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“Nature has provided, in the white corpuscles as you call
them—in the phagocytes as we call them—a natural means
of devouring and destroying all disease germs. There is at
bottom only one genuinely scientific treatment for all
diseases, and that is to stimulate the phagocytes.” So opined
B.B. in G.B. Shaw’s The Doctor’s Dilemma1 in a dramatic
restatement of a key portion of Ilya Metchnikoff’s Nobel Prize
address: “Whenever the organism enjoys immunity, the
introduction of infectious microbes is followed by the
accumulation of mobile cells, of white corpuscles of the
blood in particular which absorb the microbes and destroy
them. The white corpuscles and the other cells capable of
doing this have been designated ‘phagocytes,’ (i.e.,
devouring cells) and the whole function that ensures
immunity has been given the name of ‘phagocytosis’”2.
Based on these insights into the foundation of resistance to
infectious disease, Metchnikoff was awarded the 1908 Nobel
Prize in Physiology or Medicine together with Paul Ehrlich
(Fig. 1). Although both were cited for discoveries in
immunity, the contributions of the two men seem worlds
apart. Ehrlich’s studies did not deal with generic responses
to infection, but rather with the highly specific nature of
antibodies and their relationship to the cells producing them:
“As the cell receptor is obviously preformed, and the
artificially produced antitoxin only the consequence, i.e.
secondary, one can hardly fail to assume that the antitoxin is
nothing else but discharged components of the cell, namely
receptors discharged in excess”3. But biological systems are
just that—systems—and the parts need to work together. And
so we arrive, a century later, at an appreciation for just how
intimately related these two seemingly disparate aspects of
host defense really are.

Transitioning from the age of specificity 
The point-counterpoint of the 1908 dual Nobel award set the stage
for the ensuing 100 years of advances in immunology. For most of
the twentieth century, it was Ehrlich’s focus on the remarkable
specificity of immune reactions and the lymphoid components of

the hematopoietic system that obsessed the research community.
Metchnikoff ’s phagocytes held a secondary position in the
immunological pantheon, being viewed mainly as the handservants
of antigen-specific immune factors such as opsonizing antibody or
activating cytokines like interferon (IFN)-γ. Even Shaw’s character
held this latter notion when one looks more closely at his text: “Find
the germ of the disease; prepare from it a suitable anti-toxin; inject
it three times a day quarter of an hour before meals; and what is the
result? The phagocytes are stimulated”1. This is a formulation that
gives clear pride of place to antibodies as the controlling elements
and phagocytes as the recruited henchmen.

The iconography of journals, meeting posters and books for the
last few decades of the twentieth century makes apparent the pre-
eminence of antigen-related recognition in immunological think-
ing. Beginning in the 1970s, the polypeptide chain organization of
antibodies4–6 was a ubiquitous image. In the late 1980s, this was
replaced by the newly determined structure of the major histocom-
patibility complex (MHC) class I molecule7. Each of these images
encapsulated several major accomplishments in immunological
research. The basis for the exquisite chemical specificity of the anti-
toxins studied by Ehrlich was revealed by crystallographic studies
of antigen-antibody complexes. The origin of the immense bind-
ing-site diversity of such proteins was uncovered by molecular
studies documenting the remarkable role of somatic gene segment
recombination in producing the mature antibody molecule8, a
process also accounting for the diversity of T-cell antigen recep-
tors9,10. The enigmatic nature of genetic control of immune
responses at the T-cell level (IR genes11) and of the phenomenon of
‘MHC-restricted antigen responses’12,13 was explained conjointly
by (i) the roles of MHC class I and class II membrane proteins in
presenting antigenic fragments to clonally distributed receptors on
T lymphocytes14,15 and (ii) the impact of natural MHC molecule
polymorphism on the particular peptides that bound well to each
allelic product16,17. The biochemical differences in the peptide
binding strategies of MHC class I versus class II molecules18 pro-
vided a strikingly clear picture of how these two subsets of highly
related proteins evolved for optimized capture of distinct peptides
in different intracellular compartments19.

Although the adaptive (antigen-specific, lymphocyte-based)
response remains a substantial focus of immunological research, the
past decade has seen a renewal of interest in the other (innate) com-
ponents of host defense. Phagocytes as effectors per se have not been
the main subjects of investigation, but myeloid cells have certainly
come to the fore as key players in the guise of dendritic cells (DCs),
which are thought to orchestrate the extent and quality of antigen-
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specific immune responses. An entirely new appreciation has
emerged of natural killer (NK) cells, previously given short shrift
because of their lack of clonally distributed receptors. The analysis
of molecules other than immunoglobulins or T-cell receptors that
mediate pathogen recognition and response has assumed a major
position in the research portfolio. These new directions in under-
standing the role of innate immunity in host defense join studies on
regulatory processes controlling the quantitative and qualitative fea-
tures of adaptive immune responses as some of the most significant
advances in immunology over the past decade.

Here I summarize the progress made in these and other key areas
of investigation. Because up-to-date, expert reviews are available on
each topic discussed, it is not my intent to dwell on the details.
Rather, I focus on those overarching aspects of the work that were
unexpected and how the findings changed immunological thinking,
ending with some speculations about the future of the field.

Innate immunity to the fore: immunologists’ ‘dirty little secret’
Over the past decade, new insights have emerged into the enzymol-
ogy of gene recombination (the cooperation of the RAG 1 and 2
proteins with broadly expressed DNA repair enzymes in mediating
immunoglobulin and T cell receptor gene segment rearrange-
ment20,21) and somatic hypermutation or class switching of
immunoglobulins (the central role of AID22). Evidence has been
provided for a useful rather than harmful role of self-recognition in
many aspects of T cell function23–25, and the molecular basis of lig-
and discrimination by T cells has been substantially clarified26,27.
Yet even with all these advances dealing with central issues in anti-
gen-specific host defense, the dominant driving force in immunol-
ogy in the recent past appears to be the field’s new appreciation of
the importance of the innate immune system, especially its essential
role in orchestrating adaptive responses.

