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The Instructive Role of lnnate lmmunity 
in the Acquired Immune Response 

Douglas T. Fearon and Richard M. Locksley 

lnnate immunity has been considered only to provide rapid, incomplete antimicrobial host derived from protein antigens, that are 
defense until the slower, more definitive acquired immune response develops. However, bound to cell surface proteins termed inajor 
innate immunity may have an additional role in determining which antigens the acquired histocolnpatibility complex (MHC)  class I 
immune system responds to and the nature of that response. Knowledge of the molecules (8) and class I1 (9). A peptide-based system 
and pathways involved may create new therapeutic options for infectious and autoim- of recognition provides a broader range of 
mune diseases. lnolecular structures for immune responses 

than carbohydrates and enables T cells to 
detect nonglycosylated, virally encoded pro- 
teins derived from the cvtosol of infected 

T w o  general systems of immunity to infec- 
tious agents have been selected during evo- 
lution: innate. or natural immunitv. and , , 
a c q ~ ~ i r e d ,  (adaptive), or specific immunity. 
T h e  former is p l~ylogenet ical l~  older, with 
some forlns presumably present in  all mul- 
ticellular organisms, whereas the  latter 
e \~ol \~ed about 400 million vears ago and is 
found only in cartilaginous and bony fish, 
amph~bians ,  reptiles, birds, and lnainmals 
(1 ). T h e  essential difference between the  
two systems is the  nleans by which they 
recoenize microoreanisms. 

alternative pathway interacts with carbohy- 
drate-rich particles lacking sialic acid (5), or 
its classical pathway is triggered by the bind- 
ing of collectin to certain carbohydrates (6). 
Thus, lnnate iln~nunitv has divided the  uni- 
verse into Innocuous and potentially nox- 
ious substances according to their particular 
carbohydrate signatures. Recognition of car- 
bohydrates may have evolved because these 
common constituents of nlicrohial cell walls 
have functions, and thus structures, that are 
distinct froln those of carbohydrates of eu- 
karvotic cell surfaces. 

cells. Clones of ly~nphocytes that have re- 
ceptors of adequate affinity are triggered by 
antigen to proliferate and develop into effec- 
tor cells. After eli~nination of an  infectio11, 
the antigen-specific clones remain expanded 
as "memory" lylnphocytes that provide a 
nlore rapid response to a second exposure to 
the  antigen (10). This quality of memory 
enables acquired imtn~~ni ty  to  construct, by 
selective processes that ha\.e an  immediate 
rather than evolutionary time scale, hard- 
wired responses that are appropriate for con- 
temnorarv infectious apents. u u L ,  

In contrast to  this "hard-wired," relative- In adopting this strategy for coping with 
Definitions of Innate and 1y inflexible system is the  al~llost infinitely the genetic variability of microorganisms, 

Acquired Immunity adaptable acquired immune system of lym- howe\.er, acquired immunity has sacrificed a 
phocytes. Using products of the R4G1 and cardinal characteristic of innate immunity; 

Innate immune svstelns use ~ r o t e i n s  encoded R 4 G 2  penes. R and T lvm~hocvtes somati- the inherent abilitv to distinguish between 
in the  germ line ;o identifyLpotentially nox- 
ious substances. These proteins, whether 
they are cell surface receptors or soluble, 
seem usually to recognize carbohydrate struc- 
tures. For example, macrophages endocytose 
particles or soluble glycoconjugates that are 
bou~ld  by the  nlannose receptor, a C-type 
lectln with broad carbohydrate specificity 

L, , L ,  

cally rearrange the V, D, and J elements of 
their immunoglob~~lin (Ig) and T cell recep- 
tor (TCR)  genes to create as inany as 10" 
different clones of B and T lymphocytes that 
express distinct antigen receptors (7). T h e  
receptors o n  R lymphocytes recognize con- 
forlnations of native antigen, which may be 
protein, carbohydrate, or simple chemical 

potential pathogens that require an  immune 
respcxlse, and innocuous s~~bstallces for 
which an  immune-response is either unnec- 
essary or, in the exainple of self-antigen, 
~njur ious  ( I  1 ) .  Here we show tha t  cellular 
and soluble components of innate  immu- 
nity (Table 1 )  provide instruction tha t  
enables the  acquired immune response to  

