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Abstract
Costimulation signals have been recognized as critical for optimal T cell responses and result from
important interaction between receptors on the surface of T cells and their ligands on antigen
presenting cells. Two families of receptors, the CD28 family and the TNFR family have been found
to be major players in providing costimulation to CD8+ T cells. Recent studies using viral infection
models have highlighted the importance of CD28 costimulation signals during memory responses
against viruses. PD-1 another member of the CD28 family may contribute to functional defects of
helpless memory CD8+ T cells. Members of the TNFR family such as CD27, 4-1BB, CD40, TRAIL
and OX40 have also being implicated in the survival, generation, maintenance and quality of virus-
specific memory CD8+ T cells. The delivery of costimulatory molecules such as CD28, 4-1BB and
OX40 can help boost the generation and function of virus-specific memory CD8+ T cells. Taken
together this suggests that the use of costimulatory molecules as adjuvants along with viral antigens
in vaccines may facilitate the generation of effective antigen-specific memory CD8+ T cell responses.
Understanding the costimulatory requirements of memory CD8+ T cells therefore may lead to
improved vaccines that target anti-viral CD8+ T cell memory.
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INTRODUCTION
The CD8+ T cell response to a viral infection is characterized by the detection and destruction
of virally infected cells and it is mediated by the production of secretory molecules like perforin
and granzyme B and cytokines such as IFNγ.1 The clearance of virus is followed by the
apoptosis of the vast majority of virus-specific CD8+ T cells, but a small pool of memory virus-
specific CD8+ T cells is retained for protection against re-infection.2 Understanding the
mechanisms behind the generation and maintenance of function and number of antigen-specific
memory CD8+ T cells are of great importance in the design of effective vaccines. Recent
experimental studies have shown that costimulatory molecules are important for the generation,
maintenance and function of memory CD8+ T cells and in this review we will examine the
literature on costimulatory molecules in memory CD8+ T cells responses against viruses.
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I. MAJOR COSTIMULATION FAMILIES
A. Early studies in building the concept of costimulation

The idea of the requirement for two signals for the activation of an immune cell was
hypothesized based on the observation that B cells may or may not produce antibodies in
response to an antigenic stimulus.3 Bretscher and Cohn provided an explanation for this
observation by suggesting that the receptors on the surface of an immune cell must interact
with more than one antigenic determinant on the surface of the antigen, in order to trigger
antibody production.3 Lafferty and his collaborators further hypothesized that a second signal
or costimulation,4 apart from that delivered by antigen is required to trigger an allogenic
stimulus, and stated that this second signal involved cells of the haematopoietic system.5 Since
the initial proposal of the second signal a plethora of costimulatory molecules have been
discovered which are stimulatory or inhibitory in their action. Most costimulatory molecules
can now be broadly classified into two families, the CD28 family and the TNFR family
members.

1. The CD28 Family—Members of the CD28 family are characterized by a variable Ig like
extracellular domain and a short cytoplasmic tail. These costimulatory molecules CD28,
CTLA-4, ICOS, PD-16 and BTLA7, interact with their respective ligands on APC surface as
follows CD28:B7-1 or B7-2, CTLA-4:B7-1 or B7-2,8 ICOS:B7h,9,10 PD-1:B7-H1 or B7-
DC11,12 and BTLA:HVEM.7 Two additional molecules: B7-H313 and B7-H414–16 (also
known as B7S1 or B7x) belong to the CD28 family. CTLA-4 and ICOS are structural homologs
of CD28, yet they function differently from CD28 upon stimulation.17 CTLA-4 competes with
CD28 for binding to B7-1 and B7-2 ligands, and it is not expressed on resting or newly activated
T cells. Instead, CTLA-4 is expressed by fully activated T cells.18 The affinity of CTLA-4 for
B7-1 and B7-2 was estimated to be 10–20 times greater than the affinity of CD28 for the same
ligands.19 Binding of CTLA-4 by B7-1 or B7-2 inhibits T cell proliferation20 by disruption
of lipid rafts21 and interruption of TCR signaling.22 The inducible costimulator ICOS has a
unique ligand, B7-h.23 Signaling through ICOS augments many cellular functions such as
proliferation, antibody response and cytokine production.24,25 In vivo studies with viral
infections have shown an important role for ICOS signaling for the development of antibody
responses and the maintenance of primary CD8+ T cells during LCMV, VSV and Influenza
virus.26

More recently, two other members of the CD28 family, Programmed Death-1 and the B and
T cell lymphocyte attenuator have been identified and they have demonstrated inhibitory
activity. PD-1 has at least two known ligands B7-H1 and B7-DC, and it is expressed on both
T and B cells.27 Signaling through PD-1 has been shown to be involved in peripheral
tolerance28 and in the regulation of anti-viral CD8+ T cell responses during viral infection.
29–32 BTLA has not been extensively characterized yet.33 BTLA however is constitutively
expressed at low levels on T cells and can be up-regulated on activated B and T cells.34,35 It
has been suggested that BTLA plays an inhibitory role in the development of adaptive immune
responses by inhibiting CTL maturation and memory generation36. Two other potential ligands
B7-H313 and B7-H4,15 are also believed to interact with the members of the CD28 family,
however the identity of their respective receptors is still unknown. B7-H3 stimulates
proliferation of CD8+ and CD4+ T cells, enhances the induction of cytotoxic T cells and
selectively stimulates IFNγ production in the presence of T cell receptor signaling. In contrast,
B7-H4 has an inhibitory effect of T cell stimulation.15,16

2. TNFR Family—Members of the TNF/TNFR super family are type I transmembrane
proteins and they all present extracellular domains rich in six cysteine repeats that form
disulphide bridges.37 They differ from the CD28 family members by displaying a more
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complex cytoplasmic tail.38 Members of the TNF/TNFR family can be subdivided into three
groups; those containing cytoplasmic death domains, those lacking a death domain but
containing decoy receptors and those which lack a death domain but contain a TRAF motif.
39 These receptors may be monomers or they may form oligomers but they always form
trimeric complexes during a signaling event.40 The ligands for the TNFR family members are
trimeric type II transmembrane proteins that carry a TNF homology domain (THD) in the
carboxyl terminus which interacts with the receptors.37,41 The members of the TNFR family
are expressed on T cells, and they are constitutively present in lower concentrations on naive
T cell, but are upregulated upon activation of the T cell as it is seen in the case of OX40, 4-
IBB and CD30.42,43

