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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
i

�
nformation has been collected and has proven to be invaluable. Paradoxically, very little i

�
s known about T cell

a� ctivation and function in vivo. In the last decade, a number of models have been developed which allow the
t

�
racking of Ag-activated T cells in vivo and these studies have been instrumental in advancing the field of T cell
b

	
iology. 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-
t

�
ion. Activation is a somewhat confusing word as we
d



o not define activation in the same way for each cir-

c� umstance. For example, one who studies signal trans-
d



uction may define activation by the ligation of a re-

c� eptor, while a molecular biologist may consider the
induction of gene expression as activation. Further,
a�  cell biologist may regard proliferation or protein se-
c� retion as another form of activation. Depending on the
subdiscipline of immunology being discussed, all of
t

�
hese definitions of activation may be applicable.

N
�

evertheless, in the context of immunobiology, none o
 f
t

�
hem may be accurate. Therefore, for the sake of clarity,
I

�
 will deal with this issue by using the term “immunity”,

w� hich translates to development of memory.
I

�
t seems that defining memory is much easier than

d


efining tolerance. Memory is the ability of the immune

system to recall a response against an antigen (Ag). In
simple terms, being immune is equated with memory
resulting from a previous exposure to an Ag. For
e� xample, one is immune to a previously injected Ag but
i

�
s not usually able to mount an anamnestic response to

a� n Ag to which the subject has never been exposed.
N

�
ormally, a memory response is more vigorous than

t
�
he initial response. The complexity of this issue is con-

founded when one begins to ask whether there are va-
rying degrees of memory and why all memory respon-
ses are not equivalent. For example, why are certain
v� accine strategies more effective than others? This lat-
t

�
er point may be related to tolerance induction.

T
�

 cell tolerance to Ag is believed to occur in at least
t

�
wo sites in the body: the thymus (central tolerance) and

t
�
he periphery (peripheral tolerance) 38, 56. One other site

i
�
s in the gut7

�
1. Tolerance in the thymus occurs during

T cell development. As T cells differentiate into mature
c� ells, they are screened for their ability to bind to pep-
t

�
ides presented by major histocompatibility complex
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(MHC) molecules. The details of this process are not
t

�
he focal point of this review and, therefore, I will only
t

�
ouch on the subject. Briefly, as T cells become double
p� ositive (CD4+ CD8+)

�
 expressing cells, they begin to

survey MHC/peptide complexes and, if the affinity of
t

�
he T cell receptor (TCR) for its ligand reaches beyond
a�  certain threshold, the cell will then be programmed to
d



ie via apoptosis3

�
. Negative selection also takes place

in the bone marrow to eliminate self-reactive B cells.
P

�
eripheral tolerance appears to be a more compli-

c� ated process. Affinity of the TCR for MHC/peptide
may play a role, but costimulatory molecules are also
i

�
ntimately involved, thereby complicating the situation

e� ven further. Similarly, understanding the end result of
t

�
olerance induction becomes a challenge because the
r� eadout of tolerance is hard to quantify. In the case of
memory it is very clear what one looks for, namely,
a�  recall response that can be measured by cell prolife-
r� ation, cytokine production or target cell lysis. In the
c� ase of tolerance there should be little response to
m� easure since the T cell is tolerant to the Ag. This
r� aises several important issues: are T cells present but
u� nresponsive (i.e. anergy), have they migrated to other
p� arts of the body and, therefore, are unable to interact
w� ith the Ag, or are they dead? It may be that tolerance
is a result of all of these processes to varying degrees.
F

�
or example, it makes sense that a cell which is on its

w� ay to death will have little ability to produce cytokines
o
 r proliferate. In this case the cell would appear anergic
b

	
ut is simply moribund.

Models of T Cell Tolerance

There are several models of T cell tolerance that
h

�
ave allowed investigators to distinguish between these

p� ossibilities. The one commonality between each of
t

�
hese models is the ability to track Ag-activated T cells.
This is critical, because it allows one to determine
w� hether the cell population in question is present or not.
Initial studies came from the use of superAg’s (SAg)3

�
9.