Many attribute this new weltanschauung to what was at first an
underappreciated but remarkably insightful 1989 article by the late
Charles Janeway, Jr. In “Approaching the asymptote? Evolution and
revolution in immunology”, he laid out a general hypothesis for
why adjuvants (immunologists’ ‘dirty little secret’) were needed to
get effective immune responses28. Janeway’s argument was that
components of the innate system, especially antigen-presenting
cells such as DCs, required the microbial stimuli contained in these

empirically developed concoctions to
become activated and acquire the capacity
to induce productive responses from anti-
gen-specific lymphocytes. Without such
activation by recognition of infection,
Janeway suggested that the adaptive
immune system ignored or even became
tolerant to the antigens presented by the
‘quiescent’ DC. He specifically proposed
that evolutionarily conserved features of
infectious organisms (pathogen-associated
molecular patterns or PAMPs) were
detected by the immune system through a
set of specialized receptors (which he
termed pattern-recognition receptors or
PRRs), an especially prescient aspect of this
hypothesis. Matzinger’s competing ‘Danger
Model’29 argued against Janeway’s focus on
microbial signals. This hypothesis instead
suggested that endogenous mediators pro-
duced by damaged or stressed cells held the

key to effective immunity. These contrasting views elicited vigorous
debate and prompted many investigators to turn their attention to
this issue at the bench.

The bell ‘tolls’ for immunologists
Janeway’s article and the competing Matzinger proposal helped
focus immunological thinking on the role of antigen-unspecific sig-
nals in guiding immune function, but they did not provide a clear
path for investigators to follow in translating these concepts into
mechanistic understanding. It was a later achievement of Janeway
and his associate Medzhitov, together with the critical findings of
Beutler and others, that really ignited the revolution in this regard.
In 1997, the first mammalian homolog of the gene that encodes
Drosophila Toll protein (Toll-like receptor or Tlr) was cloned and
shown to activate the NF-κB pathway that is a key feature of inflam-
matory signaling30. The subsequent evidence that the defect in the
endotoxin (lipopolysaccharide) response of two strains of mice
could be attributed to mutations in a specific member of the Tlr
family (Tlr4)31 provided the crucial missing link between Tlr and in
vivo mammalian responses to microbial products.

Toll is a Drosophila receptor critical to this insect’s resistance to
fungal infections32,33. This molecule has regions of homology to the
IL-1 receptor of mammals and signals through an adapter
(DmMyD88) to cause the activation of an NF-κB homolog. This
transcription factor in turn promotes the production of dro-
somycin, an antifungal peptide that has a microbicidal role similar
to that of members of the mammalian defensin family34. Thus, for
Drosophila, which lacks an adaptive immune system, Toll acts as a
central regulator of a major limb of its pathogen defense system. A
distinct pathway first identified by its dependence on the imd gene is
responsible for signals that induce production of antibacterial pep-
tides that protect the insect against Gram-negative invaders33. The
latter observations thus define a complementary limb of innate
immunity to the one that involves Toll and illustrate how recogni-
tion of distinct pathogen products by individual receptors evokes a
qualitatively appropriate host response.

The same theme has now emerged from studies in mammals, with
specific signals generated upon binding of particular components of
infectious agents to distinct receptors directing the quality of the ensu-
ing immune response. A family of Tlr with at least 11 members has
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Figure 1 Paul Erlich (left) and Ilya Metchnikoff (right), winners of the 1908 Nobel Prize in Physiology
or Medicine.
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been identified, with each member responding to a different spectrum
of ligands35. It remains unresolved whether mammalian Tlrs directly
bind these stimulatory molecules36 or whether they act indirectly
through other host proteins as seen in the activation of Drosophila
Toll32,33. Tlrs show a complex pattern of tissue- and cell-specific
expression. This distribution is believed to reflect the predilection of
certain infectious agents to enter through or colonize specific tissues.
There is presumably a match between preferred sites of infection, the
nature of the molecular entities characteristic of the responsible
organism, the Tlrs expressed by the tissue and associated immune cells
and the character of the effector response that ensues35,37–41.

One issue of substantial debate in this field is whether the original
Janeway concept of PAMPs and PRRs is correct. Two objections to
this hypothesis have been raised: first, that signals from nonpatho-
genic infectious agents are recognized by the same set of receptors as
those dealing with pathogens, and second, that specific molecules
and not ‘patterns’ are actually recognized42. In a strict sense these
objections are correct, but a focus on the underlying thinking sug-
gests a more generous view. Janeway proposed that the innate sys-
tem distinguished “infectious non-self ” from “non-infectious
self ”28,43, and thus the actual concept was more global than the
‘pathogen’ part of the PAMP catchphrase implies. As to molecules
versus patterns, the hypothesis stated that recognition of biochemi-
cal features broadly characteristic of the invader and not the host
would best reveal infection. This has proven to be correct—Tlrs
focus on aspects of prokaryotic, viral or parasitic structure or
replicative biology generically distinct from those of the host. But it
is also true that many (though not all) of the recognition events are
specific for particular molecular species within these categories
rather than for the ‘molecular pattern’ per se. A middle-of-the-road
position seems best here.

Dendritic cells as primary translators of the infectious
agent—Tlr discourse
Since their discovery, analysis of Tlrs has proceeded in three direc-
tions: (i) the dissection of the molecules (MyD88, TRIF, TIRAP,
IRAK, TRAFs and others) involved in transducing Tlr signals within
cells35,44,45; (ii) the cataloging of genes activated by such signal-
ing46–48; and (iii) the analysis of biological responses to Tlr signal-
ing, including systemic toxicity during sepsis49,50 and control of
hematopoietic cell, especially DC, differentiation39–41. Although not
diminishing the substantial accomplishments of the first two, many
consider some of the most exciting advances to have occurred in this
last arena. Thirty years after their modern description51, DCs have
emerged as the nexus for translating signals from innate recognition
into cues guiding adaptive immune function52. Distinct DC subsets
have been identified53–56 and the selective expression of particular
members of the Tlr family by each of these subsets has been
revealed57–59 (Fig. 2a).

One key aspect of Tlr function in DCs involves polarization of
effector CD4+ T cells. The T helper type 1 (TH1)–T helper type 2
(TH2) paradigm of effector CD4+ T-cell responses arose from in
vitro studies60–62. It was given physiological relevance by evidence
that the extent of protection or nature of tissue pathology seen upon
infection with agents such as Leishmania major or Schistosoma man-
soni depended on which of the two types of effector response pre-
dominated63,64, as well as by molecular studies that identified
distinct transcription factors promoting TH1 IFN-γ responses (T-
bet65) or TH2 IL-4 production (GATA-3; refs. 66,67). The more
recent discovery that DCs exposed to particular Tlr ligands selec-
tively drive adaptive responses along one or the other of these path-

ways provided a mechanistic framework for these existing func-
tional observations, linking antigen-independent recognition of the
type of invading organism to the class of antigen-specific response
that ensued39–41,68,69. For example, exposure of mouse DCs to
Escherichia coli lipopolysaccharide results in signaling through Tlr4
that induces IL-12 secretion and enhancement of an IFN-γ-focused
TH1 response. Conversely, interaction of the same mouse DC popu-
lation with Porphyromonas gingivalis lipopolysaccharide triggers
Tlr2 to promote a TH2 response through as yet undefined molecular
events68. Thus, instead of the view espoused by Shaw’s character in
which antigen-specific proteins controlled the activity of phago-
cytes, many now see adaptive immunity as beholden to a subset of
the latter (DCs) for guidance on how to best assist the host in resist-
ing infections (Fig. 2b).

