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Abstract. In the last two decades, T cell function has been analyzed in vitro from many different angles, with
a great deal of attention dedicated to the basic requirements of activation. During this time, a compendium of
information has been collected and has proven to be invaluable. Paradoxically, very little is known about T cdll
activation and function in vivo. In the last decade, a number of models have been developed which allow the
tracking of Ag-activated T cells in vivo and these studies have been instrumental in advancing the field of T cell
biology. In particular, a new and emerging paradigm of T cell immunity is evolving.
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Defining Activation, Tolerance and Memory

The larger part of this review is dedicated to exam-
ining CD4 T cell tolerance versus CD4 T cell activa-
tion. Activation is a somewhat confusng word as we
do not define activation in the same way for each cir-
cumstance. For example, one who studies signal trans-
duction may define activation by the ligation of a re-
ceptor, while a molecular biologist may consider the
induction of gene expression as activation. Further,
a cell biologist may regard proliferation or protein se-
cretion as another form of activation. Depending on the
subdiscipline of immunology being discussed, all of
these definitions of activation may be applicable.
Nevertheless, in the context of immunobiol ogy, none of
them may be accurate. Therefore, for the sake of clarity,
| will deal with this issue by using the term “immunity”,
which trandates to development of memory.

It seems that defining memory is much easier than
defining tolerance. Memory isthe ability of theimmune

system to recall a response againgt an antigen (Ag). In
simple terms, being immune is equated with memory
resulting from a previous exposure to an Ag. For
example, oneisimmune to a previously injected Ag but
is not usually able to mount an anamnestic response to
an Ag to which the subject has never been exposed.
Normally, a memory response is more vigorous than
theinitial response. The complexity of thisissueiscon-
founded when one begins to ask whether there are va
rying degrees of memory and why all memory respon-
ses are not equivaent. For example, why are certain
vaccine strategies more effective than others? This lat-
ter point may be related to tolerance induction.

T cell tolerance to Ag is believed to occur in at least
two sitesin the body: the thymus (central tolerance) and
the periphery (peripheral tolerance) * 6. One other site
is in the gut™. Tolerance in the thymus occurs during
T cell development. As T cells differentiate into mature
cells, they are screened for their ability to bind to pep-
tides presented by major histocompatibility complex
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(MHC) molecules. The details of this process are not
the foca point of this review and, therefore, | will only
touch on the subject. Briefly, as T cells become double
positive (CD4* CD8") expressing cells, they begin to
survey MHC/peptide complexes and, if the affinity of
the T cell receptor (TCR) for its ligand reaches beyond
a certain threshold, the cell will then be programmed to
die via apoptosis®. Negative selection also takes place
in the bone marrow to eliminate self-reactive B cells.

Periphera tolerance appears to be a more compli-
cated process. Affinity of the TCR for MHC/peptide
may play a role, but costimulatory molecules are aso
intimately involved, thereby complicating the situation
even further. Similarly, understanding the end result of
tolerance induction becomes a challenge because the
readout of tolerance is hard to quantify. In the case of
memory it is very clear what one looks for, namely,
arecall response that can be measured by cell prolife-
ration, cytokine production or target cell lysis. In the
case of tolerance there should be little response to
measure since the T cell is tolerant to the Ag. This
raises severa important issues: are T cells present but
unresponsive (i.e. anergy), have they migrated to other
parts of the body and, therefore, are unable to interact
with the Ag, or are they dead? It may be that tolerance
is aresult of all of these processes to varying degrees.
For example, it makes sense that a cell which is on its
way to death will havelittle ability to produce cytokines
or proliferate. In this case the cell would appear anergic
but is simply moribund.

Models of T Cell Tolerance

There are several models of T cell tolerance that
have allowed investigators to distinguish between these
possibilities. The one commonality between each of
these modelsisthe ability to track Ag-activated T cells.
This is critical, because it alows one to determine
whether the cell population in question is present or not.
Initial studies came from the use of superAg's (SAQ)™.
Early on it was noticed that T cells would be eliminated
in the thymus of mouse strains which expressed mls
proteins reactive to those T cells®. Later, soluble bac-
terial SAg was used to induce tolerance in mice. This
later model has led to a number of important dis-
coveries. For example, the use of SAg facilitated the
discovery of T cell negative sdlection in the thymus?.
Additionally, in the periphery it was found that SAg
activation induced T cdl death through an apoptotic
mechanism?®. SAg’s have aso been implicated in avast
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number of human afflictions™ 3. Two of the foremost
examples are food poisoning and toxic shock syn-
drome.

