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Innate immune activation as a broad-
spectrum biodefense strategy: Prospects
and research challenges

Charles J. Hackett, PhD Bethesda, Md

Biodefense strategies require protection against a broad and
largely unforeseen spectrum of pathogens—the forte of
innate immune system defenses—that have evolved over mil-
lennia to function within moments of encountering either
ancient or newly emerging pathogens. Although constitutive,
the innate immune system is activated by the presence of
microbes or their products, providing a rationale for a
potential biodefense strategy. Both prophylactic and postex-
posure strategies involving innate immune stimulation have
been shown to be plausible to prevent or ameliorate infec-
tions in animal models. Innate immune-activating com-
pounds based on conserved microbial components recog-
nized by toll-like molecules and other receptors could be
synthesized and delivered like drugs by using an entirely dif-
ferent strategy from conventional vaccination. However,
important theoretic and practical questions emerge about
developing and deploying innate immune protective strate-
gies for biodefense. This rostrum discusses prospects and
problems in the overall approach itself. Important topics
include microbe-specific issues about innate immune system
effectiveness against highly virulent pathogens and general
questions, such as whether innate immune responses will be
safe and effective if used in a diverse human population of
different age groups and with different genetic makeups.

(J Allergy Clin Immunol 2003;112:686-94)

Key words:nnate immune defense, adaptive immune system, vac-

cination, immunotherapeutic approaches

Abbreviations used
NK: Natural killer
NOD: Nucleotide-binding oligomerization domain
TLR: Toll-like receptor

new genesservinginnateimmunefunctions! Thefunda-
mental role of innate immunity in host defense is well
reflected by the presence in bacterial, viral, and parasitic
pathogens of elaborate mechanisms for the evasion of
innate immunity (reviews iNature Immunologyolume
3, November, 2002). Microarray analyses reveal numer-
ous and highly significant changes in gene transcription
in cells of the innate immune system after exposure to
pathogens, but at the sametime, mutationsin single
genes of innate immune receptors might greatly increase
therisk of infection or sepsisi4

The needs of biodefense to protect against a broad and
largely unforeseen spectrum of pathogens has provided
impetus to develop rational methods to call into play
innateimmunedefensegdiscussedbelow).56 Unlike the
adaptive immune system, on which current vaccination
and immunotherapeutic approaches are based, the innate
immune system has evolved over millennia to function
within moments of encountering either ancient or newly

The powerful protective capability of innate immune emerging pathogens. Although constitutively in place,

defenses has not always been fully appreciated, likelthe innate immune system is activated by the presence of

because of its very success in shielding the body from amicrobes or certain of their products, providing a ratio-

enormous array of potential infections. Backed by mucknale for a potential biodefense strategy. Both prophylac-
new information on the molecular and cellular makeup oftic and postexposure strategies involving innate immune
our inborn defenses, innate immunity is now seen as thstimulation have been shown to be plausible to prevent or
major mechanism to prevent footholds by invadingamelioratenfectionsin animalmodels’2 Furthermore,

microbes, slowing and containing them until adaptivemany of the microbial compounds that activate innate
immune T and B cells can respond and clear the infecimmunity can be synthesized and optimized as atrtificial
tion. Analyses of the human genome continue to identiffmolecules. Examples include LPS, double-stranded

RNA, DNA oligonucleotides containing unmethylated

- CpG motifs 1315 or even analogsof the essentiabmino

it o ey s o D s o o o e 01 0leUCIng suggestinghat compoundsnorealdn

Received for publication July 10, 2003; reviséd July 25, 2003; accepted fértp drugs than vaccines might COnStItUte the next genera-
publication July 28, 2003. tion of immunesystemacivators(Fig 1).
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Immunglogy and Transplantation, National Institute of Allergy and Infec- gies for biodefense. The purpose of this rostrum is to dis-
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6601. cuss prospects and problems in the overall approach
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FIG 1. Comparison of proposed innate immune stimulation strategies with conventional vaccination. Vacci-
nation uses whole pathogens or their subunits to expand antigen-specific B and T cells, leading to the devel-
opment of specific and highly effective long-term protection over several weeks. Innate immune stimulants
will likely be chemically synthesized compounds, possibly delivered by means of aerosol, that activate den-
dritic cells, macrophages, and other cells in a nonclonal manner aimed to provide rapid, broad, but imper-
manent protection against many potential pathogens.

