattern of infection, as determined by

118
spread of the infection in different cell types and/or by the rate of virus replication per
cell, depending on the virus isolate.
Resolving the issue of why the immune system ultimately fails to control some viral
infections requires a comprehensive analysis of several factors and mechanisms that
regulate both replication and spread of the virus and cellular and humoral host immune
responses. The studies presented in the section 3.1 clearly document that viral infections
do not simply either terminate by rapid viral clearance or persist following collapse of
virus control but that there are several possible outcomes lying between these extreme
situations, including the possibility of a balanced long-standing coexistence of virus and
active T-cell immune surveillance as reported previously [176, 177].
4.2 Role ofPerforin-, Fas!FasL-, and TNFRl-mediated cytotoxic pathways in downregulation of antigen-specific CDS+ T cells during LCMV infection

As the net balance between induction and inactivation of antiviral T cells can determine
the final outcome of a viral infection, we have explored here the contribution of perforin,
Fas/FasL, or 1NFR1 pathways in the clonal exhaustion of virus-~pecific

eng+ T

cells.

The main observation is that deficiency in perforin, FasL, or TNFRl prolong the life span
of unresponsive T cells, probably by preventing cell death, for several weeks (up to 70
days). This was most clearly seen for

ens+ T cells

specific to NP 3 96-404, which are

deleted rapidly in wild-type mice (within 30 days). The effects ofperforin and TNFRl on
the kinetics of antigen-specific T-celllysis were additive, because deficiency in perforin
and TNFRI promotes survival of virus-specific

eng+ T

cells for at least for 90 days.
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Similar kinetic profiles for antigen-specific T-ee!! responses were obtained for perforinand IFN-y-deficient mice. Moreover, the data presented in Fig. 10, 11, and 12 reveal two
additional important features in the regulation of the virus-specific cos•-T-cell response.
(i) The level of peak virus-specific

cos•-T-cell expansion is of a considerably smaller

magnitude in mice with viral persistence than in animals which rapidly cleared the
infection. Thus, for example, the peak levels ofGP13~t peptide-specific cos• T cells in
B6 mice infected with 2 x 106 or 102 PFU of LCMV-Oocile or 102 PFU of LCMVAggressive were 5.5 log 10, 6.5 log 10, or 7 log 10, respectively, by day 9 postinfection.
(ii) The death phase of virus-specific

cos• T cells was abnormal in mice infected with 2

x 106 PFU ofLCMV-Oocile. No significant decrease in antigen-specific

cos• T cells

was observed by day 15 or 30, a time at which the death phase is essentially completed in
mice which clear the infection. Remarkably, the levels of antigen-specific memory

cos•

T cells were comparable between the different groups of mice. Together these data
provide direct evidence that under conditions of overwhelming infection death of
antigen-specific T cells does not occur during the acute phase. The mechanisms and
factors, which determine down-regulation of the antiviral immune response during
persistent infection with LCMV, are poorly understood. However, functional inactivation
is the first step in the down-regulation of the

cos•-T-cell response, and physical deletion

proceeds subsequent to this, providing direct support for a linear differentiation model of
T-cell regulation during chronic LCMV infection. According to such models, the life
span of functionally deficient T cells will depend on the expression of various T -cell
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survival factors. Eventually, after a period of persistence, functionally inactive

