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Homeostasis and Self-Tolerance 
in the Immune System: Turning 

- 

~ymphocytes off 
Luk Van Parijs* and Abul K. Abbas 

The immune system responds in a regulated fashion to microbes and eliminates them, 
but it does not respond to self-antigens. Several regulatory mechanisms function to 
terminate responses to foreign antigens, returning the immune system to a basal state 
after the antigen has been cleared, and to maintain unresponsiveness, or tolerance, to 
self-antigens. Here, recent advances in understanding of the molecular bases and 
physiologic roles of the mechanisms of immune homeostasis are exam~ned. 

T h e  immune systeln has a remarkable ca- 
pacity to lnalntaln a state of c q u ~ l ~ h r i u m  
even as it rcsponcls to  a dlvcrse array of 
inicrohes and desplte ~ t s  constant exposure 
to self-antigens. Immunologists have fo- 
c~lseii largely o n  cIef1111ng the  s t i ~ n ~ ~ l i  that 
i ~ l d ~ ~ c e  the growth, i11fferentiat1011, and ef- 
fector f ~ ~ n c t ~ o n s  of lymphocytes, and arm 
the last taro ilecailes, the  esseiltlal features 
of lymphocyte activation and ~ I ~ I ~ L I I ~ C  re- 
sponses have heen defined in considerable 
detail. Less 1s known ahout the mechanisms 
that terlninate ~ m m u n e  responses. These 
~nechan i sn~s  are llnportant In two inain sit- 
~lations. F~rs t ,  after a productive response to 
a foreign a n t ~ g e ~ ~ ,  the immune systein is 
returned to a state of rest, so that the  nuin- 
hers anil functional status of lymphocytes 
are reset at roughly the  preii~~munizatlon~tioi~ 
level. This process is calleil homeostasis, 
and ~t allo~vs the  immune system to respond 
effectively to a n e ~ v  antigenic challenge. 
T h e  size and content of the  ~ ~ r e l m m u n e  
lymphocyte reper tom are also ciosely T C ~ L I -  

lated, as new emigrants horn the  generative 
lympho~d organs compete for "space" with 
rcsidc~lt cells. T h e  mechanisms responsible 
f<)r maintainine homeostasis hefore antieell 
exposure have heen the  subject of other 
reviews (1 ) anL1 are not  discuased here. Sec- 
ond, ly~nphocytcs with receptors capable of 
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recognizing self-ant~gens are generated 
constantly, yet norinal ind~viiluals m a n -  
tain a state of unresponsiveness to  their 
own antigens, calleil self-tolerance. In  this 
article, we review the  prl~lcipal co~ l t ro l  
mechanlsins for lnalntalnlng homeostas~s  
after actlve llninLlne responses to  foreign 
antigens and for preventing or aborting 
responses to  self-antigens. Our  emphasis 1s 
o n  T lymphocytes, because inany of the  
recent ailvances have come fro111 st~ldles of 
T cells, hut it is likely that  the  general 
p r l ~ l c ~ p l e s  are applicable to all lympho- 
cytes. Elucidating the  nature of these 1x1- 
ineostatic lnechanisllls nlay lead to  better 
strategies for suppressing harmf~l l  iminune 
responses and for augmenting and sustain- 
ing hcncficial responses to  mlcrohlal vac- 
ciiles and tumors. 

Signals for Lymphocyte 
Maintenance, Growth, and 

Differentiation 

, 
lymphocytes may survive for long periods, 
LIP to  several ~ n o n t h s  in  mice, in the  ah- 
sence of overt ailtieen exposure ( 2 ) .  T h e  , , 

basal survival of naive B cells r e q ~ ~ i r e s  t h e  
expressloll of antigen receptors ( 3 ) ,  and 
that  of T cclls requires the  presence of 
major hisrocornparihility coinplcx mole- 
cules, which are essential colnponents of 
t h e  liganils that  t h e  T cells recognize (4) .  
Thus,  the  lnaintenance of t h e  pool of na- 
i've lymphocytes, before immunization, is 
ilependent o n  antigen receptor-mediated 
signals (Fig. 1). These slgllals might he 

generated hy spontaneous aggregation of 
antigen receptors or  hy the  ellgagenlent of 
these receptors hy extracellular liganils. 
T h e  requisite ligand or ligands have not  
heen identifled; they may i i l c l ~ ~ d c  en r~ i -  
ronmental antigens or  even sel f - ,~nt~gens  
that  are recognlzeJ with low afflnitles by 
mature 1 ymphoc ytes. 