The major receptor/ligand pairs of costimulatory molecules that belong to the TNF/TNFR
family are: OX-40:OX40L, CD27:CD70, 4-1BB:4-1BBL, CD30:CD30L, GITR:GITRL and
HVEM:Light.44,45 The ligands for these molecules may also be expressed on T cells,
suggesting that these molecules may mediate interaction between T cells.40 The members of
this family are differentially expressed at different stages of the T cell activation during an
immune response. The observation that the ligand for HVEM-LIGHT is expressed on immature
dendritic cells suggest that certain molecules of the TNFR family may have a role during the
initial activation stage of the T cell,40 whereas other members become more important during
the later stages of the T cell activation cycle,46–48 thus helping to shape effector and memory
T cell responses. Recent studies have shown that the initial CD28-B7-2 or B7-1 interaction
may enhance the expression profile and the subsequent interaction between TNF/TNFR
receptors and their ligands suggests an intricate interplay between these two families of
costimulatory molecules.49,50

The role played by the TNF/TNFR costimulatory molecules and their ligands during the
immune response has been addressed in many studies. HVEM-LIGHT interact at an early stage
of T cell activation and induce clonal expansion.40 Studies have shown that the absence of
LIGHT on splenocytes led to a reduced cytokine production and CTL activity.51 CD27–CD70
ligation leads to a surge in the initial proliferation of activated T cells by regulating the factors
that cause cell death and by affecting the cell cycle to enhance continuous cell division.52–54

Studies with CD27 deficient mice have shown that upon infection, the total number of antigen-
specific CD4+ and CD8+ T cell effector pool is low and this in turn translates into a much
reduced memory response.53 Studies to date suggest that CD28 signals are important for the
initial T cell response during a primary stage of infection, while OX40 and 4-1BB gain
importance during the late effector and memory stage of antigen-specific T cells.26,55 Mice
deficient in OX40 and OX40L have low number of effector CD4+ T cells during a primary
response to a viral infection.56,57 CD8+ T cells that lack OX40 divide normally during the
initial antigen encounter but the effector T cells do not expand very well 1–6 days post infection.
58 Similarly in the absence of 4-1BBL, the memory CD8+ T cell response is greatly reduced,
59–61 as these memory cells undergo apoptosis. CD30 has been shown in vitro to have a
costimulatory function.62,63 CD30 may also provide pro-survival signals for effector T cells
during the peak of infection in a primary response.64 Therefore an optimal immune response
to pathogens is the result of many receptor-ligand interactions, some of them having a
stimulatory effect that enhances the immune response, others with an inhibitory function. These
signals may dominate different phases of the immune response (early versus late) to ensure
optimal expansion and contraction of primary CD8+ T cells and the generation of memory
CD8+ T cells.
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II. COSTIMULATION AND THE CD8+ T CELL RESPONSES IN VIRAL
INFECTIONS

During antiviral CD8+ T cell responses costimulatory signals from the CD28 and TNF family
affect different phases of the immune response. It has now become apparent that different
members of these families play important roles in the initiation phase, the generation and
maintenance of memory, quality of memory and the secondary response.

A. Role of CD28-B7-1/B7-2 interactions during primary CD8+ T cell immune responses to
viruses

CD8+ T cell responses are indispensable for clearance of viral infections.65,66 Dendritic cells
initiate an immune response by presenting viral antigens to CD8+ T cells in the local draining
lymph nodes.66 Costimulatory signals delivered by molecules such as CD28 as shown in
Figure. 1 will determine whether CD8+ T cells will become activated and expand, or they will
be suboptimally activated. In studies regarding costimulation blockade, Lumsden et al. showed
that the absence of CD28 signaling negatively impacted both CD4+ and CD8+ T cells.67 Studies
in vivo examining infection of mice with viruses such as VSV,68 MHV69 and Influenza type
A virus,70,71 indicated that CD28 was required for expansion of antiviral CD8+ T cells during
primary immune responses. Lack of CD28 costimulation was also shown to reduce the immune
response to subdominant epitopes of Influenza virus.71 In contrast, infection of mice with
lymphochoriomeningitis virus (LCMV) showed that, even in the absence of CD28
costimulation, an effective CD8+ T cell response can develop.72,73 CD28 knockout mice
(CD28−/−) were infected with LCMV, and despite the absence of CD28 signaling, virus-
specific CD8+ T cells expanded and viral burden was eliminated at levels comparable to wild
type controls. Similar CD8+ T cell expansion was observed against all measured epitopes of
LCMV, including subdominant epitopes.72,73 The reason for the discrepancy in costimulation
requirements observed with most virus infections versus LCMV came from studies that showed
that under high levels of TCR stimulation, the need for costimulation can be overcome.74,75

Kundig et al. demonstrated that the disparity in requirement for CD28 in primary LCMV
infection versus VSV infection was due to differences in TCR signal duration.74 LCMV
replicates much more rapidly and extensively than other viruses and therefore antigen
presentation persists for a longer period of time and at higher levels, providing a strong and
sustained TCR signal which overcomes the need for CD28 costimulation.74 Clearly for most
viruses CD28 signaling is indispensable for the optimal primary CD8+ T cell response. The
question arises as to whether other phases of the immune response also require such signals.