cog+ T

cells will be lysed via several possible (but not mutually exclusive) mechanisms
described below.
The first death mechanism results from excessive TCR stimulation (above a threshold
level) causing antigen-specific cell lysis by controlled expression of death factors or by
increasing the sensitivity of cells to death signals. It has been shown that prolonged viral
antigen stimulation ofT cells triggers feedback mechanisms that limit their proliferation
and differentiation, resulting in activation-induced cell death (AICD) and termination of
the T-cell immune response [178-182]. Our findings illustrate that this can occur as a
consequence of Fas/FasL- or TNFRl-mediated AICD. Intracellular factors, such as the
Bcl-2/Bcl-XL antiapoptotic proteins and the Bad/ Bax proapoptotic proteins, have also
been implicated in the regulation of AICD in the acutely infected host [183, 184]. To
understand the role of such factors, it is critical to note that such pro- and anti-apoptotic
proteins can heterodimerize and effectively dilute each other's function, suggesting that
the balance between competing activities of these factors determines the fate of
individual T cells. The lack of down-regulation of Bcl-2 expression by functionally
inactive T cells in chronically infected hosts, compared to that seen in functional T cells
in acutely infected hosts during virus resolution, implies that the persistence of
functionally inactive antigen-specific T cells is (at least in part) controlled through
mechanisms that regulate these proteins. A second death mechanism may be senescence
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of antigen-specific T cells, a process occurring when T cells exceed a certain number of
divisions. This is an attractive hypothesis, which will be addressed in ongoing studies.
A final potential death mechanism is via the selective elimination of virus-infected
professional APC by activated T cells. In this scenario, destruction of APC via cytotoxic
pathways, especially perforin-mediated cytolysis, would eventually result in complete
absence of cosignal delivery by accessory cells and this would facilitate T-cell death [55,
131]. Following the above arguments, several possibilities are apparent. First, perforin
deficiency could enhance

ens+-T -cell

expansion through decreased killing of APC,

resulting in prolonged antigen display and the stimulation of additional naive precursor
cells. However, induction of virus-specific

ens+ T cells proceeds normally, and some of

these cells persist for many weeks while others are eliminated, which may argue for a
TCR-specific regulated process rather than a deficit in stimulation ofT cells by accessory
cells. Clearly, the possibility that the infection of dendritic cells in chronically infected
mice may disrupt the survival and activation of virus-specific T cells requires further
analysis, and this is currently under investigation. Alternatively, perforin may act directly
on antigen-specific

ens+ T cells by controlling the balance between division and death

during the expansion phase [126]. The contribution of this mechanism is less clear. In the
study we observed that perforin-deficient mice contain more· antigen-specific

ens+

T

cells than do wild type mice on day 9 postinfection, which supports such a view.
However, this enhanced expansion is transient because by the time memory is
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established, perforin-deficient and wild type mice contain comparable numbers of
functionally inactive ens• T cells.
The roles of FasL and TNFR1 in the regulation of the antiviral response are less clear.
Although there is not evidence in the LeMV literature for a contribution of Fas/FasL or
TNFR1 death ·pathways in virus clearance, a direct effect of these pathways on T-cell
regulation is more likely and is supported by this study. Several studies in acute LeMV
infection revealed normal death of virus-specific ens• T cells following viral clearance
in the absence of Fas or TNFR1 or of both Fas and TNFR1 molecules [163, 165].
Similarly, studies with IFN-y- or IFN-y-receptor-deficient mice demonstrate a role for
IFN-y in the homeostatic regulation ofT cells by preventing AI en, but the levels of
virus-specific memory ens• T cells in these mice were comparable to those in wild-type
control animals [95, 176]. It has also been reported that ens+ eTL precursor frequency
greatly declined during persistent infection ofiFN-y-receptor and Fas (lj:lr)-deficient mice
with LeMV, suggesting that clonal exhaustion ofT cells does not require IFN-y and Fas,
even though both molecules influence AI en [95]. In many respects our results confirm
the above studies with an important difference. In this study, we have systematically
analyzed the contribution of perforin, FasL, TNFRI, and IFN-y with regards to the longterm course of virus-specific ens•-T-cell responses by performing parallel analyses of
visualization (by tetramers) of antigen-specific T cells and measuring antiviral functions
(IFN-y staining, cytotoxicity). Our study reveals a not yet defined contribution of the
above pathways of cytolysis and/or T-cell regulation in the maintenance and persistence
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of functionally deficient virus sp,ecific

cos• T cells.

speculate that down-regulation of virus-specific

On the basis of our results, we

Cos•

T cells during chronic viral

infection is a complex multifactorial process partially controlled by interactions between
pro-survival and -cell death factors. Because identification of methods to restore function
to unresponsive antigen-specific T _cells is of critical importance for immunotherapeutic
strategies to curtail persistent infections, the findings in this report may help to define
measures to prevent physical elimination of virus-specific T cells during persistent viral
infection.