For a n  immune response to  occur, lym- 
phocytes must be exposed to two types of 
s t ~ m ~ l l u s .  T h e  first signal, a n  antigen, en -  
sures the  specific~ty of the  response. "Sec- 
ond signals" are el1citcJ hy microbes, el- 
ther directly or by the  initla1 innate iin- 
mune response, which identlfics the  anti-  
gen as a pote~l t ia l  pathogen (5, 6) .  Second 
signals for T lymphocytes i i l c l ~ ~ d c  costlmu- 
lators and cytoki~les that  promote c lo~ la l  
expailsion of the  specific T cells and their 
Jifferentiation into effector a1lc1 lnelnory 
cells (Fig. I ) .  T h e  hcst deflneil costimula- 
tors for T cells arc the  two memhers of the  
B7 family, B7-1 (CD89)  and A7-2 
(CD86) ,  which arc 111Juccd o n  antigen- 
presenting cclls (APCs)  hy microbes and  
by cy tok~nes  produccil i l ~ ~ r l n g  innate  im- 
mune reactions (7).  T h e  C D 2 8  receptor 
o n  T cclls recognizes B7 molecules and 
ilclivers acr1vating slgnals; a seco~lil  recep- 
tor for B7, called C T L A - 4 ,  f ~ l n c t ~ o n s  to  
terininate T cell responses and is discussed 
later. T h e  e ~ ~ g a g e ~ n e ~ l t  of C D 2 8  by B7 
results in  the  expressloll in T cells of 
antlapoptotic proteins of the  Acl family, 
notahly Acl-xL (S ) ,  anil t he  proi luct~on of 
cytokines, suc,h as interleukin-2 (IL-2) 
(9) .  Thus,  costlmulation promotes t h e  sur- 
vlval of T cells tha t  encounter an  antigen, 
allo~ving a ~ ~ t o c r i ~ l e  cytokines ti) initlate 
clonal expansloll and differentiation. A 
second systeln of cost imulat~on may he the  
0 4 0  ~ n o l c c ~ ~ l e  o n  a~~tigen-prese11t111g 
cells, w h ~ c h  interacts ~\ r i th  its ligand o n  T 
cclls (1Q). Neither  t h e  b iochem~ca l  con-  
sequences of CD40L engagement in  T 
cclls nor the  ahlllty of CD40-CD49L in- 
teractioils to  replace B7-CD28 signals has 
beell estahlished. T h e  hest defined second 
signal for B cclls is a breakdown product of 
c o l n p l e ~ n c ~ l t  ac t iva t~on ,  called C l d ,  w h ~ c h  
engages ~ t s  receptor, CD21 ,  o n  B cells ancl 
f ~ ~ n c t i o n s  111 coilcert with a n  antigen to 
trigger B lymphocyte proliferation and il lf-  

ferentiation (5, 11 ) .  Microbes may d~rec t ly  
actlvate the  complemeilt cascade hy the  
alternative pathway, generating C3d,  or  
an initial i ~ n m ~ ~ n o g l o h ~ ~ l i n  M antihody re- 
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sponse may activate the classical pathway, 
also leading to the generation of C3d. The 
critical role of complement as a second 
signal for B cells is demonstrated by the 
virtual absence of antibody responses in 
mice lacking C3 or the CD2l receptor 
( I  I ). It is not known if CD2 1 engagement 
activates antiapoptotic genes and pro- 
motes B cell survival, allowing helper T 
cell-derived cytokines to then stimulate B 
lymphocyte expansion and differentiation, 
but the parallel with the requirement for T 
cell costimulation is striking. 

Some of the progeny of antigen-stimu- 
lated lymphocytes develop into long-lived, 
functionally quiescent memory cells. 
Memory cells may be capable of surviving 
for long periods without stimulation; alter- 
natively, and more likely, they may be 
maintained by low-level stimulation by a 
persisting fraction of the antigen that ini- 
tiated the response or by environmental or 
self-antigens that cross-react with the ini- 
tiating antigen (12). Thus, the mainte- 
nance of mature lymphocytes in lymphoid 
tissues is an active process that requires 
continual stimulation. We do not know 
the differences between stimuli that keep 
nai've and memory cells viable but in a 
noncycling state without overt immuniza- 
tion and those that drive specific lympho- 
cytes into proliferation and differentiation 
upon exposure to an antigen. 

Mechanisms for Preventing and 
Terminating Lymphocyte 

Responses 

Maintaining homeostasis in the face of rap- 
id and dynamic alterations in lymphocyte 
populations and avoiding autoimmune re- 
actions to continuously present self-anti- 
gens require effective mechanisms for pre- 
venting and terminating lymphocyte re- 
sponses. These mechanisms fall into two 
broad categories. First, the absence or loss of 
stimuli that provide necessary survival and 
growth signals to lymphocytes leads to a 
failure to initiate immune responses and 
functional inactivation or programmed 
death of lymphocytes. Second, lymphocyte 
activation itself triggers regulatory systems 
whose primary function is to control lym- 
phocyte proliferation and differentiation. 
We will first discuss the mechanisms that 
prevent and terminate immune responses 
and then the roles of these mechanisms in 
lymphocyte homeostasis and self-tolerance. 