The SAg modd is invaluable as a system to study
peripheral tolerance. The key feature of the system is
the ability to follow SAg-activated T cells over time
based on the TCR V[3 chain that they bear. Therefore,
monoclonal antibodies (mADb) specificto TCR V3 chains
can be used to follow activated T cells directly ex vivo
through the use of aflow cytometer. It iswidely known
that as T cells are stimulated by SAg they will respond
by blasting, producing cytokines and proliferating.
Moreover, in vivo data has shown that SAg-specific
T cells (both CD4- and CD8-bearing) will respond to
SAg by clonally expanding, such that the numbers of
SAg-reactive T cells are significantly higher than in
uninjected mice®. Expansion peaks by 2 to 3 days after
SAg injection and is followed by mass deletion of the
responding cells. Deletion is usually completed by one
week after injection and the vast mgjority of these cells
die by apoptosis®. Notwithstanding, it has been shown
that these cells can also become anergic® #/.

A second model developed by the Jenkins labora-
tory utilizes transgenic TCR-expressing T cells®.
These cells are adoptively transferred into genetically
similar wild-type mice such that the proportion of CD4
TCR transgenic T cells is approximately 1%. This low
percentage of Ag-reactive T cells mimics physiological
conditions and alows the T cells to be tracked after
responding to the Ag. After T cell transfer, the mouse
is injected with Ag and the T cells can then be moni-
tored using an anti-idiotypic TCR mAb. The results of
the SAg model and this model are generaly very si-
milar. Models which utilize transgenic TCR CD8
T cells specific to viral peptides have also been very
useful ™.

Before the use of these models, it was impossible to
determine the fate of the Ag-responsive cells in vivo.
Earlier systems compared the physical state of the Ag
more than the fate of T and B cell functions. In a set
of pinnacle studies in the early 1960’ s by Dresser® °,
it was shown that small amounts of bovine y globulin
were tolerogenic in mice compared to larger doses. At
the same time, Dresser noted that high-speed spins,
which removed aggregated proteins, were essential for
tolerogenicity. Even earlier studies by Freunp®™®
showed the positive effects of various adjuvant oils on
antibody synthesis. Paradoxically, it is till not clear
how adjuvants specifically function to boost immunity.
Taken together, the physical state of the Ag and the
form of presentation can determine the quantity and
quality of a lymphocyte response.
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How Costimulatory Signals Affect T Cell
Tolerance and Immunity

Differential signaling for tolerance induction over
immunity was first proposed by BrReTscHErR and CoHN
in 1970°. Specificaly, they proposed that binding of
one determinant by a surface antibody receptor alone
would lead to tolerance, but this signal in conjunction
with a carrier antibody molecule binding a second
determinant would lead to antibody induction. Later,
Larrerty and CunNingHAM modified this idea®. They
proposed that two signals were needed to drive allore-
actions. Signal one, Ag recognition (thisis the same as
the Bretscher and Cohn model) and signal two, or the
costimulatory signal, are derived from the antigen
presenting cell (APC). Some years later this model was
confirmed with a series of in vivo and in vitro experi-
ments performed by the Schwartz laboratory (see
below).

Chemical modification of APC by treatment with
the crosslinker 1-ethyl-3-(3-dimethylaminopropyl)-car-
bodiimide was shown to induce Ag-specific unrespon-
sivenessin mice?. The results suggested that signal one
without signal two induced tolerance in the Ag-acti-
vated lymphocyte population. Modified APC, in con-
trast to unmanipulated APC, were able to deliver signal
1 but were unable to deliver signa 2. A few years later
amAb was produced against murine CD28 and defini-
tive evidence for a second signal was established™.
CD28 is expressed on T cells at al times and is ex-
pressed on immature T cells in the thymus!’. The li-
gand for CD28 is B7-1 (CD80) and B7-2 (CD86),
which are expressed on APC®. In general, dendritic
cells congtitutively express these B7 molecules, but all
other APC need to become activated in order for B7
expression to occur.
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When naive T cells are stimulated in the presence
of signa 1 but in the absence of signal 2, these cells
will become anergic. Anergy means the T cells do not
proliferate and fail to make IL-2. Anergic T cell clones,
however, produce other cytokines such as VFahd
IL-3 when stimulated®®. In general, Th2 cells can also
be induced to become anergic’. In doing so they will
fail to provide help to B cells and be unable to prolife-
rate. Thus, the two-signal model has alowed immuno-
logists to compartmentalize T cell responses in a logi-
cal and manageable fashion.