E
�

arly on it was noticed that T cells would be eliminated
in the thymus of mouse strains which expressed mls
p� roteins reactive to those T cells46. Later, soluble bac-
t

�
erial SAg was used to induce tolerance in mice. This

later model has led to a number of important dis-
c� overies. For example, the use of SAg facilitated the
d



iscovery of T cell negative selection in the thymus2

�
6.

Additionally, in the periphery it was found that SAg
a� ctivation induced T cell death through an apoptotic
mechanism2

�
8. SAg’s have also been implicated in a vast

n umber of human afflictions4
!

, 31. Two of the foremost
e� xamples are food poisoning and toxic shock syn-
d



rome.

T
�

he SAg model is invaluable as a system to study
p� eripheral tolerance. The key feature of the system is
t

�
he ability to follow SAg-activated T cells over time
b

	
ased on the TCR Vβ chain that they bear. Therefore,

monoclonal a� ntibodies (mAb) specific to TCR Vβ chains
c� an be used to follow activated T cells directly e" x vivo
t

�
hrough the use of a flow cytometer. It is widely known
t

�
hat as T cells are stimulated by SAg they will respond
b

	
y blasting, producing cytokines and proliferating.

M
#

oreover, 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
u� ninjected mice3

�
9. Expansion peaks by 2 to 3 days after

SAg injection and is followed by mass deletion of the
r� esponding cells. Deletion is usually completed by one
w� eek after injection and the vast majority of these cells
d



ie by apoptosis28. Notwithstanding, it has been shown

t
�
hat these cells can also become anergic6

$
, 27.

A second model developed by the Jenkins labora-
t

�
ory utilizes transgenic TCR-expressing T cells29.
T

�
hese cells are adoptively transferred into genetically

similar wild-type mice such that the proportion of CD4
T

�
CR transgenic T cells is approximately 1%. This low

p� ercentage of Ag-reactive T cells mimics physiological
c� onditions and allows the T cells to be tracked after
responding to the Ag. After T cell transfer, the mouse
i

�
s injected with Ag and the T cells can then be moni-
t

�
ored using an anti-idiotypic TCR mAb. The results of

t
�
he SAg model and this model are generally very si-

milar. Models which utilize transgenic TCR CD8
T cells specific to viral peptides have also been very
u� seful7

�
4.

B
%

efore the use of these models, it was impossible to
d



etermine the fate of the Ag-responsive cells in vivo.

E
�

arlier systems compared the physical state of the Ag
more than the fate of T and B cell functions. In a set
o
 f pinnacle studies in the early 1960’s by DRESSER9

&
, 10,

it was shown that small amounts of bovine γ'  globulin
w� ere tolerogenic in mice compared to larger doses. At
t

�
he same time, DRESSER noted that high-speed spins,

w� hich removed aggregated proteins, were essential for
t

�
olerogenicity. Even earlier studies by FREUND13

showed the positive effects of various adjuvant oils on
a� ntibody synthesis. Paradoxically, it is still not clear
h

�
ow adjuvants specifically function to boost immunity.

Taken together, the physical state of the Ag and the
f

(
orm of presentation can determine the quantity and

q) uality of a lymphocyte response.
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H
*

ow Costimulatory Signals Affect T Cell
Tolerance and Immunity

D
+

ifferential signaling for tolerance induction over
immunity was first proposed by BRETSCHER and COHN

in 19705
,
. Specifically, they proposed that binding of

o
 ne determinant by a surface antibody receptor alone
w� ould lead to tolerance, but this signal in conjunction
w� ith a carrier antibody molecule binding a second
d



eterminant would lead to antibody induction. Later,

LAFFERTY and CU
-

NNINGHAM modified this idea3
�

4. They
p� roposed that two signals were needed to drive allore-
a� ctions. Signal one, Ag recognition (this is the same as
t

�
he Bretscher and Cohn model) and signal two, or the

c� ostimulatory signal, are derived from the antigen
p� resenting cell (APC). Some years later this model was
c� onfirmed with a series of in vivo and in vitro experi-
ments performed by the Schwartz laboratory (see
b

	
elow).