B. CD28 and B7 interaction and its effect of CD8 memory T cells
After pathogen clearance effector T cells undergo contraction and a memory T cell pool is
formed. These memory cells respond faster and more effectively in the event of secondary
insult to the host76 because of their higher precursor frequency and higher affinity for antigen
that leads to a lower threshold of activation.77,78 As the requirement for costimulation affects
the strength of TCR signaling and the threshold of activation it is important to determine
whether or not memory T cells have a requirement for CD28 costimulation during re-activation.
Early studies relied on in vitro experiments to address this. More recently however, the
availability of new reagents and of genetically modified mice have allowed the direct
assessment in vivo of the requirement of CD28 signaling by memory CD8+ T cells as shown
in Figure 1.

1. Early in vitro studies on memory CD8+ T cell dependence on costimulation—
Memory CD8+ T cell immune responses have been considered for a number of years not to
require costimulation based on several studies that used in vitro systems of restimulation79,
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80 or CD28 deficient mice.73,81 In one of the earliest experiments81 OVA-specific OT-I TCR
transgenic CD8+ T cells were transferred into wild type C57Bl/6 mice which were subsequently
infected with VSV-OVA. Rechallenge of these mice with VSV-OVA was done in the presence
of CTLA4-Ig in order to block costimulation signals. Memory cells rechallenged with VSV-
OVA presented similar size increase (blastogenesis) and ex-vivo cytolytic activity, irrespective
of costimulation blockade. The conclusion was drawn that memory CD8+ T cell responses
occurred independently of CD28 signaling. However, blastogenesis of memory cells may not
be sufficient to evaluate memory CD8+ T cell function, as we have determined that in the
absence of CD28 signaling functionally impaired CD8+ T cell memory showed normal
blastogenesis but their cell cycle is arrested.82

Memory LCMV-specific CD8+ T cell responses in CD28 deficient mice also seem to be
reactivated independently of CD28 costimulation.73 In this study, Suresh et al.73 showed that
in LCMV infected CD28−/− mice, the primary CD8+ T cell responses exhibited a strong
activation profile and primary expansion. The memory CD8+ T cell pool was reduced in CD28
deficient mice compared to control mice, yet it represented a sizeable population and exhibited
cytotoxic functions. The functionality of the memory CD8+ T cells was tested by rechallenging
wild type or CD28−/− mice with a lethal dose of LCMV and in fact, all mice survived infection
while all naive controls in the study died. The interpretation of these results was that, during
LCMV infection, memory CD8+ T cell cells, just like naïve CD8+ T cells are capable of
functioning independently of CD28 costimulation. However as mentioned above, the high
levels of TCR signaling induced by LCMV infection may override the requirement for CD28
costimulation by memory CD8+ T cells.74,75 Thus these early studies indicated that memory
CD8+ T cells were independent or less dependent on CD28 costimulation compared to naive
CD8+ T cells. Recent in vivo studies however, have challenged this notion by demonstrating
that memory CD8+ T cells need both APC and CD28 costimulation.

Two recent studies have indicated the in vivo requirement for dendritic cells during secondary
immune responses to VSV and LCMV in mice.66,83 The expansion of rechallenged memory
VSV-specific CD8+ T cell populations was reduced when CD11c+ cells were depleted.83 This
suggested that during rechallenge, reactivation of memory cells is dependent on the presence
of dendritic cells (DC).

DC can provide a number of signals to T cells, CD28 costimulation being one of them. In an
experimental system using LCMV infections of mice that were reconstituted with bone marrow
of mice that had MHC-I deficient antigen presenting cells, there was a reduced expansion of
central memory LCMV-specific CD8+ T cells in the spleen by more than 85% and a reduction
by more than 55% of memory CD8+ T cells in the bronchioalveolar lavage.66 The requirement
for APC during secondary immune responses raised questions regarding the signals provided
by APC to memory CD8+ T cells that drive the secondary response and whether one of these
signals could be CD28.

2. Memory CD8+ T cells are dependent on CD28 signaling—Recent publications,
from our laboratory and others, have demonstrated that CD28 plays a critical role in the
secondary CD8+ T cell response,82,84 thus challenging the notion that costimulation is not
required by memory CD8+ T cells. To circumvent the problem of generating virus-specific
memory cells in CD28 deficient mice that have an impaired primary response, memory
CD8+ T cells, were generated in wild-type mice by in vivo viral infections. Following the
development of intact primary T cell responses, and the generation of memory CD8+ T cells,
the requirement of the memory population for CD28 costimulation during a secondary response
was examined by blocking CD28 binding to its ligands with either CTLA4-Ig, anti-B7 or anti-
CD28 monoclonal antibodies or transfer of memory cells to CD80/CD86 double deficient mice
(B7.1 and B7.2 knockouts).82,84
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In our studies, virus-specific memory CD8+ T cells were generated through primary infection
of C57Bl/6 mice with influenza type A virus or with Herpes Simplex Virus (HSV-1).82 In this
way, we ensured that the primary immune response and the resulting memory population
develop in conditions of unimpaired costimulation. During secondary infection, CD28
costimulation blockade was achieved by treating these mice with a non-depleting, blocking
anti-CD28 monoclonal antibody82,85 or with an isotype control antibody. Another approach
that we used was to adoptively transfer influenza virus-specific memory CD8+ T cells
generated in wild type C57Bl/6 mice into CD80/CD86 double deficient mice which were then
challenged with influenza virus. In both experimental setups that we employed, we measured
the re-expansion of virus-specific CD8+ T cells, the functional properties of these cells and the
lung viral loads throughout the secondary immune response. Blocking of CD28 costimulation
induced a significant reduction of expansion of memory CD8+ T cells against either influenza
virus or HSV rechallenge. In mice treated with anti-CD28 antibody, there was a three fold
reduction in the absolute number of pulmonary influenza virus-specific CD8+ T cells at the
peak of the secondary response, when compared to untreated or isotype control treated mice.
When memory virus-specific CD8+ T cells were transferred into CD80/CD86 deficient mice,
the reduction in the magnitude of the immune response was 9-fold.82 In addition to absolute
numbers, a significant reduction in the cytolytic function was observed. The reduction of the
secondary CD8+ T cell immune response after blocking of costimulation was not limited to
influenza virus infections. When HSV-1 specific memory CD8+ T cells were transferred to
CD80/CD86 deficient mice and mice were challenged with HSV-1 in the foot pad, we observed
a significant 5-fold reduction in the absolute number of virus-specific CD8+ T cells in the local
draining lymph node in comparison to controls.82