Several confusing issues remain with regard to the
two-signal hypothesis. In theory, constitutive B7 ex-
pression on circulating or localized APC should dra-
matically increase the likelihood of autoimmunity. In
an elegant set of in vivo experiments, it was shown that
constitutive B7 expression within the pancreas did not
induce diabetes unless these transgenic mice were
crossed with TNF-a transgenic mice which secrete'®.
Thus, signa one (self-pancreatic peptides) and signal
two (transgenic CD80) were not sufficient to stimulate
autoimmunity and, therefore, the two-signal model may
be an oversimplification for long-lasting T cell activa-
tion in vivo. In a related set of experiments, it was
shown that CD287~ mice can clear certain viral infec-
tions and are able to generate protective responses to
parasites even though these mice are less capable of
generating memory T cells** . These data suggest
several important hypotheses and notions: 1) since two
signals are not enough to stimulate autoimmunity, it is
likely that other signals are important; 2) there must be
other costimulatory signalswhich are sufficient to func-
tion in the absence of CD28 and the question iswhether
they function when CD28 is present. Taken together,
we can conclude that two signals are sufficient to “ac-
tivate” naive T cells in vitro and in vivo, but T cell

In the presence of signal 1 and signal 2, naive immunity in vivo is likely to involve multiple signals.

T cells will increase stability of 1L-2 mRNA, syn- Additionally, the difference between autoimmunity and
thesize IL-2, increase expression of the IL-2R and th&sierance induction is more complicated than competi
begin to clonally expartti °2 This is the essence of thetion for signal 2 and likely involves the action of proin-
two-signal hypothesis. Effector T cells, on the other flammatory cytokines such as TNE-

hand, do not seem to be as dependent on CD28 cosCD40 is a member of the TNF/NGF superfamily of
timulatiorf. They are capable of secreting large gquareceptors. CD40 is expressed on all APC, amongst
tities of cytokines without costimulation. Memory other cell types, and its ligand CD154 (formally known

T cells also seem to be dependent on costimulation, but  as gp39 or CD40-ligand) is expressed on activated
perhaps to a lesser degree than to naive T cells™. Thus, T cells!®. CD154 binding to surface CD40 on APC en-
during the differentiation of T cells after signals 1 and hances expression of CD80 and CD86** =, In turn,

2 multiple signaling pathways must be rewired to allow these APC are able to provide T cells with costimula-
effector cell activation without costimulation. Currentlyion. Specificaly, B cell surface Ig binding to its spe-
itisnot clear whether CD4 T cell effectorsdevelopinto  cific target (B cell signal 1) is not sufficient to induce
memory cells or whether memory cells develop from  expression of costimulatory molecules and, therefore,
atotally different cell lineage. will induce anergy unless given signal 2. CD154 bear-

2 — Archivum Immunologiae... 5/2000
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ing T cells can interact with resting B cells, which ex-
press a peptide/MHC complex that the T cell can rec-
ognize. CD154 will bind to CD40 (B cell signa 2),
thereby causing up-regulation of CD80 and CD86. This
will promote B cell activation and further T cell acti-
vation. How does the origina T cell become activated
so that it expresses CD154? Most likely thisis through
an activated macrophage or dendritic cell, which are
probably activated nonspecifically by pathogens or ad-
juvants.

Although the CD40/CD154 system explains how
T and B cells can communicate with each other, sev-
eral important questions remain: How much time is
required for this interaction? How many hits between
T and B cells are necessary for full activation? Can the
degree of interaction lead to different functional out-
comes for T and B cells? The answers to these ques-
tions and others will provide important clues towards
our understanding of immunity.