C
.

hemical modification of APC by treatment with
t

�
he crosslinker 1-ethyl-3-(3-dimethylaminopropyl)-car-

b
	
odiimide was shown to induce Ag-specific unrespon-

siveness in mice2
�

5. The results suggested that signal one
w� ithout signal two induced tolerance in the Ag-acti-
v� ated lymphocyte population. Modified APC, in con-
t

�
rast to unmanipulated APC, were able to deliver signal

1 but were unable to deliver signal 2. A few years later
a�  mAb was produced against murine CD28 and defini-
t

�
ive evidence for a second signal was established19.
C

.
D28 is expressed on T cells at all times and is ex-

p� ressed on immature T cells in the thymus17. The li-
g/ and for CD28 is B7-1 (CD80) and B7-2 (CD86),
w� hich are expressed on APC20. In general, dendritic
c� ells constitutively express these B7 molecules, but all
o
 ther APC need to become activated in order for B7
e� xpression to occur.

I
�
n the presence of signal 1 and signal 2, naï

0
ve

T cells will increase stability of IL-2 mRNA, syn-
thesize IL-2, increase expression of the IL-2R and then

�

begin to clonally expand
	 24, 52

�
. This is the essence of the

t
�
wo-signal hypothesis. Effector T cells, on the other
hand, do not seem to be as dependent on CD28 cos-
timulation

� 8. They are capable of secreting large quan-
t

�
ities of cytokines without costimulation. Memory
T

�
 cells also seem to be dependent on costimulation, but

p� erhaps to a lesser degree than to naïve T cells11. Thus,
d



uring the differentiation of T cells after signals 1 and

2 multiple signaling pathways must be rewired to allow
effector cell activation without costimulation. Currently�

it is not clear whether CD4 T cell effectors develop into
m� emory cells or whether memory cells develop from
a�  totally different cell lineage.

W
1

hen naï
0
ve T cells are stimulated in the presence

o
 f signal 1 but in the absence of signal 2, these cells
w� ill become anergic. Anergy means the T cells do not
p� roliferate and fail to make IL-2. Anergic T cell clones,
however, produce other cytokines such as IFN-γ'  and
IL-3 when stimulated23. In general, Th2 cells can also
b

	
e induced to become anergic7

�
2. In doing so they will

fail to provide help to B cells and be unable to prolife-
rate. Thus, the two-signal model has allowed immuno-
l

2
ogists to compartmentalize T cell responses in a logi-

c� al and manageable fashion.
Several confusing issues remain with regard to the

t
�
wo-signal hypothesis. In theory, constitutive B7 ex-

p� ression on circulating or localized APC should dra-
m� atically increase the likelihood of autoimmunity. In
a� n elegant set of in vivo experiments, it was shown that
c� onstitutive B7 expression within the pancreas did not
induce diabetes unless these transgenic mice were
c� rossed with TNF-α transgenic mice which secrete18.
Thus, signal one (self-pancreatic peptides) and signal
t

�
wo (transgenic CD80) were not sufficient to stimulate

a� utoimmunity and, therefore, the two-signal model may
b

	
e an oversimplification for long-lasting T cell activa-

t
�
ion in vivo. In a related set of experiments, it was

shown that CD28–/– mice can clear certain viral infec-
t

�
ions and are able to generate protective responses to

p� arasites even though these mice are less capable of
g/ enerating memory T cells5

,
4, 67. These data suggest

several important hypotheses and notions: 1) since two
signals are not enough to stimulate autoimmunity, it is
l