Although these results have given us a framework for one major
aspect of Tlr function, many questions remain. Why is Tlr9 not only
expressed by DCs but also by B lymphocytes, where it seems prima-
rily to pose a risk of autoimmunity through signals induced upon
binding to host DNA70,71? Why are several Tlrs only functional
within endosomal compartments35,72? Is phagocytic uptake of bac-
teria or of apoptotic, infected cells with associated viral single-
stranded or double-stranded RNA central to proper activation of
DCs? What happens when two different Tlrs cosignal a given DC?
We must also reappraise the Danger Model29 as evidence accumu-
lates for endogenous ligands of Tlrs—albeit with some caution,
given the possible role of lipopolysaccharide contamination in these
results73. Also, Tlrs are not the sole detectors of infectious agents:
C-type lectins on DCs seem to serve signaling functions that also
guide DC differentiation69,74,75 and protein kinase R–dependent
type 1 IFN responses to intracellular viral double-stranded RNA76

can influence DC maturation and activity77, in addition to serving
directly as mediators of antiviral defense. Finally, a continuing
debate is the extent to which ‘plastic’ DCs are driven to support one
or another direction of T-cell polarization by Tlr signals as just
described versus the ‘fixed’ predilection of particular DC subsets to
foster T cell effector differentiation along a particular path, irrespec-
tive of Tlr instruction40,78–80.

DC subsets: splitters and lumpers
A description of the conjunction of Tlrs and DC would be incom-
plete without further discussion of DC subsets. One of the most
contentious areas of DC biology over the past decade has been the
origin and function of distinguishable variants of this cell type. The
more monoclonal antibodies tested, the more unique DC types pro-
posed81. Whether DCs with specific surface phenotypes were of
lymphoid or myeloid origin was hotly disputed81. This debate has
now been muted (though not fully resolved) by evidence that DCs
of the same surface phenotype can be derived from either commit-
ted lymphoid or myeloid precursors82–84. Other studies have pro-
vided strong support for the concept of truly distinct DC subsets
diverging in parallel from these precursors85–88.

With these issues receding from the limelight, the central focus of
the field has instead turned to the dichotomy between the previ-
ously well-recognized DC subsets, now collectively called ‘conven-
tional DC’ (CDC) and the new players on the team, the
plasmacytoid DCs (PDCs) (Fig. 2a). PDCs were only recently recog-
nized as the previously identified major producers of type 1 IFN fol-
lowing viral infection89–92. Further study has shown PDCs to have a
complex physiology that includes differing from CDCs in genetic
control of MHC class II expression93 and rapidly shutting off high-
rate type 1 IFN production after Tlr activation, possibly changing
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their capacity to promote TH1 versus TH2 development during this
process94,95. The tissue distribution, maturation and migration pat-
tern, and cell interaction behavior of PDCs are all much less well
defined at present in comparison to CDCs96. These two DC subsets

also show little overlap in Tlr expression in human cells57,58 and
examining the consequences of this disparate pattern of expression
is made difficult by the fact that mouse and human differ in this
regard, with many mouse but not human CDCs showing high
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Human DC Mouse DC

Myeloid or ‘common’ DC (MDC or CDC)

Tlr1 or Tlr1 / Tlr2
Ligand: lipoprotein (triacylated) 

Tlr2 or Tlr2 / Tlr6
Ligands: peptidoglycans, 
lipoproteins (diacylated), glycolipids, 
zymosan, porins, lipoarabinomannan

Tlr3
Ligand: dsRNA

Tlr5
Ligand: flagellin

Tlr8
Ligands:
Imidazoquinoline,
ssRNA 

Tlr11
Ligands: unknown
component(s) of
uropathogenic bacteria

Tlr1 or Tlr1 / Tlr2
Ligand: lipoprotein (triacylated) 

Tlr2 or Tlr2 / Tlr6
Ligands: peptidoglycans, lipoproteins 
(diacylated), glycolipids, zymosan, 
porins, lipoarabinomannanTlr5

Ligand: flagellin

Tlr9
Ligand: unmethylated CpG DNA

Tlr7
Ligands: ssRNA,
imidazoquinolines 

Tlr4
Ligands: LPS,
RSV fusion protein

CD4+ DC

Tlr8
Ligands: ssRNA (?)

Tlr1 or Tlr1 / Tlr2
Ligand: lipoprotein (triacylated)

Tlr2 or Tlr2 / Tlr6
Ligands: peptidoglycans, lipoprotiens
(diacylated), glycolipids, zymosan,
porins, lipoarabinomannan

Tlr3
Ligand: dsRNA

Tlr9
Ligand: unmethylated 
CpG DNA

Tlr4
Ligands: LPS,
RSV fusion protein

CD8 + DC

Tlr8
Ligands: ssRNA (?)

Tlr1 or Tlr1 / Tlr2
Ligand: lipoprotein (triacylated)

Tlr2 or Tlr2 / Tlr6
Ligands: peptidoglycans, lipoprotiens
(diacylated), glycolipids, zymosan,
porins, lipoarabinomannan

Tlr3
Ligand: dsRNA

Tlr9
Ligand: unmethylated 
CpG DNA

Tlr7
Ligands: ssRNA,
imidazoquinolines 

Tlr4
Ligands: LPS

DN DC

Tlr5
Ligand: flagellin

Tlr8
Ligands: 
ssRNA (?)

Tlr1
Ligand: lipoprotein (triacylated) 

Tlr6
Ligands: lipoproteins 
(diacylated), lipoteichoic acid, zymosan

Tlr9
Ligand: unmethylated CpG DNA

Tlr7
Ligands: ssRNA (?),
imidazoquinolines 

Tlr10 (+/–)
Ligands: unknown 

Plasmacytoid DC (PDC)

Tlr1 or Tlr1 / Tlr2
Ligand: lipoprotein (triacylated) 

Tlr2 or Tlr2 / Tlr6
Ligands: peptidoglycans, lipoproteins 
(diacylated), glycolipids, zymosan, porins,
lipoarabinomannan

Tlr9
Ligand: unmethylated CpG DNA

Tlr7
Ligands: ssRNA,
imidazoquinolines 

Tlr4
Ligands: LPS,
RSV fusion protein

Tlr5
Ligand: flagellin

Tlr8
Ligands:  ssRNA (?)