Other members of the TNF/NGF superfamily of re-
ceptors are also very important during immunity. OX40
is areceptor that is expressed on Ag-stimulated T cells
that shows structural homology to CD40%. In vivo ex-
periments have indicated that OX40 is expressed pre-
dominantly on CD4 T cells and not significantly on
CD8 T cells®. OX40-ligand is restricted in its express-
ion, but is found on activated APC®. OX40-ligand
stimulation on B cells induces differentiation and con-
tributes to 1g synthesis. Also, stimulation of OX40-li-
gand on dendritic cells leads to enhanced secretion of
proinflammatory cytokines®. Collectively, these results
suggest that OX40/0OX40-ligand stimulation will im-
prove immune responses in Vvivo.

Several key features concerning OX40 are now well
established. OX40 stimulation on activated T cells
leads to enhanced proliferation®. Thisresult is also evi-
dent when Thl and Th2 cells are examined, showing
that there is no bias toward one population over the
other™®. This is supportive of in vivo data showing that
OX40 stimulation can promote Th2 responses'?. Addi-
tionaly, it has been shown that OX40 and CD28 en-
gagement on naive T cells synergistically promote pro-

liferation and IL-2 productiofl. Therefore, OX40

operates in a similar fashion to CD28 as a potent cos-
timulatory signal for T cdlls.

4-1BB is another member of this family that shares
a few structural and functional similarities to the other
members®. In contrast to OX40, 4-1BB has been char-
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T lymphocyte (CTL) activity and exhibited a more ro-
bust cytokine response™.

In our studies we found that 4-1BB was indeed ex-
pressed on both CD4 and CD8 staphylococcal entero-
toxin A (SEA)-activated T cells, but the CD8 T cells
expressed more of this molecule and enhanced 4-1BB
expression was seen much earlier after Ag-stimula-
tion>. When mice were injected with both SEA and an
agonist mAb specific to 4-1BB, we found that prolife-
ration was enhanced in the presence of the mAb. This
is similar to what is observed by stimulating OX40 or
CD28 on SEA-activated T cells in vivo. In contrast,
however, 4-1BB stimulation led to a significant block
in peripheral deletion, whereas the other two did not.
Oddly enough, we found that the CD8 T cells were
protected from deletion, but the CD4 T cells were till
deleted. One possibility to explain this data is that 4-
1BB is wired differently on CD8 versus CD4 T cells.
Future experiments on the subject of comparing 4-1BB
signaling between CD4 and CD8 T cells should be very
interesting.

The Influence of Cytokines
on T Cedl Survival and Memory

The existence of T cell memory has been recog-
nized for a number of years™. For much of this time
there has been an ongoing debate concerning the im-
portance of Ag in maintaining memory. For the most
part this debate continues, but for CD8 T cells there
seems to be little doubt that Ag is not essential?® 3 47,
For CD4 T cellsit is still unclear as to the role of Ag,
however, earlier reports show that memory T cells can
survive in the absence of Ag™. Nevertheless, this con-
tradicts previous studies, and so the debate continues™.

The process of memory T cell generation is not well
understood and represents one of the last great frontiers
in basic immunology. Part of the reason this has been
difficult to study is the lack of understanding of what
congtitutes memory. This has generated a wide spec-
trum of viewpoints and raises a variety of immunologi-
cal questions, including: 1) are memory cells derived
from effectors, 2) how many signals do T cells require
to become memory cells, 3) how different are memory
T cells from naive cells, 4) where are memory cells
located in the body and 5) how do memory cells avoid
death signals? For the past decade only a few tenets

acterized as an activation molecule that is expressed on
CD4 and CD8 T cells’. 4-1BB stimulation in mice car-
rying tumors leads to enhanced tumor regression®. In
these mice, CD8 T cells possessed higher cytotoxic

have been established with regard to these and other
question. First, memory cells are usually CD44hi,
CD62-1 negative and CD45RO positive. Secondly,
memory T cells do seem to respond more vigorously to
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stimuli than naive T cells. And thirdly, recent data have
shown that memory CD8 T cells are derived from ef-
fector cells and are not a separate lineage®. Although
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to rescue from deletion®. LPS seems to fit the descrip-
tion of a“danger” signal as proposed by MATzINGER® 4,
The irony of these results is that TNF-a is a well-

there may be examples when these tenets do not hehdted death-inducing cytokine’. In arelated scenario,

in general they should be viewed as guidelines.