To examine the mechanism behind the loss of expansion of memory CD8+ T cells in the absence
of CD28 costimulation, we examined cellular markers of proliferation and apoptosis. In
agreement with previous reports,86,87 we found Bcl-xL to be significantly decreased in anti-
CD28 treated memory CD8+ T cells as compared to controls. Surprisingly, a second anti-
apoptotic molecule, Bcl-2, which is rapidly downregulated in activated naive CD8+ T cells88

fails to downregulate in CD28 blocked memory CD8+ T cells when compared to controls. In
fact, during a normal activation cycle of a cell, this molecule is downregulated and the cell
proceeds into cell cycle.88 However, if Bcl-2 fails to downregulate, cell cycle is arrested and
the cell fails to proliferate.89–92 Cell cycle analysis of rechallenged memory virus-specific
CD8+ T cells in CD80/CD86 deficient mice showed that indeed these cells were selectively
arrested in the G1/S phase of the cell cycle. Blastogenesis of these cells was not affected, and
this is in agreement with earlier studies.81 Although these findings do not illustrate a direct
interaction, our data do suggest a previously unappreciated relationship between signaling
through CD28 and downregulation of Bcl-2. Importantly, the reduced expansion of virus-
specific CD8+ T cells was accompanied by a decrease in viral clearance. In influenza virus and
in HSV infected mice in which costimulation was blocked at the beginning of the secondary
immune response, we found significantly increased viral loads when compared to their control
or isotype treated counterparts. The finding of increased viral loads reminds us of the critical
role that CD8+ T cells play in the elimination of viral infection, and thus the significance of
developing efficient CD8+ T cell secondary responses.

Fuse et al.84 brought additional evidence for the role of costimulation for optimal recall
CD8+ T cell responses. After infection with Murine Gammaherpes Virus 68 (MHV-68),
purified memory CD8+ T cells from either C57Bl/6J or CD28 deficient mice were transferred
into naive congenic recipients that were then infected with the same virus. Interestingly, virus-
specific memory CD8+ T cells that were generated in the absence of CD28 costimulation
expanded approximately 9 times, whereas virus-specific memory CD8+ T cells that were
generated in C57Bl/6 mice expanded more than 40 times. These findings were further
substantiated when virus-specific memory CD8+ T cells were generated in C57Bl/6 mice and
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transferred into CD80/CD86 deficient mice or wild-type control mice, challenged and analyzed
five days later for expansion of the virus-specific memory population.84 The importance of
CD28 signaling during secondary responses was further supported with Vaccinia virus
infections where the lack of CD28 signaling impaired the responses of memory virus-specific
CD8+ T cells.84

Thus the CD28 requirement of memory CD8+ T cells for expansion has been shown in multiple
viral infections such as Influenza type A virus, HSV, Vaccinia Virus and Murine Gamma
Herpes Virus 68 and is required for rapid pathogen clearance.82,84 The reduced expansion of
virus-specific memory CD8+ T cells in the absence of costimulation challenges the paradigm
that memory immune responses occur independently of costimulatory signals. CD28 signaling
during primary response may be affecting the quality of memory CD8+ T cells generated84

while the expansion of memory T cells clearly requires CD28 costimulation signals for optimal
secondary responses and normal pathogen clearance82,84 This CD28 requirement by memory
cells is not restricted to CD8+ T cells, CD4+ T cells have also been shown to require in vivo
CD28 costimulation.90 This information has important implications in designing efficient
vaccination strategies against pathogens and tumors which can downregulate costimulatory
signals. Costimulation blockade for transplantation and autoimmunity may also hamper the
ability of the host to mount efficient recall responses. Finally, little is known about other
members of the CD28 family and their role in memory CD8+ T cells. In vivo ICOS signaling
has been shown not to be required for memory responses,70 while PD-1 signaling in vivo may
play a role in the dysfunction of helpless memory CD8+ T cells.91

C. TNFR family members and virus-specific CD8+ T cells
1. Role of TNFR family members during primary immune responses—Members
of the TNFR family have been implicated in shaping the primary immune response during viral
infections as shown in Figure 1. Experiments with influenza virus have shown that CD27
contributes to the survival of antigen-specific CD8+ T cells during the primary phase of the
infection.52,92 Recent studies in our laboratory52 have shown that CD27 signals are needed by
virus-specific CD8+ T cells during the late stages of the primary response. The reduction in
the response of virus-specific CD8+ T cells was mainly due to their increased sensitivity to
CD95/Fas-mediated apoptosis in the absence of CD27 signals, which leads to the deletion of
effector cells. This deletion is dependent on the presence of CD4+ T cells. One of the earliest
studies done on CD27-CD70 showed that CD27 may be important for the CTL function of
virus-specific CD8+ T cells.93 In vitro studies have shown that CD27-CD70 interactions
enhance antigen-specific cytotoxic CD8+ T cell activity and enhance perforin expression.93

Studies involving CD27−/−, CD28−/− and CD27/CD28 double knockouts hinted that CD27
may play a role in the primary immune response during viral infections by directly affecting
the function of virus-specific CD8+ T cells.94