PDC

Tlr7
Ligands:
ssRNA(?), imidazoquinolines 

Tlr10
Ligands: unknown

Dendritic cell expression of Tlrs 

Tlr4
Ligands: LPS,
RSV fusion protein

Tlr 3 (+/–)
Ligand: dsRNA

Tlr5 (+/–)
Ligand: flagellin

a

Figure 2 DCs, Tlrs and T cell effector polarization. (a) Representative subsets of human and mouse DCs are illustrated together with the Tlrs expressed and the
location of each receptor (plasma membrane or endosome). The major ligands for each Tlr are also indicated. ?, no direct evidence for signaling by this ligand-receptor
combination. +/–, low versus no expression in different studies. Adapted from refs. 40,41,293. DN, CD4–CD8α– .(b) Different Tlr signals direct DC differentiation
along distinct pathways, which in turn results in polarization of antigen-specific T cells toward the TH1 versus TH2 lineages. See refs. 40,41,68,69,80,294,295.

Tlr2 ligands,
(e.g., P. gingivalis LPS)

+
specific antigen

Tlr4 ligand,
(e.g., E. coli LPS) 

+
specific antigen

CD4+ resting T cell

CD4+ TH2 effector
(secretes IL-4, IL-5, IL-13)

CD4+ resting T cell

CD4+ TH1 effector
(secretes IFN- γ, TNF-α )

IL-12;
? Delta
(ligand for Notch)

No IL-12; IL-10, ? reduced antigen
presentation and costimulation,
? Jagged (ligand for Notch)

Tlr signals direct DC function and CD4+ T cell effector polarization
Mouse CD8+ DC Tlr1 or Tlr1 / Tlr2

Ligand: lipoprotein (triacylated) 

Tlr2 or Tlr2 / Tlr6
Ligands: peptidoglycans, lipoproteins 
(diacylated), glycolipids, zymosan, 
 porins, lipoarabinomannan

Tlr3
Ligand: dsRNA

Tlr9
Ligand: unmethylated CpG DNA

Tlr4
Ligands: LPS,
RSV fusion protein

Tlr8
Ligands: ssRNA (?)

Tlr5 (+/–)
Ligand: flagellin

b
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expression of Tlr9 (refs. 57,58). This Tlr responds to CpG-rich DNA
sequences97,98, which are being vigorously pursued as possible adju-
vants in oligonucleotide form99 and whose presence in bacterial
plasmid DNA is considered to impart this material with its
immunogenic properties in mice100,101. Finally, PDCs have been
suggested as major players in several human diseases102, although
most of the results are correlative at present. One especially intrigu-
ing example in this regard is a report that PDCs have a key role in
limiting the TH2-type inflammation responsible for atopic asthma-
like airway disease in mice103.

The other side of the DC coin
If the idea that infectious products regulate the quality of adaptive
immune effector responses through effects on DCs is the yin, then the
yang of DC biology is the new focus on these cells as critical players in
maintaining self-tolerance and avoiding autoimmunity when such
microbial signals are absent104–106. The thymus is well recognized as the
major site for elimination of overtly autoreactive T cells107. Indeed, one
of the more unexpected findings of recent years is the role of autoim-
mune regulator protein AIRE in promoting thymic expression of what
are traditionally considered to be tissue-specific antigens, resulting in
deletion of the corresponding autoreactive thymocytes108–113. The lack
of such AIRE-directed ‘ectopic’ antigen expression can result in
autoimmunity111,114,115 and a very recent mouse study showing a gene
dose effect of AIRE in susceptibility to diabetes116 suggests that subtle
quantitative variations in expression among AIRE alleles may explain
the linkage of this locus to human autoimmune disease117. Even with
proper AIRE activity, however, potentially autoaggressive cells clearly
escape to the periphery. Nonetheless, serious illness from self-reactivity
is uncommon, presumably as a result of post-thymic mechanisms that
keep such reactivity in check.

Accumulating evidence now points to DCs as important elements
in this peripheral control process. The implication of data from sev-
eral model systems118–123 is that the absence of Tlr signaling of DCs in
noninfected hosts, together with continuous extrathymic presenta-
tion of self antigens by these cells124–126, may foster anergy or apopto-
sis of many of the self-reactive T cells that escape thymic elimination.
This is apparently a result of inadequate expression of costimulatory
(e.g., CD80, CD86) or viability-promoting (e.g., OX40L, 4.1-BBL)
molecules by the nonactivated DC. This ‘quiet’ state of DC may also
promote the expansion or functionality of regulatory or suppressor T
cells127–129, about which much more will be said below.

Seen from this perspective, the absence of an adjuvant during
antigen exposure not only leads to an ineffective host response, but
can actively limit subsequent responses to the same antigen. This
has important implications for vaccine trials. Inadequate innate
stimulation upon vaccination may not only fail to engender protec-
tive responses, but may make the individual more susceptible to
future infection or to a tumor by actively tolerizing the lymphocytes
able to recognize the administered antigens. Conversely, there are
good reasons to believe that defects in the capacity of ‘resting’ (adju-
vant-naive) DCs to inactivate self-specific T cells may contribute to
autoimmunity130.

The new understanding of the preeminent role of DCs in T-cell
activation has combined with breakthroughs in generating and
manipulating these otherwise rare cells131–134 to promote testing of
DCs as vehicles for human vaccination135–137, with therapeutic
cancer immunization as the primary focus. Whether patient-spe-
cific therapy with DCs will become a mainstay in the clinic even if it
proves successful in specific cases is unclear, but the lessons learned
from these studies may aid in designing more tractable ways of

stimulating DCs in situ through such receptors. Methods of selec-
tive antigen targeting to DCs in vivo have been explored in animal
models121,138–140 and these targeting approaches are likely to be
combined in the future with activating agents that target Tlrs or
CD40 to ensure that the delivered antigen is presented in an
immunogenic manner and pushes T-cell differentiation toward the
desired effector class.