One of the more pressing issuesis how effector cells
areinstructed to become memory cells. Recently, it has
been shown that at least five cellular divisions are
necessary for effector CTLs to develop into memory
cells®. These data raise the question of what occurs
during these divisions? Secondly, are these cells quali-
tatively different from the cells which have undergone <5
divisons, or have these cells out-competed the other
cellsfor growth factors? These questions raise the issue
of whether a subpopulation of effector cells possesses
a selective advantage in obtaining a memory pheno-
type. For example, as T cells begin to clonaly expand,
it may be possible that a small proportion of effector
cells receives a limiting signal(s) which grooms these
cells to divide further and differentiate into memory
cells. Potential signalswhich may drive this process are
cytokines, accessory molecules on neighboring cells as
they divide, or perhaps the lack of a death signal. Re-
gardless of the outcome, these studies will lead to new
and exciting concepts in immunology.

Another aspect of memory acquisition is the
necessity of T cells to survive through the effector
phase. It is widely believed that, as T cells progress to
effector cells, a number of cell desth mechanisms are
activated. These include receptor-mediated death path-
ways such as Fas and trail, cytokine deprivation, and,
possibly, steroid-induced death®. Regardless of the
mechanism, effector T cells must thwart this attack in
order to survive. Therefore, T cells have developed
ways in which death can be circumvented.

Earlier it was noted by CHiLLER and WEIGLE' that
tolerance could be circumvented by administration of
adjuvant. Specifically, they demonstrated that lipopoly-
saccharide (LPS) and soluble I1gG induced immunity
whereas soluble IgG aone induced tolerance. Some
years later this study was expanded upon, using a SAg
model which utilized SEA as the SAg®. Injection of
SEA leads to profound deletion of the TCR V[33-reac-
tive T cells*. If LPS is injected at the time of or one
day after SEA injection, deletion is significantly in-
hibited. This was true for CD4 and CD8 T cells. Upon
further examination, these rescued cells were found to
be responsive to SEA and, therefore, were not an-
ergic®. Mechanisticaly, it was shown that TNF-a was
the critical factor in mediating rescue, since TNF-a
neutralizing mAb inhibited L PS-induced rescue®. In an
anal ogous experiment, injection of TNF-a and SEA led

it has been known for some time that the quintessential
death receptor, Fas (CD95), can aso be mitogenic
when ligated?. Therefore, many factors must contribute
to these types of differential responses, with microen-
vironment being no less important than any other. For
example, cytokines may play a role in skewing one
response over the other. This could be imagined in at
least two ways. First, the quantity of certain cytokines
in the microenvironment may promote survival over
death. Large amounts of growth factors may block
T cell apoptosis, whereas small amounts may not.
A case in point is IL-2, which in large quantities will
promote growth, but in small quantities will induce
death via growth factor withdrawal® ¢, A second
example suggests that the balance of various cytokines
may influence survival over death. Exposure of acti-
vated T cells to proinflammatory cytokines may lead to
one type of response, whereas anti-inflammatory cyto-
kines may promote another. Additionally, there are cer-
tain cytokines, such as TGF-3, which have been char-
acterized as having pleiotropic effects on cells, and
TNF-a is no exception to this class of cytokines®.
Thus, receptor activation driving a response in one cir-
cumstance and not in another is compatible with the
idea that the outcome of an immune response is de-
pendent upon multiple factors.