Failure of lymphocyte activation. Lympho- 
cyte activation requires both antigen and 
second signals and will not occur when 
either is absent. The review by Ploegh in 
this issue discusses how microbes can elude 
the immune system by blocking antigen 
presentation, thus eliminating the first sig- 
nal needed for lymphocyte activation (1 3). 
In other situations, an antigen may be pre- 

6f 
memory 

MeintMurncs of 
rulvo cells e a 

b o f  I receptor 
engagernen1 

t 

sented to lymphocytes in the absence of 
second signals, again failing to activate 
them. For instance, if T cells are exposed to 
an antigen in the presence of B7 antago- 
nists, or if CD28-deficient T cells encoun- 
ter an antigen, the cells do not expand and 
rapidly undergo apoptosis (8, 14, 15). As we 
shall discuss later, self-antigens may be ig- 
nored by the immune system in part be- 
cause they do not trigger innate immunity 
or induce the expression of second signals. 
Foreign antigens administered without ad- 
juvants may also fail to stimulate immune 
responses, for the same reason. This con- 
cept has been exploited to develop strate- 
gies for preventing allograft rejection, by 
blocking costimulation at the time of organ 
transplantation in animals (1 6). Clinical 
trials of costimulator antagonists for block- 
ing pathologic immune responses are cur- 
rentlv under wav. 

Lymphocyte anergy. Antigen recognition 
by lymphocytes without second signals may 
lead to a state of functional unresponsive- 
ness, also called anergy. This state was first 
demonstrated with cloned lines of CD4+ 
helper T cells, in which antigen receptors 
were engaged without costimulation (1 7). It 
is thought that anergy is induced by foreign 
antigens administered without adjuvants or 
by autologous tissue antigens that are rec- 
ognized by T cells without costimulation, 
because such antigens do not stimulate in- 
flammation or activate APCs (18); why 
these antigens are not simply ignored by the 
immune system is not clear. Essentially the 
same phenomenon occurs in self-reactive B 
cells chronically exposed to a self-antigen 
in the absence of T cell help (19). The 
major limitation of these studies is that the 
T cell experiments have been done mainly 
in vitro with cell lines and the B cell ex- 
periments rely on transgenic systems in 
which large numbers of identical B cells are 
ex~osed to high concentrations of self-an- - 
tigens. To what extent these findings may 
be extrapolated to normal lymphocyte pop- 
ulations exposed to tolerogenic foreign or 
self-antigens in vivo remains unanswered. 
Some studies suggest that in some models of 
T cell anergy, the unresponsive state is in- 
duced not because of the absence of B7- 
mediated costimulation but because T cells 
use the CTLA-4 receptor to recognize B7 
molecules (20); the importance of CTLA-4 

A is discussed below. T cell anergy may also be 
induced under conditions at which ade- - quate costimulation is available but at 

InhiMtlon of which the antigen receptor signal is subop- 

2 1  Immune response timal, for example, when a T cell encoun- 
ters an altered peptide ligand, which does 

-,v not bind to the T cell receptor optimally 
Fig. 1. Stages in the development and homeostasis of an immune response. The signals that maintain (21 1. 
lymphocyte populations and induce their proliferation and differentiation are indicated in blue and those Loss of activated lymphocytes due to "death 
that terminate immune responses and maintain homeostasis are shown in red. by neglect." The frequency of mature lym- 
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phocytes specific for any one antigen is on 
the order of 1 in lo6. Upon exposure to the 
antigen under conditions that elicit specific 
immune responses, this frequency can in- 
crease to 1 in 1000 or more within a week 
and return to baseline levels within 4 to 12 
weeks (2, 22). This rapid decline in cell 
number is due to the elimination of lym- 
phocytes by apoptosis. Lymphocytes that 
are deprived of survival stimuli, such as 
costimulators and cytokines, lose expression 
of antiapoptotic proteins, mainly of the Bcl 
family, and die "by neglect" (23). We refer 
to this pathway of apoptosis as "passive cell 
death" to distinguish it from "activation- 
induced cell death," which will be discussed 
later. Although both pathways of apoptosis 
share the same terminal effector phase and 
show the same morphologic and biochemi- 
cal manifestations, their induction, molec- 
ular controls, and physiologic functions are 
largely distinct (Table 1). 

Active termination of T cell immune re- 
sponses. A unique feature of lymphocytes is 
that their activation itself triggers feedback 
mechanisms that limit their proliferation 
and differentiation. Three such regulatory 
pathways have recently been identified in T 
cells (Fig. 2), and mutations in the critical 
molecules are providing important insights 
into the physiologic importance of such 
mechanisms and the pathologic conse- 
quences of their disruption. 

1)  CTLA-+mediated T cell inhibition. 
The discovery of the B7-CD28 pathway of 
costimulation provided a much sought after 
explanation for the requirement for second 
signals for T cell activation. It, therefore, 
came as a surprise when a second T cell 
receptor for B7 molecules, called CTLA-4, 
was shown to function primarily to shut off 
T cell activation (24). CTLA-4 is induced 
on T cells after activation, and upon bind- 
ing B7 it transduces signals that inhibit the 
transcription of IL-2 and the progression of 
T cells through the cell cycle (25). The 
biochemical basis of negative signaling by 
CTLA-4 is not clearly defined. It is known 
that CTLA-4 blocks signals transduced by 
CD28, suggesting that these two B7-recog- 
nizing molecules function as mutual antag- 
onists (25). 