4.3 Differential tissue-specific regulation of antiviral CDS+ T -cell immune response
toLCMV
One of the challenges faced in contemporary viral vaccine development concerns the
induction of antigen-specific

cos• T-cell responses both qualitatively and quantitatively

able to deal with pathogen in different tissue compartments of the host. This
consideration is especially critical for immunological therapy of persistent viral
infections. In this study we used the murine LCMV model to better understand regulation
of virus-specific

cos• T-cell responses in different ti~sues with particular reference to the

outcome of infection. We demonstrated that a critical feature for viral persistence is the
rapid inactivation of cos• T -cells in the microenvironment of lymphoid tissues. Thus,
the degree and kinetics ofT-cell exhaustion of antigen-specific

cos• T-cells in infected

lymphoid tissues determines whether the viral infection will be acute or persistent for life.
The process of clonal exhaustion in the lymphoid-tissues is progressive, with two
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characteristic phases. Initially, there is a clonal expansion of virus-specific ens• T-cells
exhibiting a fully functional phenotype and expressing homing receptors to enable

th~m

to migrate to non-lymphoid tissues. This is followed by the down-regulation of antiviral
function, which may eventually be followed by physical elimination of expanded clonal
populations. Therefore it is not surprising that a considerable population of virus-specific
ens• T -cells with intact antiviral phenotype escaping clonal exhaustion in lymphoid
tissues in the onset of infection can be· found distributed in different non-lymphoid
tissues. However, although these surviving T-cells are present for a prolonged period of
time at relatively high levels, and a fraction of them exhibit antiviral properties associated
with liver damage in the early stage of infection, they were not able to control the
infection and were eventually eliminated. This may reconcile the presence of functionally
active virus-specific ens• T -cells in the circulation of patients with chronic viral
infections (e.g. HIV, Hepatitis B or C) [185-lSS]by the prediction from these findings
that functional virus-specific eTLs are preferentially sequestered in different tissues (e.g.
liver for hepatitis B or e viruses) without complete virus eradication. The model
developed based on the data presented here makes three further predictions.
The first is that a continuous supply of antiviral effector cells from lymphoid tissues is
required for efficient control of infection before the pathogen disseminates in different
tissues. During acute infection, the proliferation and differentiation of virus-specific
ens• T cells and subsequent development of memory T cells apparently represents an
optimal situation, where antigen-specific T cells with homing properties are continuously
produced in lymphoid tissues. These cells leave the lymphoid organs via the blood and
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access all peripheral tissues enabling efficient control of infection. The presence of virusspecific CDS+ T cells at high levels long after resolution of infection (for over S months
of this study) in all tissues tested is of particular interest. Continued stimulation of
memory CDS+ T-cells by antigen in lymphoid and non-lymphoid tissues represents a
plausible mechanism by which virus-specific CDS+ T -cells might be sustained. Perhaps a
subset of infected cells that are inefficiently recognized by CDS+ T-cells may provide a
reservoir of persistent antigen. Indeed, there is good evidence in the LCMV literature to
suggest that LCMV can persist in minute amounts in different tissues even under
conditions of an acute infection [62, 1S9]. Consistent with this possibility is the fact that
ex vivo CTL activity was detectable in the spleen and non-lymphoid tissues (e.g. liver)