The mechanism of how TNF-a promotes T cell sur-
viva in vivo is unknown. Initial attempts were focused
on analyzing arole for CD28 and B7. It was found that
rescue was observed in mice treated with SEA/LPS and
CTLA4-Ig as well as in CD287~ mice®. These data
strongly suggested that long-term surviva was not driven
by CD28 ligation. To investigate what role CD28 did play
during SEA-induced proliferation, mice were given SEA
and CTLA4-Ig and the fate of V33 T cells was tracked.
It was shown that the responsive cells did not grow to the
same extent and deleted faster when CD28 ligation was
blocked. One possibility to explain these dataisthat CD28
was not ligated efficiently. Therefore, experiments were
conducted in which CD28 would be ligated maximally by
activated APC in vivo. Injection of anti-CD40 led to
dramatic increases of surface B7 expression® %3, SEA
and anti-CD40 led to massive increases in clonal ex-
pansion, but deletion was not inhibited*. Blocking
CD28 from ligation in this model completely inhibited
CDA4 T cell clonal growth. Therefore, these data collec-
tively show that signal 2 is a growth signal, but not
along-term survival signal in vivo.
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These data led to the hypothesis that three signals
may provide optimal in vivo immunity®, these being
Ag, costimulation and a survival signa. This notion is
currently being tested and initial results are supportive
of this idea. Nevertheless, one must remember that
4-1BB ligation induced clonal expansion and selective
rescue of the CD8, but not CD4 T cells®. In this case
only two signals were necessary; however, it is un-
known whether more costimulation or survival stimuli
would enhance rescue.

Identifying survival signals has been actively pur-
sued by a number of laboratories in a variety of sys-
tems. Recent reports have shown that I1L-6 is a potent
inhibitor of the spontaneously induced death of naive
T cells®. Additionaly, two members of the IL-2 family
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a necessity to target the appropriate cells while sparing
potentially dangerous cells.

A key characteristic of vaccination and in the estab-
lishment of autoimmune disease is the association of
inflammatory responses. In ailmost all circumstances of
autoimmune disease there seems to be a chronic in-
flammatory reaction. At the same time many of these
autoimmune diseases, including arthritis and multiple
sclerosis, are indeed dependent on T cells®. It is likely
that this relationship between inflammation and pa-
thogenic T cell responses is not a coincidence. Based
on the data reviewed here, it is likely that proinflam-
matory cytokines are playing a role in keeping T cells
alive. In particular, TNF-a is directly associated with
this phenomenon. Additionally, a number of pa

of cytokines, IL-4 and IL-7, can also block spontaneotisogenic organisms are associated with certain autoim-
deatli®. When T cells are activated and set up for death mune diseases?. It could be predicted that these organ-
by growth factor withdrawal, IL-2, -4, -7 and -15 camsms provide the ammunition to induce an
all block death °2 Interestingly, IL-2 and IL-15 induce inflammatory response, which in turn potently activates
survival with proliferation and IL-4 and IL-7 induceT cells and that some of these T cells may be autore-
survival without proliferation. This is especially trueactive. In the context of an appropriate inflammatory
with resting T cells, where rescue from apoptosis by  reaction they can differentiate into long-lived autoreac-
IL-4, -6 and -7 was not associated with proliferatioriive memory cells.

This is even more intriguing when one considers the These ideas support a model of three signals being
fact that IL-2, -4, -7 and -15 utilize a common receptor  critical for the induction of optimal immunity. Natu-
sub-unit for signaling. Therefore, survival can occurraly, the first is Ag, the second some type of growth
via proliferation and in the absence of proliferatiorsignal such as that from a costimulatory molecule and
Taken together, survival signals come in at least tvilee third a survival signal, which may be derived from
varieties: ones that promote proliferation and others treatlanger signal. It has been shown that immunity is
do not. The mechanism which promotes one mode eightened if T cells are responding in the presence of
action over the other will clearly involve the untanglingroinflammatory cytokines. These data lend credence
of various signaling pathways and gene activation. to thethree-signal hypothesis, since the same responses
are not potent when the third signal is omitted. This
theory does not state that this is the only way that im-
munity can be induced: it states that three signals will
potentiate a long-term response. The end result is the
accumulation of memory cells.

Closing Thoughts

Understanding the differences that drive tolerance

versus immunity go beyond an academic exercise.
These data are invaluable in our pursuit for an under-
standing of autoimmune disease, tumor immunology,
infectious disease and vaccine development. Develo-
ping techniques that inhibit T cell growth will most
certainly play arole in controlling autoimmune disease.
Conversely, assisting T cell growth and survival will
improve vaccine development by converting weak vac-
cinesinto potent ones. The greatest challenge, however,
will be to control Ag-specific T cell function and avoid
affecting cells that are bystanders. For example, it
would be very dangerous to enhance global T cell
growth for vaccination purposes in a patient who is
suffering from an autoimmune disease. There will be
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