4-1BB may also be important for the initial response in a viral infection. Although the
4-1BBL−/− mice showed a decrease in the number of primary CD8+ T cells, this is not as
reduced as the reduction observed in CD27−/− mice. Studies with LCMV60 and influenza virus
have shown that 4-1BBL−/− mice have a decreased primary CD8+ T cell response as compared
to wild type mice.60,92 This reduced primary response is most likely due to a decreased
proliferation of naïve T cells.60 Blocking both 4-1BB and CD28 signals results in an eight fold
reduction of virus-specific CD8+ T cells and the virus could not be cleared in these mice. Thus
4-1BB may work in conjunction with CD28 to initiate and maintain the pool of effector cells
generated during a primary response.60 In addition, our studies showed that, 4-1BB
costimulation broadens the repertoire of virus-specific CD8+ T cells by increasing the number
of CD8+ T cells that recognized subdominant epitopes of influenza virus.71 4-1BB-4-1BBL
interactions preferentially affect antigen-specific CD8+ T cells rather than CD4+ T cells during
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a primary response.95 Studies with HSV-1 have shown that virus-specific CD8+ T cells express
more 4-1BB than antigen-specific CD4+ T cells 2 days post infection. Stimulation of infected
mice with 4-1BB antibody on day 5 post infection increased the frequency of antigen- specific
CD8+ T cells by ten fold as compared to two to three fold in CD4+ T cells.95 It should be
mentioned, however, that some primary CD8+ T cell responses to viruses may not need 4-1BB
costimulation. An example of this is Murine Gamma Herpes virus (MHV-68) infection of mice,
where the total numbers of effector CD8+ T cells and cytokine secretion remain unaffected in
the absence of 4-1BB during the primary response to MHV-68.97 Why some viruses require
4-1BB costimulation while others do not, may relate to differences in their antigen load, the
costimulatory ligand expression they induce, the pattern recognition receptors they trigger,
and/or the inflammatory milieau they induce.

4-1BB-4-1BBL interactions can also rescue antigen-specific CD8+ T cells in the absence of
CD2871 and this may be by inducing expression of other members of the CD28 family such
as ICOS. Studies with isolated CD8+ T cells from CD28−/− mice showed that stimulation with
anti-CD28 and anti-4-1BB leads to an upregulation in the expression of ICOS.96 In the absence
of CD28 signaling purified CD8+ T cells show enhanced proliferation when stimulated with
anti-4-1BB and anti-ICOS antibodies.96 In vivo experiments with 4-1BB in our laboratory71

have shown that stimulation with agonistic anti-4-1BB antibody could restore primary virus-
specific CD8+ T cell responses in the CD28−/− mice infected with influenza virus.71 In contrast
to CD27 and 4-1BB, the primary CD8+ T cell response in the OX40L−/− mice does not seem
to be affected.92

2.Virus-specific memory CD8+ T cells receive costimulatory signals from TNFR
family members—In addition to their role in primary CD8+ T cells response it has become
apparent that TNFR members participate at different phases of memory CD8+ T cell responses
as shown in Figure 1.

a. The role of 4-1BB and 4-1BBL in memory CD8+ T cell maintenance: TNFR family
members and their ligands help memory CD8+ T cells by providing pro-survival signals. A
number of studies suggest that 4-1BB–4-1BBL mediated interactions can positively influence
memory responses during viral infections.95 Studies done using 4-1BBL deficient mice showed
that on re-challenge with the viral pathogen there is a much reduced memory CD8+ T cell
response in these mice as compared to wild type controls.59,61,98 The studies done by Pulle et
al. showed that 4-1BB-4-1BBL signals are also important for maintaining the number of
memory CD8+ T cells. A two to three fold decrease was observed in the total number of virus-
specific memory CD8+ T cells recovered from the spleen and bone marrow from 4-1BBL
deficient mice as compared to wild type.98 These results indicated that 4-1BBL plays a role in
survival of memory CD8+ T cells. IL-15 is known to play an important role in the maintenance
of CD8+ T cell memory but the interplay between IL-15 and 4-1BBL was not obvious until it
was shown that IL-15 enhances expression of 4-1BB on the surface of CD44hi CD8+ T cells.
98 Thus IL-15 induces expression of 4-1BB on memory CD8+ T cells and the subsequent
interaction between 4-1BB and 4-1BBL, provides a survival signal to the memory CD8+ T
cells for their maintenance. The upregulation of 4-1BB may not be restricted to IL-15, but may
also involve other cytokines.99 The stimulation of 4-1BB during the primary response can
enhance the secondary response during viral rechallenge,95 but this most likely is due to the
augmented memory generated by the heightened primary response.

Fuse et al.97 used a Murine Gamma Herpes virus (MHV-68) model to study the function of
4-1BB-4-1BBL interactions during chronic infections. Their studies have showed that the
quantity of memory CD8+ T cell is not affected but the quality of these cells was affected in
the absence of 4-1BBL. 4-1BBL deficient mice infected with MHV-68 had 9 to 40 fold more
latent viral load than the wild type controls. Cytotoxicity was greatly reduced and the secretion
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of granzyme B on restimulation was also impaired. Thus the antigen-specific memory CD8+

T cells were impaired in their functional abilities and were unable to clear the virus. The recall
response in the absence of 4-1BBL was also affected but the secretion of cytokines such as
TNFα and IFNγ by the antigen-specific memory CD8+ T cells remains unaffected. The authors
made an interesting observation that in their previous studies with MHV-68 infected CD80/
CD86 deficient mice,69 the secretion of pro-inflammatory cytokines was impaired in the virus-
specific CD8+ T cells whereas the cytolytic function remained unaffected. However in the
absence of 4-1BB-4-1BBL interactions97 the cytolytic function of the virus-specific CD8+ T
cells was affected.97 Thus it may appear that signaling by different costimulatory molecules
may affect specific functions of memory virus-specific CD8+ T cells.

The reduced quality of memory in 4-1BBL deficient mice is similar to that seen in the case of
helpless memory CD8+ T cells,100–103 and chronically antigen stimulated CD8+ T cells.104

Therefore the role of 4-1BB for optimal quantity and quality of memory CD8+ T cell responses
suggests a possible use of 4-1BB as an adjuvant. Studies done by Myers et al.105 have shown
that the immunization of mice with a peptide and anti-CD137 antibody led to the generation
of a robust peptide specific pool of memory CD8+ T cells in the lymphoid and non lymphoid
compartments. These antigen-specific memory CD8+ T cells in the vaccinated mice were fully
functional and were retained for more than a year.105

The current model on the pro-survival mechanism of action of 4-1BBL involves TRAF
signaling. Upon ligand binding, 4-1BB, recruits and interacts with mainly two TRAF
molecules, TRAF-1 and TRAF-2.106 Studies done with TRAF deficient transgenic mice
showed that memory CD8+ T cells were lower in TRAF-1 deficient mice as compared to wild
type hosts.107 The number of memory CD8+ T cells increased by 7–8 fold in the presence of
TRAF-1.107 The pro-survival effect mediated by 4-1BB on TRAF-1 is due to the upregulation
of Bcl-xL and the down regulation of Bim which in turn is dependant on ERK signaling.106

Thus 4-1BB– 4-1BBL interactions also appear to play a critical role in the survival of memory
CD8+ T cells.