2) Fas-mediated activation-induced cell 
death. Activation of T cells also leads to 
coexpression of the death receptor, Fas 
(CD95), and its ligand, FasL, resulting in 
death of the same and neighboring cells 
(23, 26). The biochemistry of Fas-mediated 
apoptosis has been the subject of numerous 
reviews (27). In T cells, this pathway of 
apoptosis is induced by repeated activation, 
is potentiated by IL-2, and is not prevented 
by constitutive expression of Bcl-2 or Bcl-x, 
(see Table 1). It is likely that Fas-mediated 
death of T lymphocytes is most important 

for eliminating cells that repeatedly en- munization with foreign antigens (28, 29). 
counter persistent antigens, such as self- 3 )  IL-2-mediated feedback regulation. 
antigens. This hypothesis is supported by IL-2 is the prototypical T cell growth factor 
the observation that mice with mutations and functions in an autocrine and paracrine 
in Fas or FasL develop autoimmune disease manner to stimulate clonal expansion of 
(discussed below) but do not exhibit abnor- antigen-stimulated lymphocytes and "by- 
mally prolonged responses to viruses or im- stander" cells. This role of IL-2 is so well 

Naive Competent 
T cell APC , Activated 

+ Proliferation and 
Normal differentiation 
response -( r 

CD28 87 

1111111111111111111IIIIIIIIII 

Costimulator- 
deficient APC 

5 Antigen recognition 
without costimulation . < 

Functional Anergy CTLA-4-B7 unresponsiveness 
interaction . < 

Fas-FasL 
Activatlon- 
Induced interaction 
cell death a <' @ Apoptosis 

Fas 
IFasL 

w n e -  - @*- @*L and 

re&mes. A normal T cell response is Mggered b 
the of antigen and second sign&. Mul- 
tiple rnedwisrns may fumlion to inhii the expan- Rba*'~ m w ~ r m w ( o r b M f i ~  o f ~ w a .  

As cfiscussed h tile text, these rneChanlsms appear b be mast important far the rmhbww of 
- # - ' t W .  

Table 1. Pathways of apoptotic death of mature CD4+ T lymphocytes. The comparative features of 
apoptotic pathways in mature CD4' T lymphocytes are summarized. Note that these pathways of 
apoptosis may serve other functions in immature lymphocytes and in B cells, which are not included. 

Feature Passive cell death 
("death by neglect") 

Activation-induced 
cell death 

Induction Inadequate stimulation [absence 
of antigens or costimulators 
(or both)] 

Sensitivity of naibe and Both sensitive 
activated T cells 

Role of IL-2 Protects 
Role of Fas None 
Role of Bcl-2 and Bcl-x Protects 
Physiological roles Elimination of mature cells that 

do not encounter antigens 
and costimulation 

Homeostatic control of 
lymphocyte pool: loss of 
activated cells that do not 
receive continued stimulation 
or growth factors 

Repeated antigenic stimulation 

Only activated cells sensitive 

Enhances 
Obligatory 
None 
Elimination of mature 

self-reactive T cells 
(peripheral tolerance) 

Homeostatic control? 
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established that it came as a surprise to 
discover that targeted disruption of the  IL-2 
gene leads not to  profound immunodefi- 
ciency but to uncontrolled accumulation of 

mechanisms become overati\.e after differ- lnechallisrns in retilrnille the  ilnrn~lne svs- 
ent  types of a l~t igen exposure. If the  latter, 
then we need to  define the  nature of the  
antigen (its form, concentration, and per- 
sistence) and other concolnital~t stimuli 
that deterlnine which mechanis~n is in- 
volved in ter ln i~la t i~lg  the  response. This 
questlon is important not only for 
elucidatillg the  biology of homeostasis in 
the  immune system but also for develop- 
l ~ l g  approaches for manipulating immune 

teln to its basal state after antige11 exposure 
is being investigated in  numerous laborato- 
ries. T h e  control of notentiallv harmfi~l T 

activated l>-mphoc>-tes and lnanlfestatio~ls 
of autoi!nmunit>- (36).  Mice lacki11g the  
high-aff~nity IL-2 receptor sho\\. the  same 
phenotypic ahl~ormallties (3  1 ). These re- 
sults sunnest that IL-2 1s a necessarv feeil- 

cell and macrophage reactions b>- i m m u ~ ~ o -  
suppressive cytoklnes is i~nporta11t for lim- 
ltlllg the  inflammatory consequences of im- 
mune responses, because Inice with targeted 
disruptions of IL-1C or TGF-P 1, the  two 
best detined antiinflammatory c>-tokines, 
d e ~ ~ e l o p  uncontrolled leukocyte activatlo~l 
and tissue ~njury (38) .  Much less 1s kno\\rn 
about the  fil~lctions of T cell anergy or 
CTLA-4- or Fas-mediated reg~llation 111 
normal homeostasis. I11 fact, T cells lacking 
CTLL4-4 or Fas s h o ~ v  l~ormal  kinetics of 

<,<, 

back Inhibitor of lymphocyte responses and 
its role as a nrowth factor call he re~3laced by 
other cytoklnes. How IL-2 f ~ ~ n c t i o n s  to  con- 
trol T cell espanslon 1s not  yet fully re- 
solved. O n e  vossil~ilitv 1s that IL-2 notenti- 

responses. 