virulent pathogens and general questions, such achemokines that call additional cells into action, including
whether innate immune responses will be safe and effecsignaling T and B cells that an infection is present. The key
tive if used in a diverse human population of different ageto rapid innate responses is the expression of highly spe-

groups and with different genetic makeups. cialized receptors, including the family of toll-like recep-
tors (TLRs), which trigger cellular activation to molecules

ELEMENTS OF THE INNATE IMMUNE that constitute recurrent patterns of microbial structures.

SYSTEM These targets include LPS, teichoic acid, flagellin, cell-wall

lipoproteins, highly mannosylated polymers, and nucleic

Although the innate immune system functions in all tis- acids!” Furthermorethe immediatedefensve stepstrig-
sues and organs, its role is especially prominent in thosgered by innate immune activation also attack targets wide-
areas that are highly exposed to the external environmenspread among pathogens: antimicrobial peptide formation
the skin, digestive and genitourinary tracts, and airwaysof pores in bacterial cell walls, IFd-and IFNf action
Not only are these regions of the body precisely those thezagainst viral replication, and activation of the alternate
are most vulnerable to attack by bioterrorist weapons, bucomplemenpattway.18
they are also relatively accessible for potential interven- Innate immune activation also triggers and paves the
tions. Innate immune defenses are based on both the ceway for an adaptive immune response by antigen-specif-
permanently located within tissues and on the migration oic T and B lymphocytes. Immature dendritic cells acti-
additional cells to the site of infection as needed. The innatvated through their TLRs undergo a maturation process
immune system cellular network includes Langerhans cellthat includes migration to the local lymph node, expres-
of the skin, tissue dendritic cells and macrophages, and tission of costimulatory molecules needed for lymphocyte
sue-associated lymphocytes, such as natural killer (NKactivation, and processing and presentation of engulfed
cells andp receptor T cells, which trigger these early antigens (ie, protein antigens in the context of MHC class
responses to infection. Furthermore, many epithelial celld and class Il molecules and lipid materials by CD1 pro-
can sense and take action against microbes, including kteins). Thus innate immunity sounds the alarm that infec-
means of secretion of antimicrobial peptides that directlytion has occurred, summons defenses, and initiates anti-
act on the invaders, as well as upregulation of cytokines angen-specific T- and B-cell responses. For many years,
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adjuvants have been used to enhance vaccinatioNNATE IMMUNE RESPONSES TO BACTERIA
responses by a process now beginning to be understou
as the innate immune triggering of adaptive immunity.
The question is whether the early, broad, and more gene The broad recognition of bacteria by the innate immune
ic responses of the innate immune system can be ratisystem reflects the reactions of an array of receptors spe-
nally harnessed to protect before or after exposure to cific for essential components of many bacterial cells. Bac-

Bacterial triggering of innate immunity

variety of potential bioterrorist agents. terial cell-wall molecules interact with innate receptors
found on human cells that include peptidoglycan recogni-
EVIDENCE THAT INNATE IMMUNE tion proteinsfor peptidoglycarrecognition24 TLR2 for
STIMULATION MIGHT PROVIDE lipoteichoic acid and bacterial lipoproteins, TLR5 for bac-
PROPHYLACTIC PROTECTION, terial flagellin, TLR9 for bacterial DNA, and CD14, LPB,
POSTEXPOSURE PROTECTION, OR BOTH and TLR4 for LPS17 Mannose-bindingprotein and lung