4-1BB- 4-1BBL interactions are also important for antigen-specific memory CD8+ T cells in
humans. Studies with human memory CD8+ T cells have demonstrated the need for signals
from selective costimulatory molecules for their proliferation as shown in studies with Human
Cytomegalovirus (HCMV).108 The virus-specific memory CD8+ T cells in HCMV infections
are predominantly CD28− CD45RAhi, these cells are cytotoxic but their potential for
proliferation has always been questioned. In recent studies, these cells were isolated from the
blood of HCMV patients and they were cultured with autologous fibroblasts that selectively
expressed CD137L. Limiting dilution analysis showed that in the presence of CD137L, the
virus-specific memory CD8+ T population was able to proliferate better and at a rate
comparable with other antigen-specific CD8+ T cell subsets. Interestingly the
CD28−CD45ROhi population did not proliferate if signals were given by CD80-CD86 alone,
or in the absence of CD137L. From these studies the authors drew the conclusion that in the
presence of antigenic stimulation and CD137-CD137L costimulation signals, the virus-specific
CD28−CD45RAhi subset of memory CD8+ T cells could undergo proliferation in HCMV
infections, hence protecting the host.

b. Help provided to memory CD8+ T cells by OX40-OX40L interactions: OX40 has been
shown to play a crucial role in the primary immune response to Vaccinia virus (VACV) and
in the generation of CD8+ T cell memory to this virus, while in other virus infections such as
LCMV and influenza virus, it did not play a role.109,110 In OX40-deficient mice, CD8+ T cells
that can protect against Vaccinia virus challenge, do not develop and this defect was found to
be intrinsic to CD8+ T cells generated in OX40 deficient mice since naïve OX40−/− CD8+ T
cells cannot expand in response to virus challenge when transferred into wild-type hosts.109
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The generation of memory CD8+ T cells is also affected in the absence of OX40. In these
studies109 splenocytes were isolated 40 days post infection with Vaccinia virus (VACV) and
stimulated with VACV epitopes. It was found that irrespective of the route of infection
(intraperitoneally or by scarification) the frequency of virus-specific memory CD8+ T cells for
all epitopes had decreased by 60–80% in the absence of OX40. This was a direct effect of
OX40 on CD8+ T cells. In vitro influenza virus-specific memory CD8+ T cells and HIV-
specific CD8+ T cells from chronically infected individuals expand more in the presence of
OX40L.111 Delivery of other costimulatory molecules such as B7-1 and 4-1BBL along with
OX40L had a synergistic effect on the expansion of virus-specific memory CD8+ T cells.111

Subsequent studies have associated OX40 signaling with the help provided by CD4+ T cells
to HIV-specific CD8+ T cells or EBV-specific CD8+ T cells.112 The interaction between OX40-
OX40L promotes a significant increase in CTL responses against HIV-1 but this increase was
manifested only in the presence of CD4+ T cells.112 The mechanism by which the interactions
between OX40 and OX40L increases the cytotoxic capacity of CD8+ T cells seems to be
mediated by increasing the proliferative capacity of CD4+ T cells. Interestingly, this effect was
independent of IL-2, IFNγ, and TNFα production by CD4+ T cells.112 Increased expansion
and survival of memory CD8+ T cells in vivo can be induced by treatment with an agonistic
anti-OX40 antibody.113 Treatment with anti-OX40 antibody increases the level of Akt
phosphorylation and expression of markers CD62L and CD127, this effect however is
dependent on the presence of CD4+ T cells and is not a direct effect of OX40 on CD8+ T cells.
113,114 Altogether, the above demonstrate that OX40-OX40L signaling has an important
beneficial impact on survival and expansion of memory CD8+ T cells. This effect may be
directly mediated through CD8+ T cells or indirectly through CD4+ T cells.

c. Effect of CD27-CD70 interactions on the generation of memory CD8+ T cells: Recent
studies have suggested that memory CD8+ T cells have reduced CD27 expression when primed
in the absence of CD4+ T cell help.115 Hendriks et al. observed a reduced CD8+ T cell memory
pool in the absence of CD27, 4-1BB and OX40 during viral infections.92 Experiments using
an LCMV model system have showed that helpless memory CD8+ T cells have a reduced
expression of CD27, whereas helped memory CD8+ T cells have upregulated expression of
CD27. These studies suggested that CD27 ligation lead to an autocrine secretion of IL-2 that
stimulated the expansion of the antigen-specific memory CD8+ T cells.115

Using an OVA protein model for immunization, it was showed that CD27 improves the quality
of the CD4+ T cells in terms of secretion of cytokines such as IFNγ and IL-2, and these CD27
primed CD4+ T cells can now help memory CD8+ T cell expansion.116 Thus it appears that
expression of CD27 on both CD4+ T cells and CD8+ T cells may be required for an effective
antigen-specific memory CD8+ T cell response. A recent study using CD70 transgenic mice
showed that the constitutive expression of CD70 on T cells enhanced the primary CD8+ T cell
response against influenza virus but adversely affects the generation and maintenance of
memory CD8+ T cells.117 The authors suggested that the selective upregulation of markers
such as CD70 on different cell types during chronic infections may lead to exhaustion of
antigen-specific CD8+ T cells.117 In some instances CD70 signaling is able to directly influence
the secondary expansion of CD8+ T cells, thus replacing CD4+ T cell help, as shown by Bullock
et al.119 Additionally CD70 expressing antigen presenting cells may directly interact with
CD8+ T cells to regulate their initial expansion and secondary responses in the absence of
CD4+ T cell help,120 as shown in studies involving CD70 expressing dendritic cells that can
trigger effector CD8+ T cell expansion and memory responses against certain tumors.120 CD40
mediated expansion of primary and secondary CD8+ T cells may be mediated by CD27/CD70
interactions. Studies using anti-CD40 agonist antibodies have shown that in the absence of
CD27 signaling, CD40 mediated expansion of primary and memory CD8+ T cells is reduced.
118 From the studies92,115–117 it can be concluded that CD27-CD70 interaction can help to
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enhance or reduce the memory CD8+ T cells response. The cellular factors that regulate this
effect are still unknown.