following resolution of the infection (day 200), suggesting that at least a fraction ofvirusspecific CDS+ T-cell populations retain an effector phenotype. In striking contrast, ex vivo
CTL activity in the PLN was detectable at high levels during the effector phase but was
subsequently lost in the memory phase. This functional distinction of antigen-specific
CDS+ T -cell populations resident in lymph nodes versus non-lymphoid-tissues is
reminiscent of the two main subsets of memory T cells in humans. The central memory
T-cell population, which traffics through secondary lymphoid tissues and lacks an
immediate effector ability (identified by the presence of CCR7) and the effector memory
T-cell population, which directly displays ex vivo function, located in extra-lymphoid
tissues (identified by the absence of CCR7) [147]. However, our data suggest a more
complex system because, in contrast to lymph nodes, the virus-specific memory CDS+ T-
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cell population in the spleen retained an effector phenotype, possessing ex vivo eTL
activity for prolonged period of times. Generation of heterogenous effector- and memory
ens+ T-cell populations could provide a plausible explanation for the divergent
functional phenotype we have observed [190]. The emergence of memory cells with such
discrepancies in function perhaps occurs as' a consequence of variable stimulation
conditions due to prolonged or transient viral antigen presentation in the spleen and nonlymphoid tissues versus lymph nodes. Furthermore, such an interpretation could also
reconcile studies conducted with vesicular stomatitis virus (VSV), which has been
broadly used as a model for a non-persisting pathogen. In this model, ens+ memory Tcells isolated from non-lymphoid tissues exhibited effector levels of ex vivo eTL activity
for prolonged periods (several months after viral challenge), in contrast to their
counterparts in the spleen which lost their activity by day 20 after infection [146]. An
alternative explanation that cannot be excluded based on our data is that effector memory
T cells may undergo tissue specific regulation independently of antigen persistence..
A second prediction of our model is that under conditions of chronic LeMV infection,
functional inactivation and physical elimination of epitope specific ens+ T -cells
proceeds with different kinetics in lymphoid versus nonlymphoid tissues. One possibility
is that differences in virus titers, which are indicative of the antigenic load, may
differentially impact the fate of antigen-specific T cells in different tissues. Based on our
observations in section 3.1, the level of antigenic stimulation that T cells receive is likely
the most relevant parameter in driving T-cell dysfunction and apoptotjc deletion. In
principle, this is determined at the single cell level by the concentration of viral peptide-
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MHC complexes on the surface of the APC, the concentration of co-stimulatory
molecules, and the duration of interaction between the T cells and APC (191]. However,
··· at the more complex tissue level the amount of antigen presentation likely depends on
additional factors, such as the cellular microenvironment and the quantity of infected
cells as a consequence of viral spread in that tissue. The fact that non-lymphoid tissues
containing equal or even higher viral titers than lymphoid tissues (e.g. spleen versus
kidney in Fig. IS) suggest that the overall virus-specific

ens+ T-cell response is critically

regulated by the tissue-specific cellular environment. In regards to the differential
susceptibility for exhaustion of epitope specific

ens+ T cell populations in chronically

infected mice, the following scenarios, based on the central concept that the duration of
antigen stimulation determines the fate ofT cells during persistent LCMV infection, may
help to shed light on the phenomenon of T -cell exhaustion. The extent of T-cell
activation can be influenced by the abundance of viral antigen presented and by the
affinity of the TCR for the given MHC-peptide complex. One possible scenario is that the
density of the peptide-MHC complexes on infected cells in persistently .infected mice
differs for individual epitopes. Consequently,

ens+

T cells specific for individual

peptides may not be similarly activated, and therefore the fate of these cells could be
differentially regulated. Evidence against this is provided in a recent observation, where
estimation of peptide density on LCMV-infected MC57G cells revealed that GPh3-41
was present at I ,000 copies/cell, NP396-404 was present at I 60 copies/cell, and GP2z76-286
was present at 90 copies/cell [I92]. Note that NPJ96-4o 6-specific

ens+ T cells are

more

12S
sensitive to deletion than GP2276-2s6-specific cells, whereas GP1 33-4 1-specific T cells are
relatively resistant to deletion in chronically infected mice. However, it has been found
that nucleoprotein accumulated in large amounts in different cell types in persistently
infected mice [193]. And recent studies have provided direct evidence that differential
regulation of viral gene expression in different cell types or that different amounts of the
viral glycoprotein and nucleoprotein produced at different stages of the viral replication
cycle leaves this possibility op.en [194, 195]. Altematively,the different fates of virusspecific ens• T cell populations may result from differences in TeR affinity and
dissociation rates of epitope-specific T cells. In this case, even if viral

~eptides

are

presented in similar densities on infected cells, the responding T cells may undergo
different activation programs and consequently succumb to different fates (anergy versus
physical deletion). This possibility is unli,kely, because we found no differences in TeR
affinity between GPlJJ-41 and NP396-406 specific ens• T cell populations.
A third prediction of our model is that under conditions of chronic LeMV infection, the
functional inactivation of virus-specific ens• T-cells proceeds with different kinetics in
lymphoid versus non-lymphoid tissues. In the latter compartments, functional exhaustion
follows a characteristic pattern in that the ability of virus-specific ens• T cells to upregulate IL-2 production following antigenic stimulation in vitro is lost first, followed by
TNF-a, and finally IFN-y production and lytic activity.