(2). lvlacrophages also have a receptor for groups, ~vhereas the receptors of most T lytn- select appropriate antigens and  the  strate- 
lipopolysaccharide (LPS). This common phocytes recognize only peptides, which are gies for their e l iminat io~l  (Fig. 1 ) .  
constituent of Gram-negative bacterial outer 
membra~les signals the  presence of infection 
by stitnulating the  synthesis of chemicals and acau~red immune res~onse 

cytoki~les, such as interleukin-1 (IL-1 ), IL-6, T,,I cell 
IL-12. and tumor necrosis factor ITNF), that 
induce the acute phase response, ellha~lce 
the ~nicrobicidal tilnctiolls of macrophages 

A u 

and other cells, and promote the develop- 
ment and growth of helper T cells (discussed 
below) 13). S a n e  natural killer INK) cells . , , , 

also have lectin-like menlbrane receptors 
that are involved in the  recognition of target 
cells destined for cytolysis (4). T h e  major 
soluble p ro ten  effector of innate immunity, 
complement, is acti\~ated ~ v h e n  either its 
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Innate Immunity and Selection of cytes, and clonal  expansion o f  cytotoxic T 
Antigens for Acquired Immune lymphocytes. T h e  T C R s  o f  T,, cells trigger 

Responses c e l l ~ ~ l a r  ac t i l ~a t i on  w h e n  they are hound  hy  
complexes between peptides and h 1 H C  

Helper  T lymphocytes (TH cells) orches- class I1 lne~nbrane proteins o n  antigen-pre- 
trate a n  acquired immune response by  pro- senting cells (APCs) .  T h e  peptides, w h i c h  
n o t i n g  intracellular k i l l i ng  by  macro- are generated by the breakdolv11 o f  proteins 
phages, antibody pro i iuc t ion  by  B l ympho-  present in e~ l i iosomal  compartments, ill- 

cludine those inhabi ted bv  certain intracel- 
lular pirasites and mycobicter ia,  are loaded 
on to  newly  synthesiied class I1 proteins in a 
post-G01gi \,esicular compartment. T h e  
complex is t h e n  del i \~ered t o  the  plasina 
membra~ le  (9). A second signal is also re- 
c~uired f rom the A P C  that  b i ~ l d s  CD28, a 
~nembrane pro te in  of T ,  cells tha t  together 

Table 1. Major recognition molecules of the innate immune system. Abbreviations. CRP. C-react~ve protein: SAP, serum amylold proteln; MBP, mannose 
bindng proten; CRD, Ca2+-dependent carbohydrate recognition doman: LBP, lhpopolysacchar~de bindlng protein, LPS, lipopolysaccharide: PMN, polymor- 
phonuclear leukocyies; C3, complement factor 3;  SRCR, scavenger receptor cystene-r~ch doman; and SCR, short consensus repeat. 

Molecule Structure Locatlon Ligands Function 

Humot-a1 
Primary synthesls In liver; Microbial polysaccharides 

part of acute phase 
response, Increases 
from 1 bg/ml to >I 
mg/ml In plasma 

Prmary synthesls In liver: Extracellular matrx proteins: 
normal levels 30 yg/ml mcrobial cell wall 
n plasma carbohydrates 

Prmary synthesls In Ilver; Mcrobial cell wall saccharides 
normal levels vary w~ th  
allelc varants; up to 10 
r*g/ml 

CRP Activates complement: enhances 
phagocytos~s 

SAP 

MBP 

Pentraxin; Ca2+ -dependent 
lect n 

Enhances phagocytos~s; stabilizes 
extracellular matrlx proteins 

Collectn; contalns 18 CRD 
sites per molecule on 
helical collagenous 
domalns 

Blnds collectin (Cl  q) receptor: 
actvates complement, 
promotes phagocytoss; 
modulates CDl4-induced 
cyiokne production 

Enhances sensltlvty to LPS; 
system for inactivatng LPS 

LBP Lipld transferase Primary synthess in Ilver; Catalytically transfers LPS to 
normal levels 1 0 . 5  CD14 and from CD14 to 
kg/ml, Increase to 50 serum lipoprotens 
kg/ml with acute phase 
response 

Plasma proteln, 3 bg/ml, LPS; numerous microbial cell 
presumed shed from wall components 
myelomonocyi~c cells 