3. Quality of virus-specific memory CD8+ T cells
a. Effect of TRAIL on memory CD8+ T cells: Memory CD8+ T cells generated in the absence
of CD4+ T cell help have been called helpless memory CD8+ T cells and they are characterized
by their inability to respond effectively and expand to a rechallenge.101–103 Studies have shown
that CD4+ T cells are required for maintenance of memory CD8+ T cells during acute infection,
121 thus CD4+ T cells have been implicated in generation and maintenance of memory during
virus infections.

Janssen et al.122 used an in vivo cross priming model and LCMV model system to address this
question and they suggested that the antigen-specific helpless memory CD8+ T cells are more
prone to TRAIL mediated activation induced cell death. Their experiments showed that the
helpless antigen-specific CD8+ T cell expressed TRAIL and that the RNA expression of
proapoptotic molecules such as FasL and TRAIL was upregulated in helpless antigen-specific
CD8+ T cells while anti-apoptotic Bcl-2 and Bcl-xL were reduced. Moreover the secondary
expansion of CD8+ T cells from wild type animals was 5 fold higher than the expansion of
helpless CD8+ T cells on re-stimulation. Ex vivo culture of CD8+ T cells in the presence of a
pan caspase inhibitor z-vad and the TRAIL receptor fusion protein (DR5-Ig) helped to partially
restore the expansion of the helpless CD8+ T cells. However these studies did not clearly
explain whether the effect that the CD4+ T cells have on memory CD8+ T cells is dependant
solely on secretion of TRAIL. Sacks et al.123 carried out in vivo studies where they traced the
fate of antigen-specific memory CD8+ T cells over a period of time prior to re-challenge and
post rechallenge using LCMV and Listeria monocytogenes. Their experiments showed that in
antigen-specific CD8+ T cells the expression of CD127 and CD27, was similar between wild
type and TRAIL deficient mice day 8 and day 90 post infection. The secretion of IFNγ,
TNFα, and IL-2 was also comparable in the wild type and TRAIL deficient mice. Rechallenge
studies were done where CD4+ T cell depleted and non depleted wild type and TRAIL deficient
mice were infected with LCMV intraperitoneally. In both wild type and TRAIL deficient mice
the frequency of virus-specific CD8+ T cells was low in the absence of CD4+ T cells.
Rechallenge with the virus led to a considerable decrease in the frequency and absolute number
of secondary virus-specific CD8+ T cells in the absence of CD4+ T cells in the wild type mice.
Curiously this defect in expansion was not restored in the TRAIL deficient mice. Other studies
have suggested that the contribution of TRAIL to the helpless phenotype may be transient and
that other factors also contribute.100 The above suggest that CD4+ T help is indispensable for
effective memory CD8+ T cells, however the role of TRAIL in the dysfunction in the helpless
memory CD8+ T cells remains to be fully elucidated.

b. Effect of CD40 on quality of memory CD8+ T cells: Studies involving CD40 have shown
that functional memory CD8+ T cells could be generated in the absence of CD40.124 Studies
by Fuse et al.91 provided useful hints that may help understand the mechanism of action of
CD4+ T cells on the quality of memory CD8+ T cell responses mediated and the role of TRAIL
or CD40 in this process. They used Vaccinia virus infections for their in vivo studies and
showed that the impairment of helpless CD8+ T cells is independent of TRAIL as shown
previously.91 They further reported that the administration of agonistic anti-CD40 antibody at
the priming stage could restore the function of the antigen-specific memory CD8+ T cells
generated in the absence of CD4+ T cell help.91 Exogenously administered IL-2 could also
repair the dysfunctional recall response of helpless memory CD8+ T cells.91 Helpless CD8+ T
cells dysfunction could be due to failure to down regulate the expression of PD-1 and to prevent
cell death. The signals provided by CD4+ T cells involve CD40-CD40L interactions and IL-2
signaling and in their absence the memory CD8+ T cells become dysfunctional and are more
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prone to activation induced cell death which may be PD-1 dependent and TRAIL dependent
or independent.91 Whether CD4+ T cells directly signal to CD8+ T cells or via some APC is
not clear at this stage.

Recent vaccine studies125 suggest that CD40-CD40L interactions between dendritic cells and
virus-specific CD8+ T cells can help to enhance the quality of memory CD8+ T cells in the
absence of CD4+ T cells. In these studies125 BALB/c mice were immunized with canary pox
vector expressing membrane bound CD40L (vCPmCD40L) and this led to an increase in
number of antigen-specific CD8+ T cells. Ex-vivo culture of human monocyte derived dendritic
cells (MDDC) infected with CD40L expressing canary pox vector led to a greater secretion of
IFNγ by the helpless CD8+ T cells. The CTL activity of the virus-specific helpless CD8+ T
cells was also partially restored with CD40L stimulation. These results suggest that CD40L
on dendritic cells may play a role in shaping an effective memory CD8+ T cell response.

