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The innate immune system evolved several strategies of self/nonself 
discrimination that are based on the recognition of molecular patterns 
demarcating infectious nonself, as well as normal and abnormal self. These 
patterns are deciphered by receptors that either induce or inhibit an 
immune response, depending on the meaning of these signals. 

The innate immune system of vertebrate an- 
imals uses three strategies of immune recog- 
nition that can be described in terms of rec- 
ognition of "microbial nonself," recognition 
of "missing self," and recognition of "in- 
duced or altered self." The basis of microbial 
nonself recognition lies in the ability of the 
host to recognize conserved products of mi- 
crobial metabolism that are unique to micro- 
organisms and are not produced by the host. 
This strategy allows the innate immune sys- 
tem to discriminate between "infectious non- 
self" and "noninfectious self." 

The second strategy, recognition of"miss- 
ing self," relies on the detection of "markers 
of normal self." Such recognition is coupled 
with various inhibitory pathways that block 
initiation of immune responses against self. 
Markers of normal self are dedicated gene 
products and products of metabolic pathways 
that are unique to the host and absent from 
microorganisms. 

The third strategy, recognition of induced 
self is based on the detection of markers of 
abnormal self that are induced upon infection 
(in particular, viral infection) and cellular 
transformation. Markers of abnormal self tag 
the affected cells for elimination by the im- 
mune system. 

Recognition of Microbial Nonself 

Recognition of microbial nonself, which 
evolved early in metazoan evolution, plays a 
crucial role in host defense (1). This recog- 
nition strategy is based on the detection of 
conserved molecular patterns that are essen- 
tial products of microbial physiology. These 
invariant structures are referred to as patho- 
gen-associated molecular patterns (PAMPs), 
although they are not unique to pathogens 
and are produced by all microorganisms, 
pathogenic or not (see below). PAMPs are 
unique to microbes (and are not produced by 
the host), and invariant among microorgan- 
isms of a given class (1, 2). The best known 
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examples of PAMPs include lipopolysaccha- 
ride (LPS) of gram-negative bacteria and 
peptidoglycan of gram-positive bacteria. 
These and other PAMPs are recognized by 
receptors of the innate immune system called 
pattern recognition receptors (PRRs). Be- 
cause PAMPs are produced only by microor- 
ganisms, they are perceived by the innate 
immune system as molecular signatures of 
infection, and their recognition by PRRs 
leads to the induction of an immune response 
(1, 2). Recognition of PAMPs thus allows the 
immune system to distinguish self from mi- 
crobial nonself. 

Several structurally and functionally 
distinct classes of PRRs evolved to recog- 
nize PAMPs and to induce various host 
defense pathways. Secreted PRRs bind to 
microbial cells and flag them for destruc- 
tion either by the complement system or by 
phagocytosis. Toll-like receptors (TLRs), 
which comprise the class of PRRs ex- 
pressed on the cell surface, activate signal- 
ing pathways that induce antimicrobial ef- 
fector responses and inflammation upon 
recognition of PAMPs (3). In addition, ac- 
tivation of TLRs expressed on specialized 
antigen-presenting cells (APCs), such as 
dendritic cells, plays a critical role in the 
initiation of the adaptive immune responses 
(3). Triggering TLRs on these cells induces 
the expression of costimulatory molecules 
on the cell surface, which is necessary for 
the activation of naive T cells specific for 
antigenic peptides expressed on the same 
APC in complex with major histocompati- 
bility complex (MHC) molecules. Because 
the costimulators are induced by PAMPs, 
their expression on APCs flags the antigen- 
ic peptides presented by the same APC as 
being of microbial origin and activates an- 
tigen-specific T cells. Self-peptides ex- 
pressed and presented by APCs are not 
recognized as nonself, because T cells spe- 
cific for these peptides are eliminated dur- 
ing negative selection in the thymus. Thus 
negative selection and microbial induction 
of costimulatory molecules together ensure 
that the adaptive immune response is gen- 
erated against infecting pathogens but not 
against self-antigens (Fig. 1). 