Seeing what is missing—NK cell recognition
Tlrs are not the only poster children of innate recognition. The exis-
tence of lymphocytes lacking the unique clonal antigen specificity of
T or B cells but showing contact-dependent cytotoxic activity
against many tumor or virally infected cells (NK cells) has been
appreciated for decades141–143 and the first of the receptors involved
in regulating NK cell effector function were identified and cloned
just over 10 years ago144–149. Since then, the diversity of such recep-
tors in mouse and humans (including the presence of both C-type
lectin and immunoglobulin-based structures150–153), the complex,
nonclonal pattern of expression of these receptors along with the
modulation of their expression to achieve self-tolerance154, the dis-
tinction between inhibitory and activating receptors155–157, and the
ligands158 as well as the structure159 of many of these receptors have
been uncovered (Fig. 3a).

Among the most striking conceptual advances that these new
results have fostered is the notion that NK cells act very much like
mirror images of T lymphocytes160. The importance to
antipathogen responses of CD8+ T cells recognizing foreign pep-
tides has been made clear by the evolutionary selection of infectious
agents (especially viruses) that possess multiple molecular mecha-
nisms for thwarting MHC class I antigen presentation161–163. The
delineation of the molecular basis for such effects, involving inter-
ference with peptide transport (e.g., ICP47 of Herpes simplex inacti-
vating transporters associated with antigen processing164,165),
loading (e.g., human cytomegalovirus–induced inactivation of
tapasin166), or display (e.g., human cytomegalovirus–US11-medi-
ated degradation of MHC class I heavy chains167), represents a
major accomplishment of the past decade. What we now under-
stand is that pathogen evasion of CD8+ T-cell responses through
interference with MHC class I expression and presentation of
pathogen-derived peptides reciprocally contributes to the activation
of NK cells that mediate many of the same effector functions (cytol-
ysis, IFN-γ secretion).

The ‘missing self ’ model of NK cell activation168 first proposed
that NK cell effector function is typically kept in check by inhibitory
receptors that are specific for host MHC class I molecules bound to
self-peptides169. It has become clear that this model is correct and
that when a pathogen interferes with normal MHC class I expres-
sion or peptide loading, diminished signaling by the inhibitory
receptors contributes to NK cell activation and attack of the infected
cell. Loss of inhibitory signals resulting from a reduction in surface
MHC class I expression is not the sole mechanism responsible for
NK cell activation, however. In some cases activating rather than
inhibitory receptors directly bind viral proteins (for example,
Ly49H of the mouse recognizes the mouse cytomegalovirus gene
product m157 (ref. 170), acting as a nonclonal receptor for antigen),
but escape mutations can eliminate effective NK receptor binding in
this circumstance171. This risk of escape is obviated by NK recogni-
tion of the infected cells through the NKG2D receptor, which binds
to a variety of host proteins induced by infection (these ligands
include Mult-1, H60 and the Rae1 family in mouse and MICA,
MICB and the ULBP family in humans152,158,172–175). Engagement
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of stimulatory NK receptors by these ‘stress-induced’ molecules
leads to effector function, including killing of the host cell. Thus,
NK cells respond to disruption of normal cell physiology upon
infection both by sensing the absence of constitutive self in the form
of peptide–MHC class I complexes and the presence of abnormal
self in the form of these stress-induced molecules (Fig. 3b,c). This

stands in marked contrast to the biology of conventional CD8+ T
cells, which respond to new displays of foreign peptides bound to
MHC molecules and utilize many central (thymic) and peripheral
mechanisms to help minimize just such overt self-reactivity.

The ability of host proteins expressed by stressed cells to activate
NK cells may be of particular importance in cancer. Many trans-
formed cells express ligands for activating NK receptors152,176–178.
Beyond explaining some of the evidence for a role of NK cells in
immune surveillance of transformed cells, these data indicate that
screening for activating NK receptor ligand expression coupled with
treatments to facilitate the effector function of NK cells may prove
therapeutically useful. The limiting factor in the success of
approaches based on NKG2D recognition may be the propensity of
tumor cells to secrete or shed high levels of ligands for this recep-
tor179,180. Such materials can then act as decoys that prevent direct
recognition of the tumor cell or promote loss of NK cell reactivity
through tonic signaling and/or cognate receptor downregulation.
This interfering effect may also apply to the costimulatory function
of the NKG2D on human CD8+ T cells that constitutively express
this activating receptor along with the TCR152,178.

Lastly, increasing attention has been paid to a transitional cell
type between NK cells and conventional CD4+ and CD8+ T lympho-
cyte populations. These NK T cells arise in the thymus and express
antigen receptors formed by gene rearrangement, but the receptors
produced are nearly monomorphic, using just a few V, D and J seg-
ments and are devoid of the typical junctional diversity that has
such a crucial role in the fine specificity of conventional T
cells181,182. They also express many of the same inhibitory receptors
present on NK cells and encoded by nonrearranging genes, hence
the NK T designation. Similar cell populations exist in mice and
humans. They are selected in the mouse based on receptor interac-
tion with the MHC class I–like CD1d molecule181, which has a
highly hydrophobic ligand-binding pocket suited to interaction
with lipid ligands183. Until recently, the sea sponge lipid α-galacto-
syl ceramide was the best known strongly activating ligand for NK T
cells184, but a sphingolipid (isoglobotrihexosylceramide or iGb3)
has very recently been found to represent a natural stimulus for
CD1d-restricted NK T cells185. Previous work had shown that high
doses of lipopolysaccharide can elicit IFN-γ in a CD1d-dependent
manner186, raising the possibility of a linkage between self-antigen
upregulation, NK T cell activation and Tlr signaling by the same
infectious stimuli that also promote adaptive immune responses.
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a
Figure 3 NK receptors and NK recognition. (a) Expression of inhibitory and
activating NK receptors on human and mouse lymphocyte subsets. See
refs.150,152,154,296,297. Not all possible receptors and expression
patterns reported have been illustrated. (b) Loss of NK inhibitory receptor
function upon downregulation of normally expressed MHC class I molecule
expression is detection of ‘missing self’. Induction of activating signals upon
NKG2D recognition of MICA/B or UBLP molecules upregulated following
infection of human cells is one mechanism of detection of ‘stressed/infected
self’. MICA/B, MHC class I–related protein A/B; ULBP, UL16 binding
proteins. See refs. 152,158,168. (c) Loss of NK inhibitory receptor function
upon downregulation of normally expressed MHC class I molecule expression
is detection of ‘missing self’. Induction of activating signals upon NKG2D
recognition of MULT-1, H60 or Rae1 molecules upregulated following
infection of mouse cells is one mechanism of detection of ‘stressed/infected
self’. MULT1, mouse ULBP-like transcript; Rae1, retinoic acid early
transcript 1. See refs. 152,158,168. ITIM, immunoreceptor tyrosine-based
inhibitory motif; Ig, immunoglobin; DAP, DNAX activating protein; ITAM,
immunoreceptor tyrosine-based activation motif; PI3K, phosphotidyl
inositol-3-kinase; CD3ζ, ζ chain associated with the CD3-T cell receptor;
FcRγ, v chain of the immunoglobin Fc receptor. 
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NK T cells produce effector cytokines within minutes to hours of
initial stimulation181,187–189 as do NK cells189,190, and both popula-
tions have been found to influence the function of DCs191 and con-
ventional T cells responding to the same infection. Thus, a complex
web of connections among Tlr ligands, DCs, NK cells, NK T cells
and conventional T cells has been shown, but who is saying what to
whom and for what purpose is not yet clear.