Mechanisms of Homeostasis: 
Returning the Immune System to 

Its Basal State 
ates Fas-med~ated apoptosis, and in the  ab- 
sence of this cytokine the  Fas signaling 
pathwa>- is silenced (32).  It may also inter- 
fere with other activation-iiependeI~t feed- 
back col~trol  mechanisms. T h e  ~ r o a ~ t h - ~ r o -  

expallsioll anil decline after exposure to an  
antigen in vivo (29, 39) .  Such results raise 
the  possibility that CTL'4-4- and Fas-me- 
diateil regulation is Inore i lnporta~lt  tor the  
mai11tellal1ce of self-tolerance than for the  

I ln ln~ l~ le  responses are self-limited and de- 
cline with time after antigenic s t imula t io~~ .  
This decline is characteriaeil by a precipi- 
tous fall in lymphocyte n ~ ~ l n b e r s  accompa- 
nied by a dimiln~tion in etiector functions, 
leaving long-lived but f~lnctionally quies- 
cent rnemor>- l>-mphocytes as the  onl>- sur- 

lnotillg effect of IL-2 anil its inhibitory ef- 
fect could well he active at ditferent nhases 
of ilnlnune responses: Early in a T cell 
response, when IL-2 concentratio~ls are 
lo~v ,  the proliferative effect may be domi- 
n a ~ ~ t ,  but \\711e11 the  cytoki~le accumulates 
and other stimuli channe, it may filllctio11 to 

regulation of responses to foreign a~ltigens.  

Mechanisms of Self-Tolerance: 
Preventing Autoimmune 

Reactions 
viving indicators of previous antigen expo- 
sure 12. 12, 22) .  This loss of antinen-stim- 

terminate the  response ( 15) .  
Cyrokine-mediated ~egulntion. T h e  stimu- 

lation of naive T l>-mphoc>-tes h>- antigen 
and seco~ld sig~lals leails to their differenti- 
ation not onlv into effector cells whose 

ulateil l>-mphocytes probably occurs mainly 
because of passive cell death. As the  im- T h e  mecha11isms that prevent immune re- 
lnune response elilnlllates the  antigenic 
s t imuh~s anil the  illnate ilnlnune reaction to 
antigen (microhe) exposure subsides, the  
stimuli that are needed for lymphocyte sur- 
vival iincludinn costimulators and cvto- 

sp(onxs against self-antigens fall into three 
broad groups. Central tolerance is due to  
the  death of developing lymphocytes \\,hen 

function is to  elimillate the  antigen but also 
into regulatory cells. S ~ l c h  regulatory T cells 
may filnction by prodi~cing cytokines \\'hose 

they encounter self-antige~~s in the  genera- 
tive lymphoid organs and is iluportant for 

kines) gradually \\7ane, resulting in reiluced 
expression of antiapoptotic Bcl fanlily pro- 
teins. T h e  importance of Bcl-regulated pas- 
sive cell death in lymphoc>-te homeostasis is 
demo~~s t ra t ed  bv the  loss of lvmuhocvtes 

tolerance to self-antigens that are present a t  
high co~lcentratiolls in the  bone marrow 
and th>-mus. T h e  genes involved in regillat- 
i~1g the  developlnent of lymphoc>-tes are 
Jiscussed hv Fischer ancl Malissen (46) .  Pe- 

net effect is imllntnosuppressive. Exalnples 
of auclh cytokines are transforming gro\\rth 
factor-p 1 (TGF-P 1)  (33),  which inhibits 
lymphocyte proliferation, and IL-lC, which 
inhihits macrophage activation and the  ex- 
pressio11 of costimulators (34) .  These inhib- 
itor>- cytokines 111nit the  expansloll of spe- 

seen in mlce that are deficiel~t ior'~c1-' or 
Bcl-x (35) ,  by the  correlation l.et~vee11 re- 
duced Bcl-2/Bcl-xL expressiol~ anil the  de- 
cline of lymphocyte numbers after ~ m m u n i -  
~ a t i o n  (36) ,  and b>- studies showing that 
constitutive espression of Bcl-2 as a trans- 
eene in B or T 11-mphocytes resi~lts in ell- 

, , 

ripheral tolerance is lnaintained by mecha- 
11islns that act o n  mature lvm~hocy tes  that 

, A  , 

have left the  generative organs and encoun- 
ter self-antigens 111 peripheral tissues; the  
mechanisms of veri~,heral tolerallce are Jis- 

clfic lymphoc>-tes and return activated mac- 
rophages anil other inflammatory cells to 

A L 

cusseil belo~v. Some self-antgens may 111- 

duce neither central nor 17eripheral toler- 
their no r~na l  resti~lg state. 