In contrast, functional

inactivation in lymphoid tissues proceeds rapidly and with similar kinetics for cytokines
and eTL activity. The existence of ens• T-cells with distinct functional phenotypes
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within the broader population of virus-specific CDS+ T -ce11s during chronic infection
provides critical information regarding the tissue-specific regulation of the antiviral
immune response. The intriguing question raised by these findings regards the molecular
basis for the disparity in kinetics of functional inactivation for virus-specific T ce11s in
different tissue compartments, and the biological significance of a hierarchical loss of
effector functions. It is we11 recognized that the levels of TCR engagement can trigger a
spectrum of biological responses, such as cytotoxicity or cytokine secretion [196].
Fo11owing this argument it is conceivable that there is a hierarchical threshold in strength
of activation (TCR signaling) required for down-regulation of transcriptional programs
for cytokines and lytic activity. Thus, under high levels of stimulation delivered in a
relatively short time, as in the microenvironment of infected lymphoid tissues, a diverse
array of functions were lost with similar kinetics. However, under conditions of subsaturated signal strength and long term stimulation, for example in non-lymphoid tissues,
a different threshold level for down-regulation of IL-2, TNF-a, IFN-y production and
lytic activity becomes apparent by differences in the kinetics with which these effector
functions are lost. We speculate that the initial down-regulation ofiL-2 production may
prevent excessive proliferation and differentiation of virus-specific CTLs, which in the
context of excessive viral antigen would otherwise cause irreparable tissue damage.
Likewise, TNF -a overproduction can cause fever, cachexia and septic shock, and rapid
down-regulation of this cytokine production may be critical to prevent such side effects
[197]. This is apparent in light of recent reports that, in contrast to IFN-y which seems to
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be less harmful, 1NF-o: production by cos• T-cells ceases after a short period even when
antigen contact is sustained [70, 19S]. Sustained lytic activity by cos• T-cells can have
severe consequences for the host. The lack of apparent clinical disease may be explained
by the fact that this function was completely lost in lymphoid tissues during the onset
phase of chronic infection, despite reduced but detectable levels of ex vivo CTL activity
in other tissues throughout course of infection.
Do these observations help understand how viruses persist in humans?

Physical

elimination, anergy and an array of functional impairments of antigen-specific Cos• Tcells can negatively impact efficient control or eradication of persistent viruses such as
HBV, HCV and HlV in humans [199-202], or SIV infection in primates [203]. Moreover,
in addition to cos• T-cells, a crucial function for virus-specific CD4• helper T-cells in.
containment of virus has been clearly demonstrated, including in this report [204, 205].
Thus, clonal exhaustion of virus-specific cos• T-cells either in isolation or in the context
of impaired virus-specific T-helper activity may in large part explain lack of virus
clearance in individuals with chronic HIV infection. The rapid disappearance of initially
expanded HIV-specific cos• T-cell clones during primary HIV infection, despite
retention of measurable virus-specific cytotoxic function, suggests that it is likely that
deletion/exhaustion has a major impact on the chronic course of infection [206]. Indeed,
HIV-specific cos• T-cells and CD4• T-cell unresponsiveness has been observed in a
cohort of HIV-infected patients [200]. In addition, massive

V~-specific

and clonotypic

expansion has been demonstrated in acute HIV infection, whereas CTL activity of the
same magnitude has not been described, suggesting that clonal exhaustion ofT-cells may
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play a substantial role during the acute phase of this infection [207]. Interestingly,
individuals that have successfully cleared HCV infection develop strong CTL responses
against multiple viral epitopes. However, such responses did not occur, or were not
sustained, in all patients and became scarce once persistent infection had been established
[208, 209]. Similarly, virus-specific CD4+ T-cell responses were initially detected in
many patients who subsequently failed to eliminate acute HCV infection, but these
responses appeared to be short lived [21 0]. It is important to underscore that clonal
exhaustion may involve individual virus-specific T-cell clones, and thus does not
necessarily result in total loss of virus-specific T-cells.
In conclusion, our results illustrate that in addition to being the site where a primary
antiviral T-cell response develops, the lymphoid tissue environment may also be critical
in silencing of the virus-specific T -cell response by clonal exhaustion. These fmdings
may he! p understand the variable course of persistent viral infections in humans. A
further challenge for future studies is to understand the molecular mechanisms regulating
virus-specific CD8+ T -cell responses during persistent infection in different tissue
microenvironments. In particular, it is important to understand the factors involved in
both positive and negative regulation of T-cell specific functions during acute and
persistent viral infection. These data should prove useful not only in understanding
regulation of virus-specific T -cell responses, but may also help to define measures to
prevent physical deletion of virus-specific T -cells during persistent viral infections,
which is a critical aspect for developing immunotherapeutic strategies to curtail such
infections.