Leucine-rich proteln Enhances sensitvity to LPS 100- 
to 10,000-fold: complex wlth 
LPS bnds to receptor on 
endothelium. PMNs, and 
macrophages 

Attachment of ligand for receptors 
such as CD21 and CD35 

Disulfide-linked dimer Prmary synthesls In Ilver, Forms ester Inkage to 
normal levels 1 mglml. OH-groups on carbohydrates 
~nduced by acute and protens 
phase response 

Cellular receptors 
Mannose receptors 

Macrophage mannose 
receptor 
DEC-205 

8 CRDs Tlssue macrophages; Multiple carbohydrates 
hepatic endothelial cells 

Dendrltlc cells; thymc Multiple carbohydrates 
epithelium 

Potentally targets antlgens to 
class 11-loading compartment 

Potentially targets class 11-loading 
compartment 

Mannose-type receptor; 10 
CRDs 

Scavenger receptors 
Type 1 Type II  trimerc 

transmembrane protein 
with helcal collagenous 
stalk domain and termlnal 
SRCR domain 

Alternatively spllced form 
mssing the terminal 
SRCR domaln 

Extended form resembling 
type 1 

Tssue macrophages, Bacteral and yeast cell walls 
hepatc endothellal 
cells h ~ g h  endothellal 
venules 

Clearance of LPS and microbes; 
adhesion 

Type II 

MARC0 Marglnal zone of spleen; Bacterial cell walls 
medullary lymph node, 
macrophages 

Bacteral clearance 

Llpopolysaccharde 
receptor 

CD14 Lipld-anchored glycoproten; 
leucine-rlch proten 

Monocyte-macrophages; LPS, numerous microbial cell 
PMNs wall components 

LPS sensitivity: clearance of 
microbes; pro~nflammatory 
cytokine induct~on 

Complement receptors 
CD35 (CRI) 30 SCRs Monocyte-macrophages, C3b, C4b 

PMNs, and 
lymphocytes 

CD21 (CR2) 15 SCRs B lymphocyies, follicular C3b,  C3dg. C3d 
dendrltlc cells 

CD l  1 b, CD18 (CR3) lntegrln Monocyie-macrophages; 1C3b, LPS, fibrinogen 
PMNs. NK cells 

Enhances C3b and C4b cleavage 

Augments B cell activation by 
antlgen 

Adhesion, LPS clearance 
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with the TCR costimulates the transcrip
tion of the gene encoding IL-2 and stabiliz
es IL-2 messenger RNA (mRNA) (12). 
This second signal is provided by the ex
pression of the CD28 ligands, B7.1 (CD80) 
and B7.2 (CD86), on APCs (13). There
fore, processes that select proteins for endo-
cytosis by APCs, or augment the expression 
of B7.1 or B7.2, determine which antigens 
activate TH cells. 

Dendritic cells are the most potent 
APCs for TH cells (14). After their devel
opment in the bone marrow, they transient
ly reside in nonlymphoid organs where they 
are extremely active in bulk, fluid phase 
macropinocytosis. Internalized proteins are 
degraded, and the resulting peptides associ
ate with newly synthesized class II mole
cules to form complexes that are expressed 
at the plasma membrane. In response to 
inflammatory stimuli, such as LPS, these 
precursor dendritic cells migrate to T cell 
zones of lymph nodes and mature into ef
fective APCs by ceasing endocytosis, stabi
lizing expression of class II-peptide com
plexes, and increasing expression of B7.1 or 
B7.2. Dendritic cells select potential T cell 
antigens by taking up microbial glycocon-
jugates through specialized receptors. A 
mannose receptor [relative molecular mass 
(Mr), 175,000] on cultured human dendritic 
cells mediates the endocytosis of greater 
than 105 molecules of mannosylated protein 
per cell per hour (15). A membrane protein 
(Mr, 205,000) of murine dendritic cells that 
is structurally homologous to the macro
phage mannose receptor internalizes ligand 
via coated pits and vesicles for delivery to a 
multivesicular endosomal compartment 
containing MHC class II proteins (16). 
This process increased by 100-fold the effi
ciency of antigen presentation to TH cells. 
Macrophages also are important APCs, and 
targeting an antigen to their scavenger re
ceptors increases the antigen's immunoge-
nicity (17). 