T h e  existence of lnultiple mecha11islns 
for feedback inh~b i t ion  of immune respells- 

, 

hanced survival of' antigen-stimm~lated lym- 
p l ~ o c y t e m n d  prolonged ilnlni~lle respollses 
(29, 37) .  These results also suggest that 
lymphocytes -that are recruited to the  mem- 
ory population ma>- reexpress a~ltiapoptotic 
Bcl proteins. Perhaps the  stimuli that main- 
tain il~liescellt naive and memory lympho- 
cyte p o p ~ ~ l a t i o n m a r  ssufiic~ent to ~ncluce the 
expressloll of antiapoptotic p r o t e ~ l ~ s  but are 
incapable of inducing productioll of the 
cytoki~les that trigger lymphocyte prolifera- 
tion and ilifferentlation. It is also possible 

L A 

ance but are simpl>- ignored b>- the  immune 
system. Such "clonal ignora~lce" (41) may 
be because the  self-antigen 1s anatomlcall>- 

es raises several important issues. First, it is 
striki~lg that the  same lnolecules or path- 
~ \~a>-s  ma>- f ~ ~ n c t i o ~ ~  to both amplify and 
terlnmate i m m u ~ ~ e  restmnses. T h e  best ex- 

sequestered from ill1rnu11ocolnpetellt 1>-m- 
phocy temr  hecause the  antigen is present- 
eil to lympl~oc>-tes in the  absence of the  
second signals that are needed to  trigger 
effective immune responses. Because self- 
antigens do not normally elicit i1111ate im- 
nnlne reactions, it is not  surprising that the>- 
may be ignored by the  immune s>-stem. A 
continuing problem 111 our understanding of 
self-tolerance is that n.e ilo not k n o ~ v  which 
or hen. many self-antigens induce central or 
peripheral tolerance or are ignored and 
\\,hich characteristics of self-antigens deter- 
mine which of these ~nechan i s~ns  of self- 

alnples of such dual f~rnctions are the  B7 
costiln~~lators anil IL-2, both of \vhich are 
capable of deliveri~lg activatiqg and inhib- 
itory signals. I11 the  case of B7, the  net 
f~lnctional effect is cletermineil by nh lch  T 
cell receptor (CD28 or CTLA-4)  is en- 
gaged, but IL-2 lnedlates both types of f ~ ~ n c -  
tions b>- interacting ~v1tl1 the  salne multi- that the  viability of naive and menor>- cells 

is less d e p e n d e ~ ~ t  o n  silrvival stilnuli than 
that of activateil lymphoc>-tes, so that the  

lneric receptor. This raises the  important, 
and as vet unresolveil, ~ r o b l e m  of 11on the  
opposing f ~ ~ n c t i o n a l  effects of the  same ex- 
trinsic stilnuli are regulated. Second, we do  
not k n o ~ v  if all the  feedback lnechal~islns 
work together to  terlni~late all ilnmu11e re- 
sponses or if, as seems n o r e  likel>-, different 

disappearance of antigel1 and second signals 
leads to  the  loss of recently activated cells 
but does not  eliminate nayve and memos>- 
pop~llations. 

T h e  role of actively i~liluced feedback 

tolerance 1s operative. 
Self-antlgens may induce tolerance i11 

the  mature B or T lymphocyte compart- 
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ment  I f  these cells encounter the antigens 
in the  absence of second signals or if the 
self-antigens trigger lnechanisms that ac- 
tivel>- block l>-mphoc>-te activation or in- 
duce apoptosis (Fig. 2) .  L41though it is ~vicle- 
ly l~elievecl that self-antigen recogllition 
without costlmulation iniluces functional 
allergy, \Ire do not k n o ~ v  ~ v l ~ a t  factors ileter- 
mine whether a self-antigen 1s f~~nct ional ly  
ignorecl or induces anergy. T h e  frecluently 
noted association between illfectiolls and 
autoimmunitv has heen attrlbuteil t o  the  
activatioll of allergic self-reactive lympho- 
c>-tes by aiijacent cells reactillg to  nlicrobial 
antigens but may also result from the  acti- 
vation of autoreactive lymphocytes that 
have relllaillecl igllorallt of the  antigen L I I I ~ I ~  

secolld signals are up-regulated as a conse- 
quence of the in fec t io~~ .  

T h e  lnaintellance of self-tolerance mav 
not simply reflect the lack of I>-mphocyte 
responses to self-antigens but may be be- 
cause the responses of I>-mphocytes to  self- 
antigens are tightly regulated by specific 
molecular interactions. This concetx is best 
illustrated by the autoimmune diseases that 
develop In knockout mlce lacking proteills 
that are critical for ternlinati11g inlnl~lne 
res~onses  (Table 2) .  Thus, nlutatiolls In Fas 
or FasL result in lup~lslike autoimmune dis- 
ease (26) ,  n ? h ~ c h  is due to abnormally pro- 
lollged survival of autoreactive helper T 
cells (29) and a n  inabilit>- to  eliminate self- 
reactive B lymphoc>-tes b>- apoptosls (42) .  
t mutations in the  Jas gene are associated 
with an  autoimmune syndrome ivith 1ym- 
plhoproliferat~on in humans as well (43) .  
T h e  regulatory filnction of C T L A - 4  is nlost 
markedl>- ~llustrated by targeteil clisruptio~~ 
of the CTLA-4 gene in mice, n~h lch  results 
in massi~re accumulation of activated 1ym- 
pl~ocytes in the  spleen and l p p h  nodes, 
nlanifestations of autoimmun~t>-,  and ~nf i l -  
tration of multinle tissues by actlvated lvm- 
phocytes, with attendant injury that is usu- 
all>- fatal b>- 3 to  4 weeks of age (44) .  These 
lesiolls are suggestive of autoimmune dis- 
ease, but to  date, there is n o  clirect demon- 
stration that the  inflltratlng lymphocytes 
actually recognize and responil to self-anti- 
gens. Mice lacking IL-2 and the  a or P 
chain of the IL-2 receptor develop lymph- 
adenopathy and various manifestatio~ls of 
autoimmu11iry, i~lcluding auto~mmm~ne he- 
molytic anenlia (36, 3 1 ). Polymorphisms 111 