2
ikely that other signals are important; 2) there must be

o
 ther costimulatory signals which are sufficient to func-
t

�
ion in the absence of CD28 and the question is whether

t
�
hey function when CD28 is present. Taken together,

w� e can conclude that two signals are sufficient to “ac-
t

�
ivate”  naïve T cells in vitro and in vivo, but T cell

immunity 
�

in vivo is likely to involve multiple signals.
Additionally, the difference between autoimmunity and
tolerance induction is more complicated than competi

�
-

t
�
ion for signal 2 and likely involves the action of proin-

flammatory cytokines such as TNF-α.
C

.
D40 is a member of the TNF/NGF superfamily of

r� eceptors. CD40 is expressed on all APC, amongst
o
 ther cell types, and its ligand CD154 (formally known
a� s gp39 or CD40-ligand) is expressed on activated
T cells16. CD154 binding to surface CD40 on APC en-
hances expression of CD80 and CD863

�
0, 53. In turn,

t
�
hese APC are able to provide T cells with costimula-

t
�
ion. Specifically, B cell surface Ig binding to its spe-

c� ific target (B cell signal 1) is not sufficient to induce
e� xpression of costimulatory molecules and, therefore,
w� ill induce anergy unless given signal 2. CD154 bear-

2
�
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i
�
ng T cells can interact with resting B cells, which ex-
p� ress a peptide/MHC complex that the T cell can rec-
o
 gnize. CD154 will bind to CD40 (B cell signal 2),
t

�
hereby causing up-regulation of CD80 and CD86. This

w� ill promote B cell activation and further T cell acti-
v� ation. How does the original T cell become activated
so that it expresses CD154? Most likely this is through
a� n activated macrophage or dendritic cell, which are
p� robably activated nonspecifically by pathogens or ad-
j

3
uvants.

Although the CD40/CD154 system explains how
T and B cells can communicate with each other, sev-
e� ral 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

d


egree of interaction lead to different functional out-

c� omes for T and B cells? The answers to these ques-
t

�
ions and others will provide important clues towards

o
 ur understanding of immunity.
O

4
ther members of the TNF/NGF superfamily of re-

c� eptors are also very important during immunity. OX40
i

�
s a receptor that is expressed on Ag-stimulated T cells
t

�
hat shows structural homology to CD407

�
0. In vivo ex-

p� eriments have indicated that OX40 is expressed pre-
d



ominantly on CD4 T cells and not significantly on

C
.

D8 T cells5
,

0. OX40-ligand is restricted in its express-
i

�
on, but is found on activated APC5

,
7. OX40-ligand

stimulation on B cells induces differentiation and con-
t

�
ributes to Ig synthesis. Also, stimulation of OX40-li-

g/ and on dendritic cells leads to enhanced secretion of
p� roinflammatory cytokines4

!
8. Collectively, these results

suggest that OX40/OX40-ligand stimulation will im-
p� rove immune responses in vivo.

Several key features concerning OX40 are now well
e� stablished. OX40 stimulation on activated T cells
leads to enhanced proliferation5

,
0. This result is also evi-

d


ent when Th1 and Th2 cells are examined, showing

t
�
hat there is no bias toward one population over the

o
 ther7
�
0. This is supportive of in v5 ivo data showing that

O
4

X40 stimulation can promote Th2 responses12. Addi-
t

�
ionally, it has been shown that OX40 and CD28 en-

g/ agement on naïve T cells synergistically promote pro-
liferation and IL-2 production

2 14. Therefore, OX40
o
 perates in a similar fashion to CD28 as a potent cos-
t

�
imulatory signal for T cells.

4-1BB is another member of this family that shares
a�  few structural and functional similarities to the other
members6

$
8. In contrast to OX40, 4-1BB has been char-

a� cterized as an activation molecule that is expressed on
C

.
D4 and CD8 T cells5

,
1. 4-1BB stimulation in mice car-

r� ying tumors leads to enhanced tumor regression45. In
t

�
hese mice, CD8 T cells possessed higher cytotoxic

T
�

 lymphocyte (CTL) activity and exhibited a more ro-
b

	
ust cytokine response5

,
5.