surfactants react with bacterial outer capsules, whereas cer-

There are, at recent, clear examples of compounds tatain receptors found intracellularly react with phagocytosed
geted to specific innate immune receptors that providdbacteria, such as nucleotide-binding oligomerization
rapid-acting protection against infection in animal models domain(NOD) 1 andNOD2in LPSrecognitior?> Therel-
Delivery of CpG nucleotides have been shown in mice tcevant point is that many innate receptors participate togeth-
reduce the severity and time course of infection with theer in the recognition of bacterial cells, and it is the integra-
bacteria Listeria species, Francisella species, and tion of signals from many inputs, as well as their localiza-
Mycobacterium tuberculosisas well as the parasites of tion, that underlies innate immune effectiveness. Whether
malariainfection and Leishmara specied:-12 Therecent one or a few synthesized bacterial components could
finding of immune protective effects in primates adminis-achieve innate immune activation to poise the body for
tered CpG before and shortly after infection suggests théeffective responses emerges as a key area for study.
human subjects might also bé&hé® Importantl, the same
study showed that macaques infected with simian immun
odeficiency virus also exhibited reduced parasite lesions Antimicrobial compounds, produced both constitutive-
supporting the notion that stimulation of innate immunityly and in response to specific microbial activation, func-
can have protective effects despite an infection that affecttion both extracellularly and within phagosomes to destroy
adaptive immunity. Protective effects correlated in somebacteria. Antimicrobial peptides can be present in high
casesvith thereleaseof IFN-yandIL-12,22 butoverall, the ~ concentrations locally and destroy many bacteria by mech-
precise mechanisms of protection are not well understoocanismsdistinct from thoseof antibioticsin currentuse26

It seems likely that other innate immune receptors irReactive oxygen and nitrogen radicals constitute major
addition to TLR9/CpG should also be able to serve as tallethal defenses against intracellular bacteria. Bacteria coat-
gets for innate immune therapy. For example, synthetieed with innate immune surfactants or mannose-binding
immunostimulants that signal through TLR4 induced pro-protein, often including complement activated by the alter-
tective responses in mice against the influenza virus annate (innate immune) pathway, are opsonized and more
Listeria species3 In a naturalinfection meny distinct  readily phagocytosed. It seems reasonable that at least the
innate immune receptors contribute together to the innatextracellular mediators of the innate immune system, such
immunerespons&%22 Currentdataindicatethatstimula-  as innate opsonins, complement components, and certain
tion of multiple TLR receptors leads to synergistic antimicrobial peptides, could be effective antibacterial
cytokine production23 This variety of signalingmight  agents. For example, antimicrobial peptides have shown
lead to a highly effective protection that would be benefi-positive clinical results and can be synthetically modified
cial to mimic with immunotherapeutic approaches; oneto reduce toxicity to human cells while maintaining
method might be to test the combination of differently tar-antibacterialacivity.2” With over 700 antimicrobial pep-
geted agonists, such as using TLR4 and TLR9 ligandtides from various species listed in a central database
together to more closely mimic the innate immune(http://mwww.bbcm.uiiv.trieste.it/~tossi/pagl.htildevel-
responses observed in natural infections. Therefore innaopment of certain peptides into broad-spectrum treatments
immune stimulation strategies have the potential to tajthat would be at least partially effective against unknown
into complex and effective responses by using rationallyor poorly defined bioterrorist agents seems possible and
designed molecules. Whether innate immune stimulatiolhighly attractive. The question of selection of bacteria
strategies would be effective depends on a number of faresistant to antimicrobial peptides needs to be taken into
tors: How do microbes activate innate immunity, and caraccount. Multiple mechanisms of resistance to microbial
that be effectively mimicked? Will innate immune defens-peptides are known, including constitutive insensitivity
es elicited by pure compounds elicit the full range ofand inducible modifications of the bacterial cell (reviewed
innate immune defenses? Will pathogen immune systerin YeamarandYoun£8). For example avirulencefactorof
evasion strategies negate attempts to use this approacStaphylococcus aureuthe action of which is to modify
Will heterogeneity in health, age, and genes for innatemembrane lipids with-lysine, was shown to contribute to
immune system function in the human population prevenresistanceo antimicrobial peptidekilling.2® Biodefense
the use of innate immune system stimulation approachesstrategies on the basis of only a few compounds, unlike the