the IL-2 gene are llnked to ~nsulin-depen- 
dent iliabetes lne l l i t~~s  ( IDDM) in Inice (45)  
and humans (46) ,  and another susceptibil- 
icy locus for IDDM nlaps close to the  
CTLA-4 gene (46).  T h e  role of regulatory T 
cells in p r e v e n t i ~ ~ g  autoimmu~lity is best 
illustrated in animal models, in which se- 
lective depletion of T cells with a n  activat- 
ed phenotype allows the development of 
multiorgan au to~mm~une  lesiolls (47).  Such 

results ~ m p l y  that a subset of T cells re- 
sponds to self-antige~ls (hence the  "activat- 
ed" phenotype) and keeps in check other, 
potentially pathogenic autoreactive lym- 
phocytes. T h e  reg~llatory fi111ctio11 may be 
mediated by immunosuppressive cytoki~les, 
but the  critical molecules have not yet been 
identified. 

These single gene lnodels are providing 
valuable inforlnation about the nlecha~lisms 
of T cell-mediated autoimmune disease. In 
these models, central tolerance, or negative 

selectioll of developing T cells in the thy- 
n n ~ s ,  1s unaffected, so the abnormality nnlst 
be in peripheral tolera~lce. All the genes 
involved play roles in T cell reg~llation, lead- 
ing to the conclusion that defects in I>-mpho- 
cyte regulation may result in autoimmunity 
without an>- c l~ange in the n7ay self-antigens 
are displayed to the  immune system. This 
co~lclusion also ilnplies that specific recog- 
nition of self-antiee~~s is a 11orlnal nhenom- 
enon and that key to the ~na in te l~ance  of 
self-tolerance is the colltrol imposed on spe- 
ciflc Ivmnhocvtes after thev have encoull- 

, A  , 

tered self-antigens. 111 fact, regulatory mech- 
a11isnls clepenilent o n  Fas-FasL interactions, 
CTLA-4,  a11il IL-2 are actually triggered by 
antigen recogni t io~~,  suggesting that self-tol- 
erance develops if responses to self-antigens 
are initiated and then aborted. Finally, and 
p e r h a p ~ m o s t  intriguing, is the finding that,  
despite the existence of multiple mecha- 
llislns of self-tolerance, disnlption of any one 
pathway leads to autoimmunity. In  other 
words, these nlechanisnls are not redunda~lt  
and cannot cornnensate for one another. 
T h e  available evidence indicates that Fas- 
FasL illteractio~ls are res~onsible for activa- 
tion-induced apoptotic death of nlature T 
Ipmphoc>-tes in vivo (4S), CTL'4-4 pla>-s a 
role in inducing f~lnctional ~nactivation or a 
form of anerg>- (20),  and IL-2 potentiates 
Fas-mediated cell death (32.49)  and nossiblv 
other regulator>- mecha~lisms. T h e  roles of 
these reg~llatory proteins may be nonredun- 

dant because different self-antigens ma>- in- 
duce peripheral tolerance by different mech- 
anisms. For Instance, tissue-restricted self- 
antigells present at lo\\' concentrations may 
~nduce  anergy, ancl widel>- dissenlinated and 
abundant self-antigens ma>- trigger activa- 
tion-induced cell death. Such a hypothesis 
can be experimentally tested by expressing 
"selfn-antige~~s as transgenes 111 different tis- 
sues and at different conce~l t ra t~ons,  an  ap- 
proach that has been enormousl>- valuable 
for analyzing B cell developnlent and self- 
tolerance ( 5 3 ) .  If different self-antigens in- 
duce tolerallce by d~fierent mechanisms, for 
example, CTLA-4-i lepe~~dent  anerg>- or 
Fas-mediated apoptosis, the11 one can predict 
that the  autoimmunlt>- seen in the various 
gene k ~ ~ o c k o u t  models (Table 2) will be 
toivard distillct types or classes of self-anti- 
gens. W e  do not kno\\r if t h ~ s  is true, because 
the failure to clearly identify target antigens 
has been a major problenl in elucidating the 
mechanism of a u t o i m m ~ ~ n e  diseases in hu- 
lnans and experinlelltal models. 

Conclusions 

Ternlillating lymphocyte activation is im- 
portant for the normal decline, or homeosta- 
sis, of responses to foreign alltigens and for 
maintai11111g tolerance to  self-ant~gens. T h e  
nlechallislns that ternlinate or prevent im- 
mune responses fall ~ n t o  two broad catego- 
ries: "passive" control mechal1islns due to the 
decllne or absence of actlvati~lg stimuli and 
active lnecha~lisms i ~ ~ d u c e d  by the  processes 
of l>-mphocyte activation. 