From innate to adaptive: rules and regulations
Although innate immunity has been a dominant research theme of
late, adaptive immunity has not been ignored. The intersection of
innate and adaptive responses through the effects of microbial sig-
nals on DCs and the resulting regulation of antigen-specific
responses has already been noted. Active regulation of adaptive
immune effector function has been a favorite topic of immunolo-
gists for many decades, but the conclusions reached by older stud-
ies  (particularly those involving ‘suppressor cells and factors’), had
lost credence among most investigators192. In a striking turn-
about, there is now an exponentially increasing amount of research
dedicated to studies of the role of negative regulation in enforcing
effective self-tolerance, in controlling potentially pathologic
responses to infectious agents, or in maintaining active immune
memory. The primary focus is on ‘natural’ regulatory T cells
(Treg)193,194, lymphocytes characterized by expression of CD25 (the
IL-2Rα chain)195 along with the transcription factor FoxP3 (refs.
196–198), and that appear to constitute a unique lineage of cells
positively selected along with conventional pre-effector CD4+ and
CD8+ T cells in the thymus193,194,199 (Fig. 4). A defect in the func-
tion of CD25+CD4+ T regulatory cells resulting from FoxP3 defi-
ciency leads to the ‘scurfy’ autoimmune phenotype in mice198,200

and to the human autoimmune syndrome IPEX (immune dysregu-
lation, polyendocrinopathy, enteropathy, X-linked)201, emphasiz-
ing just one aspect of the clinical relevance of the wealth of basic
studies focused on these cells.

A role for Treg cells seems to have been
reported in virtually every imaginable type
of immune response193,194,199. The CD25+

Treg subset has been reported to decline in
number and/or activity in NOD mice,
heralding the onset of autoimmune dia-
betes202, though other studies disagree with
this conclusion203. Their elimination sub-
stantially augments antitumor immunity in
several mouse models204. A variety of
organ-specific autoimmunity diseases arise
in mice if CD25+ Treg cells are absent and
some form of activating signal (such as
lymphopenia) is provided193,194. Treg cells
can suppress allograft responses205 and
temper antiviral immunity206. In the case of
the resistant B6 mouse strain, their activity
prevents sterilizing immunity to
Leishmania major, which in turn appears
necessary for maintaining cell-mediated
resistance to reinfection by this parasite207.
Although the lion’s share of attention has
gone to the natural Treg cells, other studies
suggest that actively induced suppressive T
cells generated by antigen exposure in the
context of cosignals such as IL-10 (ref. 208)
or vitamin D receptor activation209 may

also have significant roles in modulating immunity in many of the
same circumstances.

Although the origin and MHC-based positive selection of natural
Treg cells in the thymus is well established, much remains unknown
about these cells (Fig. 4). Are there specific signals beyond those of
the T cell receptor involved in driving thymocytes to adopt this cell
fate? Did these cells evolve specifically to control potential autoim-
munity and are their effects on responses to infectious agents a mere
byproduct of this primary function, or is the latter an essential fea-
ture of their activity? What specific signals beyond IL-2 (ref. 210)
maintain their number or promote their expansion in vivo, how do
immature versus mature DCs fit into the picture, and what are the
contributions of contact-mediated211,212 and cytokine-dependent
(IL-10, TGF-β213–215) mechanisms to their in vivo function in dif-
ferent situations?

One especially salient issue is how the system avoids inappropri-
ate interference by Treg cells with effector responses to infections.
Tlr signaling may contribute to resistance to Treg cell suppression,
possibly by promoting DC production of cytokines such as IL-6 that
allow conventional T cells to resist the otherwise dampening effects
of the suppressor population216. Such a model would allow Treg cells
to dominate in the noninflammatory steady state and block autore-
active responses, while allowing effector development in response to
pathogens to proceed unimpeded. But self-reactive cells are still
present in a host during an infection and these cells should presum-
ably be activated if Tlr-induced soluble mediators blocked all Treg
cell function. If we are to manipulate Treg cells for clinical purposes,
the field needs to gain a deeper understanding of how their function
is controlled so that unwanted responses are held in check without
preventing needed effector activities.

Other advances in the field of immunoregulation involve the con-
tributions of a growing collection of cosignaling receptors and their
ligands in establishing the qualitative and quantitative nature of
immune responses. The expanded CD28-B7 family can serve as a
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Figure 4 The role of AIRE in induction of tissue antigen tolerance in the thymus and possible
relationship to generation of CD25+CD4+ Treg that suppress autoreactivity in the periphery involving
tissue antigen-reactive T cells that escape such deletion. See refs. 108–113,116,298.
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prime example217,218. Upon binding to CD80 and CD86 on antigen-
presenting cells, CD28 augments but CTLA-4 suppresses T-cell acti-
vation217–220. Expression of CD28 and CTLA-4 are regulated quite
differently, with the former showing constitutive surface localiza-
tion and the latter appearing on the plasma membrane in propor-
tion to the strength of T cell receptor signals221. CD80 and CD86 do
not bind equivalently to these two receptors, giving each ligand a
distinct role to perform in balancing the competing biological
effects of stimulation and inhibition222. PD-1 and PD-L1/2 are
other members of this same family with various alternative names
that can have both activating217,218,223 and inhibitory217,218,224–226

roles depending on cellular context. Multiple other activating and
inhibitory members of this family have been discovered more
recently226,227 A key concept that has emerged from investigation of
these various cosignaling proteins is the critical role of sequential,
properly timed interactions between particular receptor-ligand
pairs in the guidance of the developing immune response217,218,226.
Experiments that do not take these temporal features into account
are likely to confound our attempts to develop a robust understand-
ing of how these molecules act and how we can manipulate them for
clinical purposes.