Chapter V. Summary

The outcome of any viral infection is the net result of a balance between virus replication
in host tissues and the capacity of the host to mount and maintain an effective antiviral
response. The murine LCMV system has been extensively to study the dynamics of virushost interactions. Viral persistence following infection with invasive strains of LCMV
can be achieved by selective down-regulation of virus-specific T lymphocyte. High viral
burden in the onset of infection drives responding cells into functional unresposiveness
(anergy) that can be followed by their physical elimination. In this work, the downregulation of the virus-specific CD8+-T-cell response was studied during a persistent
infection of adult mice, with parti9ular emphasis on the contribution of the interferon
response in promoting host defense, or perforin-, Fas/FasL-, or TNFRl-mediated
cytolysis in· regulating T-cell homeostasis. Since LCMV infects a broad range of host
tissues, the functional properties of virus-specific CD8+ T cells in different tissues during
an acute versus persistent infection with LCMV were also evaluated in this study.
In the study conducted by infection mice deficient in receptor for type I (IFNa/[3), type II
(IFNy), and both type I and II IFN s with LCMV isolates that vary in their capacity to
induce T-cell exhaustion, the results revealed that (i) IFN s play a critical role in LCMV
infection by reducing viral loads in the initial stages of infection and thus modifying both
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the extent of ens•-T-cell exhaustion and the course of infection, (ii) an inverse
correlation exists between antigen persistence and responsiveness of virus-specific ens+
T cells, and (iii) a successful immune response associated with defmitive viral clearance
requires an appropriated balance between cellular and humoral components of the
immune system.
The experiments carried out during the infection of mice deficient in perferin, FasL or
TNFRI with the Docile or Aggressive strains of LeMV revealed that the absence of
perforin, FasL or 1NFRI has no significant effect on the kinetics of proliferation and
functional inactivation of virus-specific ens• T cells in the onset of chronic LeMV
infection. However, these molecules play a critical role in the homeostatic regulation ofT
cells, influencing the longevity of the virus-specific ens•-T-cell population once it has
become anergic. This suggests a role for perforin, FasL-, and 1NFRI-mediated pathways
in down-regulation of the antiviral T cell response during persistent viral infection by
determining the fate of antigen-specific T cells. Moreover,

v~s-specific

anergic ens• T

cells in persistently infected C57BU6 mice contain higher levels of Bcl-2 and Bcl-XL
than functionally intact T cells generated during acute LCMV infection. As expression of
the Bcl-2 family members controls susceptibility to apoptosis, this finding may provide a
molecular basis for the survival of anergic cells under conditions of prolonged antigen
stimulation.
Detailed analysis of virus-specific ens• T cell responses in lymphoid- compared to

non~

lymphoid tissues under conditions of acute or persistent infection with LeMV presented
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in this study, reveal that the initial encounter of specific CTLs with infected cells in
lymphoid tissues is critical. Whether the course of the viral infection is acute or persistent
for life primarily depends on the degree and J.9netics of CTL exhaustion in infected
lymphoid tissues. Although virus-specific CTLs were rapidly clonally exhausted in
lymphoid tissues under conditions of chronic infection, a substantial number of them
migrated to nonlymphoid tissues, where retained an effector phenotype for a long time.
However, these cells were unable to control the infection and progressively lost their
antiviral capacities in a hierarchical manner before their eventual physical elimination.
These results illustrate the differential tissue-specific regulation of antiviral T cell
responses during chronic infections and may help us to understand the dynamic
relationship between antigen and T-cell populations in many persistent infections in
humans.
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