Eluciilatio~l of these honleostatic process- 
es raises the follo~ving cluestion: Do different 
regulatory nlechanisnls serve disti11ct physi- 
ologic functions, or call the>- all fullctioll to 
mal~l ta in  both homeostasis and self-toler- 
ancei Although definitive a ~ ~ s ~ v e r s  are 11ot 
yet possible, the ava~lable ilata suggest that 
the return of the immune s>-stem to rest after 
it has respollded to foreign anrigells is mainly 

Table 2. Autoimmunity caused by single-gene defects. Mutations in regulatory molecules (elther 
spontaneous or created by targeted gene dsruption) lead to autoimmune diseases with distinct phe- 
notypes In mlce. AICD, activation-induced cell death. 

-- - 

Acitoimmcine disease 
Multiple autoantibodies: nephritis Hemoytc anemia; anti-DNA Tissue ~nfiltration: 

antlbodles; ~nflammatory autoantlbodies? 
bowel dlsease (due to 
infection?) 

Lymphoproi;ferat;on 
Yes; accumuatlng cells are inert Yes; accumulating cells are Yes; accumulat~ng cells are 

double-negative T cells phenotypically normal. phenotyp~cally normal, 
activated T and B cells activated T and B cells 

Postuiated immunoiogic defects 
Fallure of AICD In CD4+ helper Fallure of AICD in CD4+ helper Failure of T cell anergy 

T cells; fallure to eliminate T cells: other defects ~n 
anergic B cells regulation? 
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due to passive death of activated lympho- 
cytes. In contrast, self-tolerance is main- 
tained either because self-antigens are ig- 
nored b>- the immune system or because they 
actively terminate immune responses. If the 
mechanisms that maintain homeostasis and 
self-tolerance are indeed largely distinct, 
then the next questio11 that arises is what are 
the features of ioreign and self-antigens that 
trigger these distinct regulatory processes. 
This question, too, cannot be answered with 
certainty. It is tempting to speculate that the 
key differences are that most foreign anti- 
gens, such as microbes, are short-lived and 
responses to them are often accompanied by 
innate immune reactions, \\,hereas self-anti- 
gens are permanent, and their recognition is 
not associated w ~ t h  Innate immu~le  respons- 
es. Therefore, the type of homeostat~c pro- 
cesses that termi~late an  immune response 
may vary accordiqg to the nature of the 
antigen and attendant stlrnuli and may not 
be strictly related to \\,herher the  antigen is 
foreign or self. Indeed, it is possible that 
responses to some foreign antigens, for ex- 
ample, viruses, that are able to persist in the 
absence of substantial i~lflalnlnation ma>- be 
limited by the same ~ n e c h a ~ ~ i s l n s  that nor- 
mally i ~ l n c t i o ~ ~  to lnaintain self-tolerance 
and that tolera~lce to certain self-antigens 
may result from the  elimination of activated 
lymphocytes by passive cell death. 

Future studies should start to define the  
types of i lnmu~le  responses, co~lditions of 
antigen exposure, and forms of foreign and 
self-antigem that trlgger different mecha- 
nisms of homeostasis and self-tolerance, as 
well as the  biochelnical basis of these regu- 
latory processes. T h e  ability to colnbine 
transgenic and gene k ~ ~ o c k o u t  animal mod- 
els with in vivo and biochemical analyses 
holds great promise for providing valuable 
answers to these fundamental questions. 
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Viral Strategies of 
Immune Evasion 

Hidde L. Ploegh 

The vertebrate body is an ideal breeding ground for viruses and provides the con- 
ditions that promote their growth, survival, and transmission. The immune system 
evolved and deals with this challenge. Mutually assured destruct~on is not a viable 
evolutionary strategy; thus, the study of host-virus interactions provides not only a 
glimpse of life at immunity's edge, but it has also illuminated essential functions of the 
immune system, in particular, the area of major histocompatibility complex-restricted 
antigen presentation. 

T h e  immune system is commonly divided 
into two major branches: innate and adap- 
tive immunity (Fig. I ) .  T h e  innate response 
to an  invading pathogen involves the  rapid 
recognition of general molecular patterns 
such as carbohydrates or other posttransla- 
t ~ o n a l  modifications present o n  the  patho- 
gens themselves or in  the  infected cell. 
Eosi11ophils, monocytes, macrophages, nat- 
ural killer cells, and soluble mediators- 
such as components of the complelnent cas- 
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cade and acute phase reactants-are either 
bactericidal or activate cellular f~111ctions 
that eradicate pathogens. Viral infections 
also induce a potent antiviral response me- 
d ~ a t e d  by interferons. Confrontation of the  
innate immune system with pathogens leads 
to  its activation and prepares the  adaptive 
arm of the  immune system to respond ap- 
propriately. Adaptive immunity is conveyed 
by both cellular and hulnoral elements. 
Through their antigen specific receptors, B 
and T lymphocytes interact with pathogens 
or fragments derived from them, presented 
o n  antigen-presenting cells. T h e  activated 
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