Death be not proud
Not only does immune regulation function by actively controlling
the behavior of living cells, it also acts by determining which lym-
phocytes will die. Apoptotic cell death is now appreciated as a key
element in maintaining immune homeostasis and preventing the
emergence of lymphomas or the development of autoimmunity228.
Precursor T or B lymphocytes are removed in large numbers from
the maturing pool as a result of death in response to high-level self-
recognition in the thymus107,229,230 or bone marrow and
spleen231,232, respectively. Mature T cells engaging immature or
nonactivated DCs displaying self-antigens in secondary lymphoid
tissues such as lymph nodes and spleen are also purged from the
repertoire106 and a similar fate awaits conventional mature B cells
that bind antigen without concomitant T-cell help or that alter their
antigen receptor specificity during somatic hypermutation in ger-
minal centers so as to either lose foreign antigen specificity or gain
autoreactivity233. Likewise, only a fraction of the large cohort of
antigen-specific T cells produced by clonal expansion in response to
infection is permitted to survive as memory cells234,235.

The study of regulated cell death in lymphoid cells has resulted in
many key contributions to our basic cell biological understanding of
apoptotic mechanisms228. As just one example with clinical rele-
vance, individuals with previously unexplained autoimmunity and
lymphoproliferation (autoimmune lymphoproliferative syndrome
or ALPS) were studied for defects in the molecules known from
mouse models to yield similar pathology. It rapidly became clear
that a large subset of these patients had defects in Fas, a known
death receptor236. The surprising genetic finding was that disease
was dominant, an unexpected result that ultimately led to a new
understanding of tumor necrosis factor (TNF) family receptor bio-
chemistry characterized by preassembly of the trimeric receptors
before ligand binding237.

The TNF family of proteins includes members that prevent death
of a crucial subset of activated lymphocytes that go on to form the
memory pool238. Antigen-specific recall responses are hallmarks of
adaptive immunity and their analysis has been an area of substantial
ferment over the past few years. Subsets of phenotypically and func-
tionally distinct memory T cells have been described in mice and
humans. The two major subtypes most widely recognized are those

cells with the capacity for secondary lymphoid recirculation (‘cen-
tral memory cells’ expressing CCR7 and CD62L) and those with tis-
sue-homing preference and capable of immediate effector function
upon stimulation (‘peripheral effector memory cells’ lacking these
two essential molecules for lymphoid tissue entry)235,239.
Candidates identified over the past few years as the key ligands and
receptors involved in promoting the production of such long-lived
memory T cells include OX40-OX40L for CD4+ T cells and
4.1BB–4.1BB-L in concert with CD27-CD70 for CD8+ T cells, with
expression of all of these TNF family ligands in some measure
dependent on CD40L-CD40 signaling between activated CD4+ T
cells and mature DCs238. This relationship between CD40 signaling
and expression of prosurvival TNF family members may provide a
partial explanation for the recent reports indicating that primary
CD8+ effector responses can be quite CD4+ T cell–independent but
that long-term, functional cell-mediated immune memory gener-
ally requires antigen-specific, CD40L-dependent CD4+ T-cell helper
function240–245. This new information is of critical importance to
vaccine development that aims at inducing robust, long-lived CD8+

T-cell priming, for therapeutic immunization in hosts with chronic
viral infections (e.g., HIV or hepatitis C virus), or following adop-
tive immunotherapy for cancer using CD8+ cytotoxic effectors.

Location, location, location
A unique feature of most hematopoietic cells as compared to other
cells in an adult organism is their lack of a fixed tissue location. But
the function of the various cells comprising the system is not fully
autonomous and interactions are necessary both to initiate and
effectuate responses. To accomplish this, immune cells must be at
the right place at the right time. One of the principal accomplish-
ments of the past decade has been unraveling the codes involving
multiple chemokine ligands and receptors that together have a criti-
cal role in guiding immune cell movement and localization246–250.
The molecules and mechanisms that control entry of T and B cells
into lymph nodes for initial antigen-dependent activation (prima-
rily, but not exclusively, involving CCR7-CCL21 bind-
ing247,248,251,252), as well as those regulating movement within that
site for the cell interactions that underlie effective memory cell gen-
eration or humoral immune responses (for example, the balance of
B cell CXCR5 and CCR7 function247,253,254), have been determined.
Some of the participants in guiding activated cells out of lymphoid
tissue (SIP1 and sphingosine-1-phosphate255) and into parenchy-
mal sites for effector function246,248,252 have been identified. How
tissue-homing preferences are imprinted on activated T cells is
being unraveled, especially the role of the local DC population in
fostering the return of stimulated lymphocytes to the tissue from
which antigen was acquired256–258. Not unexpectedly, various infec-
tious agents have utilized these same critical guidance elements for
their own purposes, ranging from acting as sites of viral259 or plas-
modial260 cell entry, to manipulating host immune function261.

Better tools for tracking immune responses
The past decade has seen some remarkable technological develop-
ments that enhance immunololgists’ ability to ask probing ques-
tions. The development of soluble multimers of peptide-MHC
molecule ligands of the T cell receptor allowed the direct enumera-
tion of antigen-specific T cells for the first time262–264, with a major
impact on our ability to track and quantify responses to infectious
agents and candidate vaccines in animals and humans. High resolu-
tion static265 and time-lapse266,267 in vitro microscopy of T
cell–antigen-presenting cell pairs documented discrete protein-
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enriched subdomains in the contacting membranes, leading to an
explosion of studies on the organization of the aptly named
‘immunological synapse’268–270 . Techniques allowing assembly of
confocal fluorescent images from an entire mouse provided infor-
mation on the whole-body distribution of immune cells at various
stages of an immune response271. Most recently, new live-cell imag-
ing methods have allowed the incredibly dynamic movement of
lymphocytes and DCs as well as the duration of interaction of these
cells to be visualized for the first time within intact lymphoid struc-
tures272–277. It is still early, but the latter technique offers the
prospect of linking a detailed picture of the in situ behavior of
immune cells to the overall response of the organism, potentially
providing the information required for eventual modeling of cellu-
lar events underlying normal and pathologic immune responses.