Innate immunity also can shape the anti
body response of acquired immunity. On the 
plasma membrane of B cells is a complex that 
contains two proteins: CD 19, which is a com
ponent of the acquired immune system, and 
CD21, a receptor for the C3d protein of com
plement and, therefore, of innate immunity 
(18). CD 19 is required for a normal antibody 
response to antigens that are dependent on 
the interaction of B cells with TH cells (19), 
and amplifies signaling by membrane immu
noglobulin (mlg) through its capacity to bind 
intracellular proteins, such as phosphoino-
sitol 3-kinase and Vav (20). This function 
necessitates the cross-linking of CD19 to 
mlg, and complement can serve this pur
pose by covalently attaching the C3d frag
ment of the C3 protein to microbial carbo
hydrate antigens (21). In a model system, 
the threshold dose for immunizing mice 

52 

with hen egg lysozyme was reduced by a 
factor of 10,000 by the attachment of three 
copies of C3d to the antigen (22). Activa
tion of complement in a nonimmune host 
can occur via "natural" IgM, the acute 
phase reactant, C-reactive protein (Table 
1), collectins, or the alternative pathway. 

Innate Immunity and the Type of 
Acquired Immune Response 

Different microbes require different types of 
responses for their elimination. Type 1 re
sponses are mediated primarily by macro
phages and involve the. phagocytosis and 
intracellular killing of microorganisms; type 
2 responses are macrophage-independent 
and are mediated by noncytotoxic antibod
ies, mast cells, and eosinophils. We will 
focus on the MHC class II-restricted, 
CD4+ , a p TH1 and TH2 cells that mediate 
these distinct responses, although CD8+ , 
MHC class I-restricted a p T cells (23), and 
78 T cells (24) also can participate in type 
1 or 2 responses. 

TH1 cells promote type 1 responses by 
secreting cytokines, such as interferon 7 
(IFN-7), lymphotoxin, and TNF-a (25). 
These cytokines induce nitric oxide (NO) 
synthase in macrophages to increase their 
microbicidal activity, and IFN-7 causes mu
rine B cells to switch their Ig isotype to 
IgG2a (in humans, IgGl), which promotes 
phagocytosis by activating the classical 
pathway of complement and binding to Fc 
receptors on macrophages. TH1 cells also 
express the Fas ligand, which induces con
tact-mediated apoptosis of Fas-positive cells 
(26). TH2 cells mediate type 2 responses by 
secreting the cytokines IL-4, IL-5, IL-6, IL-
10, and IL-13, which collectively mediate 
the growth and activation of mast cells and 
eosinophils, direct murine B cell Ig switch
ing to IgE and IgGl (in humans, IgG4), and 
inhibit macrophage activation. Although 
interest in the TH2 cells has been directed 
at their protective role in helminthic infec
tions (27) and pathogenic role in allergy, 
they may have important regulatory func
tions in countering the tissue-damaging ef
fects of TH1 cells and macrophages (28). 

TH1 and TH2 cells can develop in re
sponse to signals derived from the innate 
immune system (29). Activation of tissue 
macrophages through cell surface pattern 
receptors or by CD 14 to which LPS has 
bound causes the secretion of IL-12 and 
TNF-a. IL-12 induces the differentiation of 
naive T H cells to the TH1 phenotype 
through its ability to maximize IFN-7 and 
curtail IL-4 production by stimulated naive 
T H cells (30). LPS also causes macrophages 
to produce IFN-7-inducing factor, which 
may have similar effects (31). By virtue of 
their ability to take up and present antigen, 
macrophages may also bias the develop-
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ment of TH1 cells. TH cells responding to 
antigen express CD40 ligand, which may 
cross-link CD40 on macrophages to stimu
late secretion of IL-12 and TNF-a (32). 
These two cytokines synergize with IL-2 
from T cells, or with IL-15 from the acti
vated macrophages themselves (33), to in
duce production of IFN-7 by NK cells. IFN-
7, in turn, augments IL-12 secretion and 
activity through its capacity to activate 
transcriptionally both the inducible p40 
component of the heterodimeric IL-12 pro
tein by macrophages and the second com
ponent of the IL-12 receptor on T and NK 
cells. Thus, IFN-7 and IL-12 comprise an 
autocrine positive feedback system that am
plifies the levels of IFN-7 for macrophage 
activation and IL-12 for the proliferation 
and activation of NK and TH1 cells (34). 