Evolution of Recognition in 
Host-Pathogen Interactions 

Host-pathogen interactions involve multiple 
molecular recognition events that are required 
for productive infection by the pathogen or for 
resistance against infection by the host. These 
recognition events involve one or more compo- 
nents encoded by the pathogen (let's call them 
P) and one or more components encoded by the 
host (let's call them H). It is important to dis- 
tinguish between two alternative evolutionary 
scenarios that led to these interactions. In one 
scenario, H evolved to recognize P, while P 
evolved to perform functions unrelated to host- 
pathogen interactions. In this scenario, H is 
typically a PRR (for example, TLR4), and P is 
a PAMP (for example, LPS). In animals with 
adaptive immune systems, H can also be an 
antigen receptor, in which case P can be any 
microbial antigen. In the second scenario, P 
evolved to recognize H, while H evolved to 
perform functions unrelated to this interaction. 
In this scenario, P interacts with H because this 
interaction is necessary for the productive in- 
fection of the host by the pathogen. In this case, 
P is usually referred to as a virulence factor 
(especially in the case of bacterial pathogens). 
Examples of interactions of this type are the 
recognition of human E cadherin by internalin 
A (a virulence factor of Listeria monocyto- 
genes), and the recognition of CD4 by HIV 
gp120. In a distinct class of host-pathogen in- 
teractions in which the host and the microor- 
ganism both benefit from an interaction, P and 
H may have coevolved to interact with each 
other. 

It is important that PRRs do not distin- 
guish between microorganisms that colonize 
the host (pathogenic or commensal) and mi- 
croorganisms that evolved to occupy habitats 
other than the host, because all of them pro- 
duce PAMPs (3). However, only pathogens 
evolved the means to gain access to the com- 
partments within the host where the host's 
PRRs can detect them and can induce im- 
mune responses. 

Molecular Passwords of Self-Identity 
The concept of missing self was proposed to 
explain why natural killer (NK) cells prefer- 
entially kill target cells that express few or no 
MHC class I proteins on the cell surface (4). 
On the basis of these studies, it has been 
suggested that NK cells recognize the lack of 
self MHC-I as a signal for target cell lysis 
(4). As MHC-I is constitutively expressed on 
all nucleated cells and is often down-regulat- 
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ed as a result of viral infection or cellular 
transformation, recognition by NK cells of a 
missing self-ligand allows them to selectively 
eliminate infected and transformed cells and 
to spare normal, healthy cells. The mecha- 
nism of missing-self recognition was worked 
out in studies that demonstrated that MHC-I 
is recognized by various inhibitory receptors, 
that upon binding to their ligands block the 
lytic activity of NK cells (5, 6). Inhibitory 
receptors expressed on NK and other cell 
types are characterized by a sequence motif 
called ITIM (immunoreceptor tyrosine inhib- 
itory motif). When the tyrosine in the ITIM is 
phosphorylated, it recruits protein tyrosine 
phosphatases SHP-1 and SHP-2, which in 
turn inhibit cytotoxic activity by dephospho- 
rylating tyrosine residues critical for activat- 
ing NK cells (5-8). 

Recognition of missing self is not unique 
to NK cell function and is in fact widely used 
by the innate immune system. Another well- 
known example of the use of this strategy is 
the regulation of the alternative complement 
pathway (9). A key component of the com- 
plement, a serum protein called C3, can co- 
valently and indiscriminately attach itself to 
the surfaces of autologous and microbial 
cells. This attachment occurs as a result of a 
spontaneous hydrolysis of a highly labile 
thioester bond in C3. However, the formation 
of an active protease complex of the alterna- 
tive pathway, the C3 convertase, occurs only 
on the surfaces of microbial cells and not on 
autologous cells (9). This is because all self 
cells ubiquitously express several gene prod- 
ucts, including CD46 and CD55, which in- 
hibit formation of the active C3 convertase 
(9). As cells of nonself origin, including 
pathogens, lack these host gene products, ac- 
tivation of the complement cascade can pro- 
ceed uninhibited on their surfaces and results 
in lysis or phagocytosis of microbial cells (9). 
Because these inhibitors of complement are 
encoded exclusively by the genome of the 
host, they function as markers of self, or 
molecular passwords known only to the host. 

Another example of a molecular signal 
that functions as a marker of normal self is 
the carbohydrate structures that decorate gly- 
coproteins and glycolipids on the cell surface. 
In vertebrate animals, these usually terminate 
with sialic acids, which can be recognized by 
a variety of receptors involved in intercellular 
communication (10, 11). One group of recep- 
tors that can bind to sialated glycoproteins 
and glycolipids, but not to their desialated 
counterparts, comprise a family of proteins 
known as Siglecs (10). Similar to other inhib- 
itory receptors, Siglecs are transmembrane 
proteins that contain ITIM motifs in their 
cytoplasmic regions. Although the function 
of most Siglecs is unknown, their structure 
and specificity for sialic acids suggest that 
they negatively regulate the function of leu- 