Innate immune defenses against bacteria
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natural situation that entails an array of local and systemimicrobial infections, a critical component Bfanthracis
responses, raises the question of whether widespread upathogenesis is likely the active suppression of in
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feature articles

of such drugs might select resistant variants. immune mechanisms.

. ] . B anthracisultimately kills host macrophages to eva
Bacterial innate immune evasion immunedestructior® Recentevidencesuggestghat the
mechanisms bacterial protein termed lethal factor selectively ind

Some bacterial components tend to be more pathogeapoptosis of activated macrophages through proteoly
specific than LPS or flagellin, including outer membrane key mitogen-activated protein kinase kinases and the
proteins, pili, and many virulence factors that representant modification of internal signalingcascade3®4° Not
relatively recent adaptations to pathogenicity and thaonly does this approach destroy the macrophages, but it
might function in the evasion of innate immunity.30 prevents the release of key cytokines and chemokines that
Enteropathogeni¥ersiniaspecies infection in mice pro- play key roles in stimulating other components of innate
vides a novel example of direct exploitation of innateand specific immunity to anthrax. Earlier studies also
immunereceptorsin immuneevasion3! The Yeasinia showed that anthrax edema toxin could modify cytokine
species virulence factor LcrV functions as a nonlipid- productionthroughthetoxin’s adewlyl cyclaseacivity.41
associated peptide agonist for the innate immune recef The multiple and specific mechanisms usedbBy
tors CD14 and TLR2, resulting in the release of IL-10, ananthracisto avoid destruction by macrophages and to
immunosuppressive peptide that increases the host supotentially modify cytokine responses to infection there-

ceptibility. The outer membrane protein Omp23od- fore appear to be key components of pathogenesis. Fur-
cella suisinhibits TNF, a major innate and adaptive thermore, those mechanisms stress the need to avoid or
immunecytokine that combatB sukinfection32 Borde- downregulate innate immune responses and suggest that

tella pertussigossesses at least 6 known virulence fac-interventions designed to improve innate immunity to
tors the major effects of which are on macrophagesinfection could have therapeutic benefit.

monocytes, and neutrophils, including the inhibition of
cytokine release, oxidative responses, intracellulaitNNATE IMMUNE RESPONSES TO VIRUSES

killing, chemotaxis and phagaytic function33 Thus  Molecular basis of antiviral recognition and
pathogenic bacteria possess multiple and highly eﬁeCtiV‘defense