In our studies we found that 4-1BB was indeed ex-
p� ressed on both CD4 and CD8 staphylococcal entero-
t

�
oxin A (SEA)-activated T cells, but the CD8 T cells
e� xpressed more of this molecule and enhanced 4-1BB
e� xpression was seen much earlier after Ag-stimula-
t

�
ion5

,
9. When mice were injected with both SEA and an

a� gonist mAb specific to 4-1BB, we found that prolife-
r� ation was enhanced in the presence of the mAb. This
is similar to what is observed by stimulating OX40 or
C

.
D28 on SEA-activated T cells in vivo. In contrast,

h
�
owever, 4-1BB stimulation led to a significant block

in peripheral deletion, whereas the other two did not.
O

4
ddly enough, we found that the CD8 T cells were

p� rotected from deletion, but the CD4 T cells were still
d



eleted. One possibility to explain this data is that 4-

1BB is wired differently on CD8 versus CD4 T cells.
F

�
uture experiments on the subject of comparing 4-1BB

signaling between CD4 and CD8 T cells should be very
i

�
nteresting.

The Influence of Cytokines 
o6 n T Cell Survival and Memory

T
�

he existence of T cell memory has been recog-
n ized for a number of years11. For much of this time
t

�
here has been an ongoing debate concerning the im-

p� ortance of Ag in maintaining memory. For the most
p� art this debate continues, but for CD8 T cells there
seems to be little doubt that Ag is not essential22, 35, 47.
F

�
or CD4 T cells it is still unclear as to the role of Ag,

however, earlier reports show that memory T cells can
survive in the absence of Ag15. Nevertheless, this con-
t

�
radicts previous studies, and so the debate continues5

,
8.

T
�

he process of memory T cell generation is not well
u� nderstood and represents one of the last great frontiers
i

�
n basic immunology. Part of the reason this has been

d


ifficult to study is the lack of understanding of what

c� onstitutes memory. This has generated a wide spec-
t

�
rum of viewpoints and raises a variety of immunologi-
c� al questions, including: 1) are memory cells derived
from effectors, 2) how many signals do T cells require
t

�
o become memory cells, 3) how different are memory
T cells from naïve cells, 4) where are memory cells
located in the body and 5) how do memory cells avoid
d



eath signals? For the past decade only a few tenets

have been established with regard to these and other
�

questions) 11. First, memory cells are usually CD44hi,
CD62-l negative and CD45RO positive. Secondly,

.

memory T cells do seem to respond more vigorously to
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stimuli than naïve T cells. And thirdly, recent data have
shown that memory CD8 T cells are derived from ef-
fector cells and are not a separate lineage49. Although
there may be examples when these tenets do not hold,

�

in general they should be viewed as guidelines.
O

4
ne of the more pressing issues is how effector cells

a� re instructed to become memory cells. Recently, it has
b

	
een shown that at least five cellular divisions are

necessary for effector CTLs to develop into memory
c� ells49. These data raise the question of what occurs
d



uring these divisions? Secondly, are these cells quali-

t
�
atively different from the cells which have undergone <5

d


ivisions, or have these cells out-competed the other

c� ells for growth factors? These questions raise the issue
o
 f whether a subpopulation of effector cells possesses
a�  selective advantage in obtaining a memory pheno-
t

�
ype. For example, as T cells begin to clonally expand,
it may be possible that a small proportion of effector
c� ells receives a limiting signal(s) which grooms these
c� ells to divide further and differentiate into memory
c� ells. Potential signals which may drive this process are
c� ytokines, accessory molecules on neighboring cells as
t

�
hey divide, or perhaps the lack of a death signal. Re-
g/ ardless of the outcome, these studies will lead to new
a� nd exciting concepts in immunology.