kocytes by monitoring the expression of sial- 
ic acids on normal self-tissues and antigens 
(10). Lack of sialic acid expression on most 
microorganisms, and in some cases, on vi- 
rally infected and transformed cells may be 
recognized as a missing-self signal. Siglecs 
expressed on macrophages, dendritic cells, 
and neutrophils may direct these cells to 
phagocytose microbial nonself (which lacks 
biosynthetic pathways for sialic acids) and 
abnormal self (which lost sialic acid expres- 
sion because of infection, transformation, or 
senescence). Another Siglec called CD22 is 
expressed on B cells and presumably helps to 
prevent unwanted antibody responses against 
self-antigens by blocking B cell receptor sig- 
naling (12). Sialic acids also regulate the 
activation of the alternative complement cas- 
cade by binding to a serum protein called 
factor H, which upon binding to sialic acids 
on autologous normal cells inhibits formation 
of the C3 convertase (9). 

Another, more recently discovered marker 
of self that regulates macrophage phagocyto- 
sis is CD47 (13). CD47 is constitutively ex- 
pressed on many cell types, including eryth- 
rocytes, and was found to be a ligand for 
SIRPa, an ITIM-containing inhibitory recep- 
tor expressed on macrophages (13). Ligation 
of SIRPa by CD47 prevents phagocytosis of 
normal cells. Senescent erythrocytes, howev- 
er, down-regulate CD47 expression and are 
effectively phagocytosed and removed from 
the circulation by splenic macrophages (13). 

The above examples illustrate the common 
features of the missing-self strategy of immune 
recognition. Specialized markers of self are ex- 
pressed constitutively on normal healthy cells 
of the host and, by engaging inhibitory recep- 
tors, prevent phagocytosis of these cells by 
macrophages, killing by NK cells, and perhaps 
phagocytosis and presentation of antigens de- 
rived from normal healthy cells by dendritic 
cells. Conversely, the absence of these markers 
on microbial cells and their down-regulation on 
infected, transformed, and senescent host cells 
render these targets susceptible to NK-mediated 
cytotoxicity or phagocytosis by macrophages 
(Fig. 2). 

Although the missing-self strategy is an 
efficient way to distinguish normal self from 
nonself or from abnormal self, it is not resis- 
tant to fraud. Indeed, in multiple examples of 
"stolen identity," pathogens acquire by hori- 
zontal transfer the genes encoding self-mark- 
ers and thus protect themselves from detec- 
tion and destruction by the host. 

Signals for Assisted Cellular Suicide 
Induction of apoptosis in virally infected or 
transformed cells is an important mechanism 
of host defense, as it ensures the survival of 
the host by preventing viral spread and the 
development of cancer. Apoptosis of infected 
or transformed cells can be induced either by 

a cell-autonomous mechanism, or by extra- 
cellular signals derived from other cells (14, 
15). For example, viral infection or excessive 
DNA damage trigger apoptosis in the affect- 
ed cells through PKR/RNaseL- and p53-de- 
pendent pathways, respectively. Cell-autono- 
mous cell death is presumably also part of the 
early host defense against cellular transfor- 
mation (16). In other cases, infection, trans- 
formation, and excessive stress do not induce 
apoptosis directly, but instead induce the ex- 
pression of molecular markers that flag the 
affected cells for killing by specialized exe- 
cutioners, most commonly, NK cells. Several 
of these markers have been described, includ- 
ing human MICA and ULBP proteins, and 
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Fig. 1. Toll-like receptors (TLRs) are triggered 
by markers of microbial nonself (PAMPs) to 
induce the expression of host defense genes, as 
well as costimulatory molecules on the surface 
of APCs. Costimulatory molecules, along with 
pathogen-derived peptides presented on MHC 
molecules, are necessary for the activation of 
naive T cells. 
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mouse RAE-1 and H-60 proteins (17-19). 
Intriguingly, all these proteins are distant rel- 
atives of the MHC class-I proteins and all of 
them serve as signals for assisted suicide by 
triggering an activating receptor, NKG2D, 
expressed on NK cells, CD8-positive T cells 
and myeloid cells (17-20). Unlike inhibitory 
receptors, the activating receptors lack ITIM 
motifs but generally are coupled with adapt- 
ers that trigger either ZAP-70/Syk tyrosine 
kinases, or activation pathways that are de- 
pendent on phosphatidylinositol 3-kinase 
(21). These pathways are subject to negative 
regulation by the SHP-1/SHP-2 tyrosine 
phosphatases recruited by inhibitory recep- 
tors (8). Moreover, the susceptibility of the 
target cell to killing by NK cells depends on 
the balance of the ligands for activating and 
inhibitory receptors (21). This is reminiscent 
of the balance between proapoptotic and an- 
tiapoptotic members of the Bcl-2 family pro- 
teins that control intrinsic apoptosis (15) and 
presumably reflects the fact that "fuzzy" de- 
cision-making mechanisms are more resistant 
to errors than discrete, all-or-none processes. 