means of counteracting innate immune activation anc
defensive functions. Indeed, certain bacteria might ever IFN-a, IFN-B, and, potentially, the newly described
take advantage of the local inflammation and cellularlFN-A4243 are the major initial weaponryagainstmost
activation induced by innate responses to further theiviruses. These cytokines are released from cells in response
own survival and spread. For example, innate immuneto innate immune signaling of the presence of viruses
induction of TNF expression in human alveolar (reviewedin Samuet4). Virusesdiffer from bacteriain
macrophages stimulates the intracellular replication oflacking the complex prokaryotic cell wall and membrane
virulent Mycobacterium tuberculosigven though over- that bear unmistakable structural features that the innate
all the cytokine appearso have a protectve effect34 immune system has evolved to recognize over millennia.
Therefore although the innate immune system posViruses have fewer common hallmarks for the innate
sesses a wide array of microbial detection and hosimmune system to latch onto; many have been introduced
defense mechanisms, pathogen evasion is the norm. Prto humansubjectnly recentlyandmightincorporatenost
tection by means of innate immune stimulation is likely glycosylation or proteins in their particles.
to be of varying degrees of effectiveness depending o1 Viral double-strandedRNA, a molecularhallmark of
the specific agent, and highly virulent bacteria mightinfection present in intracellular stages of many human
well be those with the best innate immune evasion mechviruses, can be viewed as the viral counterpart of bacterial
anisms. Stimulation of a specific innate immune counter-LPS or peptidoglycan as the major danger signal in many
measure as a biodefense strategy needs to take inviral infections. TLR3 recognizes double-stranded RNA
account whether it might be preferable to aim for a path-and its mimic compounds, such as poly inosine:cytosine,
way other than that targeted by a particular microbe’sto trigger aniviral innateimmuneresponsed? Because
evasion mechanism or whether that pathway might beviral double-stranded RNA becomes available after virus
precisely the one to overactivate because it is undeniablentry and initiation of intracellular infectious stages, there
implicated in the pathogen’s survival. might well be a time lag between exposure and cell infec-
The 2001 anthrax attacks in the United States hightion before TLR3 triggering occurs.
light the need for a better understanding of innate Circulating molecules of the innate immune system
immuneresponseasa componendf biodefense&S Dur- might be able to act before TLR3 triggering by attaching
ing inhalational anthraBacillus anthracispores under-  to the external molecules of many viruses. For example,
go phagocytosis by alveolar macrophages, a key compcserum mannose-binding proteins bind high-mannose car-
nent of innate immunity in the lungs. Rather than beingbohydrates found on influenza and other viruses and
destroyed by those macrophages, however, the sporemediatecomplement-dependehysis of infectedcells4>
germinate within phagosomes and ultimately spread tafunctionalsocarriedoutby lung sufactantsA andD.46
the bloodstrean®637 Thereforeas with some other  Furthermore, natural (pre-existing) IgM antibodies
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secreted by CD5B-1-type B cells recognize repeating is reminiscent of the innate immune activation of IL-10
structures often found on microbes and participate irsecretion by th&ersinial.crV to further its infectivity by
virus inactivation and triggering of adaptive antibody suppressingrostimmunity.31
responseso viruses#’ Therapeutic approaches to activate innate immunity
Other TLRs have also evolved the ability to interactneed to overcome viral evasion mechanisms. Questions
with specific viral components. TLR4 interacts with the about the potential effectiveness of the approaches
F proteinof respiratorysyrcytial virus.48 TLR7 responds  include the following: can viral defenses be overcome if
to the aniviral imidazoquinoloneg® which potentially  innate defenses, for example, IFN, are induced early in
mimic as-yet-unidentified viral structures. infection or in high amounts? If certain viruses typically
NK cells participate actively in specific antiviral induce a certain cytokine and yet have defenses against it,
detection and defenses. Murine cytomegalovirus specifiare different cytokines potentially more effective? Could