Another aspect of memory acquisition is the
n ecessity of T cells to survive through the effector
p� hase. It is widely believed that, as T cells progress to
e� ffector cells, a number of cell death mechanisms are
a� ctivated. These include receptor-mediated death path-
w� ays such as Fas and trail, cytokine deprivation, and,
p� ossibly, steroid-induced death3

�
2. Regardless of the

m� echanism, effector T cells must thwart this attack in
o
 rder to survive. Therefore, T cells have developed
w� ays in which death can be circumvented.

Earlier it was noted by CHILLER and WEIGLE7
�
 that

t
�
olerance could be circumvented by administration of

a� djuvant. Specifically, they demonstrated that lipopoly-
saccharide (LPS) and soluble IgG induced immunity
w� hereas soluble IgG alone induced tolerance. Some
y7 ears later this study was expanded upon, using a SAg
model which utilized SEA as the SAg6

$
3. Injection of

SEA leads to profound deletion of the TCR Vβ3-reac-
t

�
ive T cells44. If LPS is injected at the time of or one
d



ay 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
b

	
e responsive to SEA and, therefore, were not an-

e� rgic6
$
5. Mechanistically, it was shown that TNF-α was

t
�
he critical factor in mediating rescue, since TNF-α

n eutralizing mAb inhibited LPS-induced rescue6
$

3. In an
a� nalogous experiment, injection of TNF-α and SEA led

t
�
o rescue from deletion6

$
4. LPS seems to fit the descrip-

t
�
ion of a “danger”  signal as proposed by MATZINGER40, 41.

The  irony of these results is that TNF-α is a well-
-noted death-inducing cytokine7

�
3. In a related scenario,

it has been known for some time that the quintessential
d



eath receptor, Fas (CD95), can also be mitogenic

w� hen ligated2
�
. Therefore, many factors must contribute

t
�
o these types of differential responses, with microen-

v� ironment being no less important than any other. For
e� xample, 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
i

�
n the microenvironment may promote survival over

d


eath. Large amounts of growth factors may block

T
�

 cell apoptosis, whereas small amounts may not.
A

8
 case in point is IL-2, which in large quantities will

p� romote growth, but in small quantities will induce
d



eath via growth factor withdrawal3

�
3, 36. A second

e� xample suggests that the balance of various cytokines
may influence survival over death. Exposure of acti-
v� ated T cells to proinflammatory cytokines may lead to
o
 ne type of response, whereas anti-inflammatory cyto-
kines may promote another. Additionally, there are cer-
t

�
ain cytokines, such as TGF-β, which have been char-

a� cterized as having pleiotropic effects on cells, and
TNF-α is no exception to this class of cytokines6

$
9.

T
�

hus, receptor activation driving a response in one cir-
c� umstance and not in another is compatible with the
idea that the outcome of an immune response is de-
p� endent upon multiple factors.

T
�

he mechanism of how TNF-α promotes T cell sur-
v� ival in vivo is unknown. Initial attempts were focused
o
 n analyzing a role for CD28 and B7. It was found that
rescue was observed in mice treated with SEA/LPS and
C

.
TLA4-Ig as well as in CD28–/– mice6

$
4. These data

strongly suggested that long-term survival was not driven
b

	
y CD28 ligation. To investigate what role CD28 did play

d


uring SEA-induced proliferation, mice were given SEA

a� nd CTLA4-Ig and the fate of Vβ3 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
b

	
locked. One possibility to explain these data is that CD28

w� as not ligated efficiently. Therefore, experiments were
c� onducted in which CD28 would be ligated maximally by
a� ctivated A

8
PC in vivo. Injection of anti-CD40 led to

d


ramatic increases of surface B7 expression3

�
0, 53. SEA

a� nd anti-CD40 led to massive increases in clonal ex-
p� ansion, but deletion was not inhibited42. Blocking
C

.
D28 from ligation in this model completely inhibited

C
.