Some T lymphocyte subpopulations 
with specialized functions express a restrict
ed set of V(D)J genes and may be consid
ered to share with innate immunity the 
characteristic of being hard-wired. T cells 
that have rearranged predominantly the 
V72V82 (also called V79V82) genes can be 
activated by antigens containing prenyl py
rophosphate (components of microbial 
membrane involved in carbohydrate at
tachment) that do not require intracellular 
processing or association with MHC pro
teins (35). These T cells secrete IFN-7 and 
TNF-a to induce TH1 differentiation. Oth
er cytokines produced by activated macro
phages and NK cells, particularly granulo
cyte-macrophage colony-stimulating factor, 
cause macrophages to express CD la, -b, and 
-c. These nonpolymorphic MHC proteins 
can present nonpeptide mycolic acids and 
lipoglycans from microorganisms to sub-
populations of CD4 -CD8~ (double nega
tive) and CD8+ a p T cells to result in 
IFN-7 production and cytolytic activity 
(36). Thus, the nonrandom V(D)J rear
rangement in some T cells may reflect se
lection for genes that are specific for prod
ucts of microorganisms that are best elimi
nated by type 1 responses. 

The development of TH2 cells requires 
IL-4 during priming of naive TH cells (37), 
and the cellular sources of this cytokine, 
other than TH2 cells, may be as varied as are 
the sources for IL-12 and IFN-7 for type 1 
responses. APCs, through their expression of 
B7.2 (38) or the ligand for CD30 (39), pref
erentially induce IL-4 from responding T 
cells. Members of the C-C chemokine family 
produced by stimulated macrophages tend to 
recruit type 2 effector cells (40), and their 
production in response to different patho
gens must be systematically examined. A 
subpopulation of T cells that express the NK 
cell markers NKR-P1 and Ly-49 are CD4+ 

or CD4~CD8~ and have a relatively invari
ant TCR comprised of a canonical a chain 
(in the mouse, Va14Ja281; in humans, 



\J,24J,Q) paired with a restricted popula- 
tion of rearranged p chains (predominantly 
Vp8 111 the mouse and V p l  1 In humans) (41, 
42). These natural T cells, or N T  cells, rap- 
idly produce large amounts of IL-4 upon 
binding of the nonclassical M H C  class I 
protein, CD1 ( the  homolog of human 
C D l d )  (43). It is not clear whether activa- 
tlon of these cells is regulated by induced 
expression of C D l d  in inflammatory loci, 
binding of nonpeptide mlcroblal products 
analogous to those identified for C D l a ,  -b, 
and -c, or recognition of hydrophobic pep- 
tides bound In the narrow cleft of C D l  (44). 
Expression of C D l d  by intestinal eplthellal 
cells may contribute to the  propensity for 
type 2 responses with oral immunization. 

Pathologic Consequences of 
Altered Innate lmmunity 

T h e  propensity for pathologic viruses to 
capture genes that target cytokines pro- 
duced by cells of the  innate immune system 
illustrates the  survival value of Interrupting 
communication between the  Innate and the  
acquired Immune system (45).  Soluble re- 
ceptors for IL-1, TNF-a ,  and the  type I 
interferons have been described; in some 
Instances, these viral recemors have broader 
species specificity and greater afflnlty for 
the  cvtokine lipand than the  m a ~ n ~ n a l ~ a n  " 

receptors (46) and would be capable of 
competing 1 ~ 1 t h  speclflc cytoklne receptors, 
thus abrogatlng thelr actlvatlon. 

Differences in resistance to  aathopens " 

among Inbred strains of mlce has led to 
uncovering genes Involved In innate resis- 

u " 

tance. Posltlonal cloning ldentifled one 
such gene, Nrampl, that is ~nvolved In re- 
sistance to several intracellular organisms, 
Including Mrcobacteritim bovis. Leishman~a 
donoztani, and Salmonella typh~mtir~tim, per- 
haps by compartmentalizing or concentrat- 
ing substrates for N O  synthase (47) .  A fam- 
ily of Nramp genes has been defined and 
shilwn ti] be conserved among organisms 
ranging from Drosophila to humans, hut the  
role of Nramp in determining susceptibility 
to hulnan infectious diseases remains to  be 
established. Intriguingly, Nrampl con- 
trolled the rejection of hematopoietic tu- 
mor cells by Inurine T cells that expressed 
V,l . l ,  the  most common y6 T cell popula- 
tion in peripheral lymphoid organs of the  
mouse (V,9 in humans) (48) ,  linking in- 
nate resistance to  tumor surveillance. 