cally binds and activates mouse NK cells through thethe induction of strong antiviral responses predispose tis-
Ly49H recepte.50 HumanNK cells might also be trig- sues for bacterial infections or autoimmune reactions?
gered by viral hemagglutinins binding the sialic
acid—bearindNKp44 andNKp46 receptor$152 Further- POTENTIALLY HARMFUL EFFECTS OF
more, some viruses reduce the expression of MHC molINNATE IMMUNE RESPONSES
ecules on infected cells, an effective mechanism to evad
adaptive immunity, but that can lead to lysis of the virus- Not all innate immune responses are benign to the
infected cell by means of removal of the MHC moleculeshost. Potential consequences of triggering innate
targetedby NK inhibitory receptor$3 By virtue of their ~ immune activation need to be considered. Major poten-
ability to recognize and destroy abnormal cells, NK cellstial harmful effects are discussed below.
might play decisive roles in innate immune defenses .
against many viruses. Septic shock
These studies suggest that innate immune receptors fi  Over 1000 deaths annually in the United States result
viruses can be identified and potentially targeted withfrom sepsis3 a condition of runaway innateimmune
compounds to induce protection. Recent studies show thstimulation and response. Bacteria in the bloodstream
poly inosine:cytosine and poly adenine:uracil treatmenlead to the release of large amounts of potent innate
of mice through the respiratory tract 1 day before and immune stimulators, including cytokines, chemokines,
day after influenza infection reduced pulmonary viruslipid mediators and oxygen radicals3 Aderovirus
titers compared with those of control animals 5 days afteviremia has also been reported to trigger a toxic
infection Presumaly, additionaltriggeringreceptors  shock—lke syndromes2 Individual bacteriaicomponents,
and pathways for innate immune responses to viruses wisuch as peptidoglycan, LPS, and CpG, model septic
be discovered that might serve as prophylactic and therishockin animals$365 Any straggy to activate innate
peutic stimulants for different viral infections. immunity must address whether a septic shock—like con-
dition might be in danger of being induced by adminis-
tration in large amounts or while an individual is com-
An impressive array of mechanisms by which virusesbating an infection.
thwart innate immune recognition and destruction con-
tinues to be uncovered. Evasion of the effects of éFN-
and IFN$ is highly developed in many viruses and, in  Innate immune system activation by microbial prod-
some smaller viruses, might be linked mainly to the func-ucts or adjuvants has been implicated in inflammatory
tion of single or a few viral genes. Genes functioning inprocesses that might be associated with pathologic
IFN evasion include the NS1 protein of influenza A andresponses of the adaptive immune system to self-pro-
B viruses; gp35 of Ebola; NSs of Rift Valley fever virus; teins. T and B cells reactive to self-proteins are believed
the V, W, and C proteins of Nipah virus; and Newcastleto be present in every individual but do not cause disease
diseasevirusV protein5558 Thepoxvirusvacciniahasat ~ because they generally are not activated. T and B cells
least 4 gene products that counteract Fidnd IFNS, with autoimmune disease potential probably rarely
including a soluble receptor that soaks up the cytokine, encounter self-antigens presented in the context of cos-
protein that inhibits IFN induction, and 2 gene productstimulatory molecules, and their activity is controlled by
that affect the downstreampathway.®® In addition vac-  peripheral immune tolerance, which includes active con-
cinia also have the capability to thwart the effects ortrol by regulatoryT cells® However, in an autoimmune-
IFN-y produced by cells, including NK cells, in innate prone mouse model of systemic lupus erythematosus,
immuneresponse8® stimulation of B cells with receptors for self-
Recently, the retrovirus mouse mammary tumor virusimmunoglobulin through TLR9 was sufficient to activate
was reported to make use of stimulation through TLRthem to produce autoantibodie§’ More generaly,
molecules to evade the immune system. Mouse mammimmature dendritic cells have the ability to take up mate-
ry tumor virus persistence in certain mouse straingials from their environment but do not enter lymph
depends on production of the immunosuppressiveinodes or express MHC class Il or costimulatory mole-
cytokinelL-10 resultingfrom TLR4 stimulation®! which cules. But when signaled through innate immune recep-