D4 T cell clonal growth. Therefore, these data collec-
t

�
ively show that signal 2 is a growth signal, but not

a�  long-term survival signal in vivo.
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T
�

hese data led to the hypothesis that three signals
may provide optimal in vivo immunity43, these being
Ag, costimulation and a survival signal. This notion is
c� urrently being tested and initial results are supportive
o
 f this idea. Nevertheless, one must remember that
4-1BB ligation induced clonal expansion and selective
r� escue of the CD8, but not CD4 T cells5

,
9. In this case

o
 nly two signals were necessary; however, it is un-
known whether more costimulation or survival stimuli
w� ould enhance rescue.

Identifying survival signals has been actively pur-
sued by a number of laboratories in a variety of sys-
t

�
ems. Recent reports have shown that IL-6 is a potent
inhibitor of the spontaneously induced death of naïve
T

�
 cells6

$
1. Additionally, two members of the IL-2 family

of cytokines, IL-4 and IL-7, can also block spontaneous


death

 66

$
. When T cells are activated and set up for death

by growth factor withdrawal, IL-2, -4, -7 and -15 can
	

all block death� 1, 62. Interestingly, IL-2 and IL-15 induce
survival with proliferation and IL-4 and IL-7 induce
survival without proliferation. This is especially true
w� ith resting T cells, where rescue from apoptosis by
IL-4, -6 and -7 was not associated with proliferation.
This is even more intriguing when one considers the
f

(
act that IL-2, -4, -7 and -15 utilize a common receptor

sub-unit for signaling37
�

. Therefore, survival can occur
via proliferation and in the absence of proliferation.�

Taken together, survival signals come in at least two
varieties: ones that promote proliferation and others that�

do not. The mechanism which promotes one mode of



action over the other will clearly involve the untangling�

of various signaling pathways and gene activation.


Closing Thoughts

U
9

nderstanding the differences that drive tolerance
v� ersus 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-
p� ing techniques that inhibit T cell growth will most
c� ertainly play a role in controlling autoimmune disease.
C

.
onversely, assisting T cell growth and survival will

improve vaccine development by converting weak vac-
c� ines into potent ones. The greatest challenge, however,
w� ill be to control Ag-specific T cell function and avoid
a� ffecting cells that are bystanders. For example, it
w� ould be very dangerous to enhance global T cell
g/ rowth for vaccination purposes in a patient who is
suffering from an autoimmune disease. There will be

a�  necessity to target the appropriate cells while sparing
p� otentially dangerous cells.

A key characteristic of vaccination and in the estab-
l

2
ishment of autoimmune disease is the association of

inflammatory responses. In almost all circumstances of
a� utoimmune disease there seems to be a chronic in-
f

(
lammatory reaction. At the same time many of these

a� utoimmune diseases, including arthritis and multiple
sclerosis, are indeed dependent on T cells6

$
0. It is likely

t
�
hat this relationship between inflammation and pa-

t
�
hogenic T cell responses is not a coincidence. Based
o
 n the data reviewed here, it is likely that proinflam-
m� atory cytokines are playing a role in keeping T cells
a� live. In particular, TNF-α is directly associated with
t

�
his phenomenon. Additionally, a number of pa-
t

�
hogenic organisms are associated with certain autoim-

mune diseases2
�

1. It could be predicted that these organ-
isms provide the ammunition to induce an
i

�
nflammatory response, which in turn potently activates

T cells and that some of these T cells may be autore-
a� ctive. In the context of an appropriate inflammatory
r� eaction they can differentiate into long-lived autoreac-
t

�
ive memory cells.

These ideas support a model of three signals being
c� ritical for the induction of optimal immunity. Natu-
rally, the first is Ag, the second some type of growth
signal such as that from a costimulatory molecule and
t

�
he third a survival signal, which may be derived from
a�  danger signal. It has been shown that immunity is
heightened if T cells are responding in the presence of
p� roinflammatory cytokines. These data lend credence
t

�
o the three-signal hypothesis, since the same responses

a� re not potent when the third signal is omitted. This
t

�
heory does not state that this is the only way that im-

munity can be induced: it states that three signals will
p� otentiate a long-term response. The end result is the
a� ccumulation of memory cells.
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