Translation
This introductory overview would not be complete without men-
tion of the successes of translational and clinical immunology.
Monoclonal antibodies finally were shown to be the powerful thera-
peutic agents that many had hoped278. In autoimmune disease,
tumor therapy, transplantation and anti-infection prophylaxis,
unmodified as well as toxin-, drug- or radionuclide-conjugated
humanized antibodies have proven their clinical worth. Gene ther-
apy for immunodeficiency was accomplished279, though not with-
out evidence of the potential of this methodology for severe side
effects280,281. A host of tumor-associated and tumor-specific anti-
gens were cloned and moved from the bench to the bedside as com-
ponents in experimental therapeutic cancer vaccines282–284.
Although to date the results have been mixed, occasional successes
suggest the potential for effective use exists if better patient prese-
lection methods, more reproducible protocols and combination
treatment regimes that incorporate interventions to augment
immune function can be developed. In this last regard, the transla-
tion of basic advances in immunoregulation holds substantial
promise, through such strategies as elimination of natural or
induced Treg cell function285 or the use of antibody specific for
CTLA-4, which has already shown its ability to strikingly facilitate
antitumor responses, although with the risk of accompanying
autoimmune pathology286–288.

Epilogue
“Let me not to the marriage of true minds
Admit impediments. Love is not love
Which alters when it alteration finds,
Or bends with the remover to remove:
O no! it is an ever-fixed mark
That looks on tempests and is never shaken;”

W. Shakespeare, Sonnet 116

Although I have emphasized the striking shift in emphasis charac-
terizing immunological research over the past decade, with its
increasing focus on innate as opposed to adaptive aspects of system
behavior, both parts are necessary to a functional whole. The bard’s
lines thus aptly describe the steadfast nature of a true immunolo-
gist, who even in the face of this new direction does not abandon the
long-held view that antigen specificity is a defining feature of mam-
malian immune function. Different infectious agents may predomi-
nate in causing morbidity when innate effector functions are lacking
as compared to when adaptive defects are present, but in the end,
host survival over the long term depends on the integrated activity
of the two. Indeed, if any overarching theme has emerged from the

flood of information produced by the last 10 years of study, it is the
extensive crosstalk among all the components of the immune sys-
tem. Particular microbial stimuli activate subsets of innate cells that
differentiate and produce secondary mediators; these in turn guide
antigen-reactive lymphocytes along the differentiation pathway
most relevant for host protection against that particular infectious
agent. In addition to their direct attack on infected cells, the acti-
vated lymphocytes also produce mediators (both antigen-specific
and unspecific) that enhance the protective capacity of nonlym-
phoid cells. The targets include the phagocytes of Metchnikoff that,
through mechanisms such as uptake of antibody-coated organisms
and IFN-γ-mediated augmentation of the production of microbici-
dal molecules like nitric oxide and reactive oxygen species, provide
the proximate effector functions that combat the infectious agent.

Has the burst of new knowledge about innate immune function
and innate-adaptive crosstalk brought us close to the end in terms of
conceptual advances? I suspect that despite the cataloging of nearly
all genes in mice and humans, we are still far from knowing which
ones contribute to immune activity, much less how they do so.
Likewise, many of the cells whose functions currently consume the
research efforts of immunologists are numerically minor popula-
tions; it would hardly be surprising if other small subsets with simi-
larly important roles, especially in regional responses, came to light
in the future.

Nevertheless, it is also true that the basic outline of host defense I
have summarized here has been known for decades—barrier function
is supported by ready-to-go innate defenses that are followed tempo-
rally by the activities of clonally expanded adaptive effector cells
whose products also enhance innate mechanisms. So what is really
new and where are we going in the future? The devil has been in the
details—the substantive advances of the past decade have been to
identify major players in pathogen recognition (Tlrs as the prime
example), develop an understanding of how specific innate recogni-
tion strategies promote the needed quality of immune response (DC
subsets and DC differentiation plasticity guiding effector T-cell polar-
ity), show the multilayered nature of the defense strategy so that the
rapid evolutionary capacity of microbes does not leave gaping holes
in host resistance (consider the reciprocal nature of activating signals
for CD8+ T cells and NK cells with respect to host MHC class I expres-
sion), reveal the mechanisms by which the right cell arrives at the
right place to become activated or to be a useful effector (chemokines,
chemokine receptors, selective adhesion molecule expression) and
uncover the extensive system of regulatory components that not only
help guide the response in the proper direction, but also limit the
pathologic consequences of inappropriate immune activity
(inhibitory cosignaling receptors like CTLA-4, suppressive Treg cells,
death-promoting signals like Fas).

One major problem posed by all this new information is that the
extensive feedback and crossregulatory activities documented in the
past several years can be expected to yield very nonlinear, even
counterintuitive system behavior289,290. Our natural tendency is to
think in analog terms about a response (put in graded stimuli, get
correspondingly graded responses). But complex systems often dis-
play all-or-none behavior, with inputs below a threshold being inad-
equate to elicit any downstream output and a signal just above that
level giving the full response the system can provide. The conse-
quence is that small differences in both the nature of input used and
the state of the individual host’s immune system can lead to
markedly different outcomes, consistent with the finding that with
some vaccines, a subset of individuals develops robust cell-mediated
responses while others show none.
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The lesson is that we must go beyond the qualitative nature of
most current analysis of immune behavior and become much more
quantitative. We need to understand that a few percentage points of
variation in cell cycle rate or survival fraction among cells in an
exponentially expanding population can produce outcome differ-
ences of more than two orders of magnitude within a week’s time,
given the rate at which lymphocytes multiply291. We need to appre-
ciate that even a very modest level of inhibition by Treg cells, CTLA-
4 or IL-10 that reduces the expansion rate or differentiation
frequency of proliferating effector T cells can make all the difference
between health and substantial autoimmune pathology, in part by
preventing the positive feedback stimulation through self-antigen
released from damaged cells that pushes a response beyond a ‘fail-
safe’ threshold.

Acquiring the needed quantitative information, especially in
humans, is a major challenge, as is the proper utilization of such
information in the context of the ever more intricate networks of
interactions that we understand to comprise the immune system.
Just as ‘rediscovery’ of innate immunity and immune regulation
were dominant features of the past decade of immunological
research, development of new tools for detecting and measuring
immune responses, especially in situ, and for predictive analysis of
complex system behavior, are features that must eventually charac-
terize the field in the future. The question is when this next era will
arrive. This last question has been more eloquently posed that I can
manage and so I end with the words of Sydney Brenner: “In one way,
you could say all the genetic and molecular biological work of the
last 60 years could be considered a long interlude...We have come
full circle—back to the problems left behind unsolved. How does a
wounded organism regenerate exactly the same structure it had
before? How does the egg form the organism? In the next 25 years,
we are going to have to teach biologists another language...I don’t
know what it’s called yet; nobody knows”292. I only hope immunol-
ogists are among the first to find out.
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