Viral evasion of innate immunity

Autoimmunity
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tors, dendritic cells trigger a maturation process thaidemonstrated by Aderem et al, macrophages exhibit g
results in a shift from antigen uptake to antigen presentatained and continued activation during exposure to
tion, with the dendritic cells migrating to lymph nodes agonists, although this is accompanied by a downmog
and expressing costimulatory molecules and cytokines. Aion of receptor® that mekesthe sustainedesponsalif-
potential consequence of this enhanced level of stimulaferentfrom theinitial responsé?
tion is that self-antigens might be presented in the con Symbiosis with normal flora might also require t
text of costimulatory molecules or a costimulatory establishment of a form of innate immune tolera
cytokine environment. In this regard recent importantContinuous innate immune inflammatory stimulati
studies have shown that normal immune regulation ismust be avoided to coexist with normal microbial flora in
susceptible to being overridden by innate immune stimuthe gastrointestinal tract. This accommodation might
lation. Activation of antigen-presenting cells by means ofreflect at least in part that human intestinal epithelial
TLR stimulation stimulates IL-6 release, which tem- cells are generally nonresponsive to bacterial ligands that
porarily inactivates CD% CD25" T cells that ordinarily ~ stimulate TLR2.7 Neverthelessit is clearthat innate
would dampenimmune response§8 Although this immune responses to bacterial components in intestinal
process is thought to be part of the normal role of innatetissues are required for normal function, as evidenced by
immunity that permits the establishment of effective the association of Crohn’s disease with a loss of function
adaptive immune responses, as would typically occur irmutationin the moleculeNOD2.7879 The presencenf T
vaccination or active infection, the overriding function of cells with highly similagp receptors situated throughout
innate immunity might also contribute to innate immune-the lining of the gut might serve a counterinflammatory
mediated damage or contribute to autoimmune diseasfunction to contribute to the establishment and mainte-
activation. Certain individuals are prone to autoimmunenanceof normal flora.80 Any approacheslesignedto
diseases and whether they might experience increaseinduce heightened innate immunity in the gut or other
risks from the use of innate immune activation requiresmucosal tissues will need to take into account the toler-
analysis. ance state involving normal flora and analyze the effect
.. . of the proposed strategy. Moreover, innate immune stim-
Activation of retroviruses ulation induced by treatment strategies must remain
Signaling through TLR2 and TLR9 led to activation of under the body’s regulatory controls to avoid potential
HIV in a transgenicmousemodel23 This obsewation runaway responses that could lead to systemic shock.
needs to be followed up, especially because it might hel|Potentially, along with the development of innate
explain the rapid reactivation of HIV in human subjectsimmune stimulants, there should also be measures avail-
who have opportunistic infections that activate the innateable to counter innate inflammatory responses. It might
immune system. Also, it raises the question about the usbe possible to develop potential controllers on the basis
of strong innate immune activation as a biodefense stratof innate immune receptors that are known. For example,
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egy for HIV-infected individuals. inhibitory-suppressive motifs are known for DNA struc-

tures that can act dominantly over CpG stimulation, pro-
KEEPING INNATE IMMUNE RESPONSES IN viding a potential antidote if immunostimulation by CpG
CHECK sequencedangerouslyverrespondedl.82

Multiple mechanisms prevent runaway activation of theHUMAN POPULATION DIFFERENCES IN
innate immune system. Several negative signaling path'NNATE IMMUNE GENES AND FUNCTIONS

ways are intimately tied to TLR signaling. The molecule  Genetic mutations and polymorphisms in the human
suppressor of cytokine signaling 1 is induced by LPS andnnate immune genes can underlie increased susceptibil-
CpG treatment and acts on the intracellular signaling pathity to certain infections. For example, rare coding muta-
ways of TLR4 and TLR9 to negatively regulate their acti- tions in human TLR4 increased the risk for meningococ-
vating functions®%70 The macrophageand monayte-  cal sepsis®3 Potentialy, mutationsin many innate
expressed molecule IRAK-M prevents the dissociation ofimmune receptors might have phenotypes related to dis-
signaling kinases from TLRs, thereby effectively blocking ease. Mannose-binding lectin deficiency can be especial-
TLR signaling’ Another proteintollip, associates direct- ly relatedto infectionsin childhood* Theimportancefor