Viruses also have coopted aspects of the 
complement system to enhance infectivity. 
Eostein-Barr virus and measles virus use two 
membrane proteins of the complement sys- 
tem, C D 2 l  (18) and CD46 (49),  respectix~e- 
Iy, as cellular receptors for attachment. Vac- 
cinia enccldes a protein that has the structure 
and function of a famlly of complement reg- 
ulatory protelns (50).  Helmlnthes also have 

been shown to synthesize proteins that sup- 
press activation of complement (5  1 ). 

Inherited deficiencies of complement 
proteins also are associated with impaired 
defense against microbial infection. Hon~ev-  
er, the occurrence of the  autoimmune dis- 
ease systemic lupus erythematosus in patients 
deficient in the proteins of the classical 
pathway of complement provides perplexing 
evidence for a role of complement in toler- 
ance to self (52). Rare individuals wlth total 
deficiencies of Cl ,  C4 ,  or C 2  have a 30 to 
75% chance of developing thls disease. A 
function of the classical pathway may be to 
remove self ant~gen-antibody complexes that 
are normally formed. I11 the  absence of this 
pathway, these complexes accumulate, acti- 
vate the alternative pathway, are coated 
with C3d,  and become sufficiently immuno- 
genic to break self-tolerance. 

Therapeutic Considerations 

Admmlsterlng antlgens w!th IL-12 engen- 
ders strong TH1 responses that have been 
shoun  to prollde protectne lmmunltv (53). 
T h e  capacltv of IL-12 to suppress IL-4-me- 
dlated actlvltles has also been used as an  
"anti-pathology" vaccine to block allergic or 
flbroslng syndromes (54). Antigens from 
pathogens that elicit IL-12 release from mac- 
rophages or dendritic cells should prove 
powerful adjuvants for ellciting TH1 respons- 
es (55). Additional approaches could 111- 

volve the  preferential blockade of B7.1- or 
B7.2-derived costimulaton. signals 156) and , " 

the  use of Schlff base-formlng drugs that 
potentiate TH1 responses (57). Strong TH1 
responses, however, result In tlssue-destruc- 
tive, autoimmune svndromes (36. 58), and 
an  inverse relation between the numbers of 
IL-4-producing N T  cells and the incidence 
of autoimmune disease has been proposed 
(59).  Thus, upregulation of C D l d  to create 
ligands for N T  cells may suppress autoim- 
mune diseases mediated by type 1 responses. 
Proteins that micrcloreanisms use to subx~ert u 

innate immunity, such as soluble cytclkine 
receptors and complement inhibitors, are pi>- 
tential targets for acquired immune respons- 
es. Effective vaccines may he developed by 
attachment of C3d or carbohydrates ti] these 
antigens to target them to receptors on B 
cells, macrclphages, and dendritic cells. 

Conclusion 

T h e  essence of innate immunity is the  de- 
tection of mcllecules that are unique to 
infectious organisms. This capability allows 
the  innate immune system ti] guide the 
selection of antigen by B and T lympho- 
cytes, and the  secretion by helper T lym- 
philcytes of cytokines that promote an  ap- 
propriate host response ti] the  infection. 
Therefore, mammalian innate immunity is 