III. IMPLICATIONS FOR THE FUTURE
The need for potent CD8+ T cell eliciting vaccines remains largely unfulfilled. Discovery of
adjuvants and strategies that enhance the generation, maintenance and quality of memory
CD8+ T cells is important for the development of effective vaccines against viruses,
intracellular pathogens and tumors. Costimulatory molecules from the CD28 and the TNFR
family augment the immune response during viral infections and contribute to different phases
of CD8+ T cell responses as seen in Figure 1. It appears that the CD28 and CD27 are required
to initiate a primary CD8+ T cell response.126 For secondary responses of memory CD8+ T
cells, costimulatory molecules such as: CD28, 4-1BB, OX40 and CD27 all seem to play a role
in shaping the memory responses either by providing pro-survival signals or by enhancing the
quality of the memory CD8+ T cells. Secondary expansion of memory CD8+ T cells requires
professional APC66,83 and CD28 costimulation.82,84 TNFR family members as costimulatory
molecules could also be used as adjuvants. Indeed DNA and adenovirus based vaccines have
shown that expression of 4-1BBL, OX40L and CD70 leads to increased T cell expansion,
enhanced CTL activity and antibody response.127,128 Agonistic antibodies to TNF family
members such as 4-1BB can also provide an adjuvant effect and enhance memory CD8+ T cell
generation.105,129 Direct delivery of ligands such as using 4-1BBL to ‘decorate’ tumor cells
may provide costimulatory signals that enhance anti-tumor CTL.130–132 An alternative strategy
may be the use of oligonucleotide based ligands known as Aptamers, an example being
multivalent 4-1BBL Aptamers that act as agonists that can directly trigger CD8+ T cells and
inhibit tumors in mice.133 Chronic viral infections are characterized by accumulation of
functionally impaired antigen-specific CD8+ T cells, and studies have shown that 4-1BBL in
combination with CD80 can induce the expansion of the antigen-specific CD8+ T cells from
this impaired pool.134 Therefore such strategies may prove valuable for the design of effective
vaccines not only against acute viral infections but also against chronic viral infections.

Concluding remarks
Animal models of viral infections have shown that costimulatory molecules of both the CD28
and the TNFR family, as indicated in Table 1, help in the generation and maintenance of virus-
specific memory CD8+ T cells, but are also important for the reactivation of memory CD8+ T
cells and secondary responses. These costimulatory molecules may act in a redundant fashion,
but they may also provide an opportunity to augment virus-specific memory CD8+ T cell
responses and may prove useful in designing effective vaccines against chronic viral infections
such as HBV and HIV.134 A number of questions still remain about the function of
costimulatory molecules in memory anti-viral CD8+ T cell responses (Box 1). The function of
CD28 and TNFR family members has been studied for RNA and DNA viruses, and studies
have been done to delineate their functions at the acute and chronic stages of disease. However
the redundancy in the function of these molecules questions whether there is a hierarchy in the
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expression and function of the costimulatory molecules. Although agonistic antibodies may
enhance responses when CD28 signaling is absent,135 this does not necessarily suggest a switch
in costimulation requirements. It may however suggest that the lack of critical costimulatory
molecules may be overcome by targeting alternative receptors with monoclonal antibodies or
Aptamers.

The recent discovery of the important role of costimulatory molecules such as CD28 during
reactivation of memory CD8+ T cells would raise the danger that therapeutic blocking of
costimulation in transplantation and autoimmunity may impair the host’s ability to respond to
viral infection. On the other hand, some viral infections manipulate costimulation to evade the
immune response. A number of viruses such as Measles136 and HIV137,138 downregulate B7
family members so as to hamper CTL responses. This would suggest that successfully priming
CTL vaccines may not be very effective against such viruses. A strategy against such pathogens
and tumors may be to ‘add back’ costimulatory ligands to reverse the impairment of CTL
responses, or to generate memory, if possible, which is less dependent on CD28 costimulation.
One of the hallmarks of chronic viral infections is the occurrence of systemic inflammation;
the effect of different pro-inflammatory cytokines on the expression of costimulatory receptors
and their ligands during different phases of viral infections is still poorly understood.

The expression of TNFR or CD28 costimulatory molecules or their corresponding ligands on
the antigen presenting cells is necessary for an effective antiviral CD8+ T cell response,
especially for vaccinations against viral infections. The important interplay between different
costimulatory molecules for the generation, maintenance and functionality of memory CD8+

T cells, indicates that the design of preventive vaccines will require we further understand the
important contributions of costimulation to effective anti-viral memory CD8+ T cell responses.

Unanswered questions

• Can one cell provide multiple costimulatory signals?

• Do different APC provide different costimulatory signals?

• The importance of redundant signalling?

• Do central and effector memory CD8+ T cells differ in their requirement for
costimulation?

• Does persistent viral load alter expression of costimulatory molecules on APC?

• Effect of costimulation on tertiary memory?

• Does chronic infection change costimulation requirements of CD8+ T cells?

• Can costimulatory ligand combination enhance adjuvant activity
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Figure 1. Involvement of costimulatory molecules during the primary and memory phases of an
immune response
This figure shows the different phases of the anti-viral immune response in which costimulatory
molecules play a role. Costimulatory molecules can enhance the generation, maintenance and
quality of memory virus-specific CD8+ T cells. They can also affect the re-activation of
memory CD8+ T cells and the resulting secondary response.
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Table 1
Effect of costimulatory molecules on virus-specific memory CD8+T cells

The major costimulatory interactions that affect anti-viral memory CD8+ T cells are shown. The specific actions
resulting from these interactions are diverse and can affect many aspects of memory CD8+ T cell responses.

Receptor Ligand Effect on memory CD8+ T cell

CD28 B7-1, B7-2 ↑ expansion and IL-2 production82,84

PD-1 PD-L1/B7-H1,
PD-L2/B7-DC

↓ proliferation of helpless CD8+ T cells91

CD27 CD70 ↑ expansion with CD4+ T cell help and maintenance92,115–117

4-1BB 4-1BBL ↑ generation, maintenance and enhances proliferation95, 97,99,105 –108

OX40 OX40L ↑ survival and expansion in presence of CD4+ T cells 109–114

CD40 CD40L ↑ quality91,122

TRAIL receptors TRAIL ↓ survival of helpless memory CD8+ T cells119,120
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