ly with TLR2 and TLR4 and inhibits signaling by block- biodefense strategies is obvious: a potential strategy
ing phosphorylation of other associated signaling mole-might not work or might yield unpredictable results in
cules?273 Additionally, analternateandshortenedorm of individuals with mutations or polymorphisms associated
the TLR signaling adaptor molecule MyD88 with inhibito- with the innate immune receptors targeted by a particular
ry function arises after continuous innate immune stimula-strategy. The number of affected individuals might be
tion, resulting in a transcriptionally controlled negative high in the aggregate. Certain polymorphisms in TLRs
regulationof innateimmuneresponse$! Thesemolecules  occurin several percentof the population84 Different

and additional mechanisms control responses to innatethnic groups might have distinct prevalence of altered
receptor activation and also contribute to the temporanformsof innateimmunegenes® Giventhelarge number
tolerance of innate immune responses that appears iof genes functioning in innate immunity, many individu-
resultfrom exposureto potentstimulants’™> However, as  als with mutations might be found throughout the human



PuD SmalAay

g
g
)
(]
2
&

692 Hackett

J ALLERGY CLIN IMMUNOL
OCTOBER 2003

TABLE I. Questions about innate immune stimulation for biodefense

. How long does protection last?
. Could innate immune therapy trigger harmful inflammation?

~NOoO O~ WNERE

. Can strategies be used with immunosuppressed individuals?

. Which innate immune receptors stimulate effective prophylactic responses to the broadest range of bacterial and viral pathogens?

. Will innate immune stimulation promote autoimmune reactions or retroviral activation?
. Human genetic polymorphism and the innate immune system: How important a factor is it for innate immune therapy strategies?
. Do the effects of age (ie, neonates through elderly) cause significant differences in innate immunity?

population, and identifying these mutations is an expand
ing area of research.

Redundancy in genes controlling broad innate
immune function might circumvent problems from poly-
morphisms. Children who had defective signaling in the
molecule IRAK-4 had a greatly increased risk for pyo- -
genic infections but lacked the global disablement of
innate immune responses perhaps expected of a mutati
in amoleculecentralto innateimmunesignalingsé

The effect of age on innate immune function requires 3-
consideration in the broad application of innate immune 4
approaches. At least some innate immune defenses a5
deficient in infants. Children generally achieve adult lev-
elsof solubleCD14atabout4 monthsof ages” Probably 6.
for that reason, human breast milk contains high levels o
soluble CD14, a receptor that functions with TLR4 in
LPS responses, suggesting that passive bolstering ¢
innate immune components are part of newborn protec
tive mechanisms$8 Elderly individualsmight have some,
but not all, innate immune functions exhibiting impaired 8.
acivity.89 Becausénnateimmunestimulationis thought
of as a broadly applicable strategy for biodefense an
potentially a boon for vulnerable special populations, °.
such as the old, the very young, and patients whose ada
tive immune systems are impaired by chemotherapy o,
HIV, innate immune function in different age groups and
disease conditions requires basic research studies.

CONCLUSION: RESEARCH QUESTIONS FOR
INNATE IMMUNE ACTIVATION IN
BIODEFENSE

11.

12.

The exciting possibility that powerful inborn defenses
against infection might be manipulated to provide
defenses against broad classes of bioterror agents a

newly emerging infectious diseases, such as the sevei4.

acute respiratory syndrome coronavirus, is engagint
researchers on many fronts of immunology and microbi:
ology. Rational development of therapeutics on the basi
of immune principles and pathogen susceptibility is evel
more realistic because of a growing understanding of th

pathogen genomes and virulence mechanisms, alon'®

with an explosion of information on innate immunity.

Both basic biology and practical applications of the con-17.

cept will benefit from the stimulus of biodefense

research. Fundamental research that addresses questi!8.

aboutapplicability, safey, and efficacy (Tablel) lays
important groundwork for innate immune stimulation as
a counterweapon to bioterrorism.

| thank Dr Samuel S. Perdue, NIAID Division of Microbiology
and Infectious Diseases, for contributing to this article.
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