not merely a vestige of ancient antimicro- 
bial svstems that have been made redurr- 
dant by the  evolution of acquired immuni- 
ty. Rather, it dictatea the conduct of the  
acquired immune response. 
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A n 18th-century natural experiment that 
occurred on the remote Faroe Islands provid
ed rare insight into the mechanism of pro
tective immunity against infectious diseases. 
This experiment began in 1781 with a mea
sles outbreak. During the ensuing 65 years, 
the Faroes remained measles-free until a ma
jor outbreak in 1846 that affected 75 to 95% 
of the population. Ludwig Panum, a Danish 
physician, investigated this epidemic and 
made the interesting observation that "of the 
many aged people still living on the Faroes 
who had had measles in 1781, not one was 
attacked a second time" (1). This natural 
experiment had also provided Panum with a 
control group, and he astutely noted that "all 
the old people who had not gone through 
with measles in earlier life were attacked 
when they were exposed to infection." Pa-
num's classic study made two points: first, 
that immunity to measles was long-lived; 
and second, that reexposure to the virus was 
not essential for maintaining long-term pro
tective immunity. The first point was impor
tant but perhaps not that surprising; after all, 
the Greek historian Thucydides, describing 
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the plague of Athens in 430 B.C., had noted 
that "the same man was never attacked 
twice" (2). It was Panum's second point, that 
protective immunity could be sustained in 
the absence of reexposure to measles virus, 
that provided a critical insight into the na
ture of immunological memory. This obser
vation, which was supported by observations 
made during epidemics of yellow fever in 
Virginia (3) and polio among Eskimo villag
es in Alaska (4), showed that the immune 
system could remember an encounter that 
occurred many years ago and that there are 
inherent (endogenous) mechanisms for sus
taining this long-term memory. 

The subject of immune memory has 
been extensively studied, but there is still 
considerable debate regarding the mecha
nisms by which protective immunity is 
maintained (5). In this article, we will re
view our current understanding of the cel
lular basis of immunological memory and 
then examine the relative contributions of 
memory and effector T and B cells to pro
tective immunity. We will also consider 
differences between protection against mu
cosal versus systemic infections—a critical 
issue that is often ignored. We hope this 
review will provide a framework for trying 
to understand why protective immunity is 
long-lived in some situations and of shorter 
duration in others. 
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T Cell Memory 

It is well established that T cell memory, as 
assessed by accelerated recall responses in 
vivo, is long-lived (5). However, the nature 
of T cell memory has remained controver
sial, with debate centered around two op
posing views (5). One view postulates that 
memory is due to long-lived memory cells 
that do not require contact with specific 
antigen for their survival. The other envi
sions long-term memory as the result of 
continuous stimulation of T cells by persist
ing antigen. Although these are interesting 
and useful hypotheses, they have imposed 
constraints on the understanding of the cel
lular basis of T cell memory. For instance, it 
is conceivable that memory T cells may be 
antigen-independent but still cycle because 
of some nonspecific stimulus. It is also plau
sible that memory cells are long-lived but 
need antigen stimulation to maintain a 
state of readiness. Instead of trying to dis
tinguish between the two opposing hypoth
eses, we will examine memory within the 
broad framework of the following questions: 
What is the cellular basis for accelerated 
recall responses? Are memory T cells dis
tinct from effector cells? What is the lin
eage of memory T cells? Is specific antigen 
necessary for the maintenance of T cell 
memory? What is the life-span of memory T 
cells? Do these cells cycle? If so, what is the 
stimulus? Before addressing these questions, 
it is useful to review the kinetics of primary 
T cell responses. 

Both CD4 and CD8 T cell responses can 
be broken down into three distinct phases: 
(i) activation and expansion, (ii) death, 
and (iii) stability or memory. During the 
initial phase, which typically lasts about a 
week, antigen-driven expansion of the spe
cific T cells and their differentiation into 
effector cells occur. In several viral systems, 
between 100- and 5000-fold expansion of 
virus-specific CD8+ T cells takes place (6 -
13). Substantial expansion of CD4+ T cells 
has also been reported for several antigenic 
systems (14, 15) and a recent study (16) has 
documented up to 1200-fold expansion of 
CD4+ T cells responding to pigeon cyto
chrome c (PCC). A period of death then 
ensues (between days 7 and 30), during 
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The immune system can remember, sometimes for a lifetime, the identity of a pathogen. 
Understanding how this is accomplished has fascinated immunologists and microbiol
ogists for many years, but there is still considerable debate regarding the mechanisms 
by which long-term immunity is maintained. Some of the controversy stems from a failure 
to distinguish between effector and memory cells and to define their roles in conferring 
protection against disease. Here the current understanding of the cellular basis of immune 
memory is reviewed and the relative contributions made to protective immunity by mem
ory and effector T and B cells are examined. 