The existence of inducible markers of ab- 
normal self that flag cells for assisted apopto- 
sis raises an important question: because in- 

fection, stress, and transformation can induce 
cell-autonomous apoptosis, why do cells 
bother with expressing these ligands and re- 
questing NK cell assistance at all? There are 
several possible answers to this question. 
First, recognition of these ligands by NK and 
CD8+ T cells does not lead just to apoptosis 
of the target cell; it also activates the NK and 
CD8+ T cells to produce cytokines such as 
interferon-y. The second possibility is that 
the involvement of the extrinsic apoptotic 
pathway may help to counteract viral strate- 
gies of blocking the intrinsic pathway (22) 
and to bypass possible blocks in the cell 
autonomous pathway caused by mutations in 
tumor cells. 

Other Markers of Abnormal Self 
The inducible signals that recruit specialized 
killers are not the only markers of abnormal 
self. Other important and frequently used sig- 
nals have to do with recognition of the two 
types of cell death-necrosis and apoptosis. 
The enormous number of apoptotic cells pro- 
duced during the life of a metazoan animal 
indicates that the recognition and removal of 
apoptotic cells is a highly efficient and vitally 
important process. Apoptotic cells are phago- 

Infected or 
transformed cell 

Normal healthy cell Senescent or 
apoptotic cell 

| Assisted apoptosis 

=> I Phagocytosis I 

, > I Tissue repair ] 

Necrotic cell 

Marker of normal self. Ligand for inhibitory receptors. 

Marker of infected, stressed, or transformed cell. Ligand for activating receptors. 

Marker of apoptotic and senescent cells. Ligand for phagocytic receptors. 

~1 ? Markers of tissue damage. Ligands for receptors that induce tissue repair response. 

Fig. 2. Normal healthy cells constitutively express markers of self, which engage inhibitory 
receptors on the effector cells of the immune system. Infected, transformed, or damaged cells 
down-regulate the expression of these markers, and induce the expression of ligands for activating 
receptors on NK and other effector cells. Apoptotic or senescent cells display markers that tag them 
for phagocytosis by macrophages, whereas necrotic cells express signals that induce tissue repair 
responses. Appropriate expression of these markers enables cells of the innate immune system to 
discriminate between normal, healthy cells and nonself/abnormal cells, and to ignore, phagocytose, 
or kill them as needed. 

cytosed by neighboring cells, or more common- 
ly by macrophages, because they express a 
number of cell surface markers recognized by 
cells that phagocytose them. The most impor- 
tant marker appears to be phosphatidylserine 
(PS), which in normal live cells is found on the 
inner leaflet of the plasma membrane, but in 
apoptotic cells is localized to the outer leaflet 
where it can be recognized by a PS receptor 
(23) (Fig. 2). Recognition of PS by the PS 
receptor leads to phagocytosis of apoptotic 
cells, while sparing healthy, live cells (23). 

Recognition of necrotic cells is more 
complicated because the markers of necro- 
sis have yet to be characterized in detail. 
During necrosis, intracellular components 
that are normally hidden inside the cell are 
released and induce inflammation. There is, 
however, a substantial difference in opinion 
regarding the purpose and the outcome of 
necrosis-induced inflammation. One model 
maintains that necrosis, and tissue damage 
in general, provides a danger signal that 
functions as the major inducer of immune 
responses (24). The problem with this mod- 
el, in our opinion, is its inherent tautology. 
According to this hypothesis, the immune 
response is induced by a danger signal, but 
the danger signal is defined as just about 
anything that can induce an immune re- 
sponse. We believe that the major physio- 
logical role of necrosis-induced inflamma- 
tion is to induce a tissue repair response, as 
tissue repair seems to be the most logical 
response to tissue damage. The induction of 
an immune response, on the other hand, is 
controlled by the innate immune system, 
which detects the signs of infection by 
decoding the patterns of self and nonself. 
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