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ABSTRACT:

Tir4 has emerged as a specific conduit for the bacterial lipopoly-
saccharide (LPS) response. The fact that such a protein exists, and
furthermore, the fact that it is one member of a family of proteins
expressed by mononuclear cells, yields considerable insight into
the mechanism by which phagocytes “see” the microbial universe.
It cannot yet be assumed that all the Tirs have specificity compa-
rable to that of Tir4, but it is probable that they do, given the
molecular constraints to which all proteins are subject. Indeed, it is
remarkable that TIr4 is able to sense so diverse an array of LPS
molecules as it does. The total number of TIr proteins is not yet
known. Although approximately 30 leucine-rich proteins bearing

survey of the genes in Drosophila, far fewer Toll-like genes have
been found in mammals to date, although approximately 2 million
expressed sequence tag sequences are now archived, and much
of the genome has been covered. Some of the Toll-like proteins
are, in fact, cytokine receptors. Ten leucine-rich Tirs have been
reported so far. Even a small number of receptors might be suffi-
cient to confer recognition of most pathogens, be they fungi, bac-
teria, or protozoa. Some such receptors may also play develop-
mental roles. The mutational deletion of Tir genes alone and in
combination with one another may help to establish the functions
of each member of this newly emergent family of proteins.

Toll-like cytoplasmic domains might be anticipated based on a
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In 1908, Elie Metchnikoff and Paul Ehrlich shared the Nobel Prizanism of genomic rearrangement that is, as far as we know, unique inQ
in Medicine. Metchnikoff was honored for his discovery of phagoall of nature. The second requirement was met by the process of cIonaf;
cytes, which as he correctly surmised, were an essential componergeléction; also something quite unique, and as yet, only partly under- >
host defense against infection. In effect, he identified the cellular bastsod.
of what we now call “innate immunity”. Ehrlich was honored for his As might be assumed, the innate immune system overcame the dual
discovery of “antitoxins”, known today as antibodies. In so doing, hgroblems of pathogen diversity and self-recognition long before ver- é‘
laid the foundations of the science of humoral immunity. As the Nob&brates evolved. Yet only now have we begun to understand how this 5
Committee clearly recognized at the time, phagocytes and antibodiegss accomplished. Lacking any known means by which to generate o
operate in concert with one another, each providing an importaeteptor diversity, cells of the innate immune system came to rely S
measure of protection against microbial pathogens (Mdrner, 1908upon plasma membrane proteins that engage phylogenically con-g

It is worth noting that Metchnikoff did not initially discover phago-served determinants on pathogens. These “pattern recognition recepS-
cytes in humans or in mice, nor in any other vertebrate, but in thers” (Janeway, 1992; Medzhitov and Janeway, 1998) comprise the ®
larvae of starfish impaled by tangerine thorns, and in freshwatafferent limb of innate immunity. One such receptor—and its cognate |,
Daphnia, where he observed ingestion of fungal spores and anthtigand—has now been identified. It points the way to the identifica- 2
bacilli. By contrast, antibodies have long been known to be productan of all others. It is the receptor for bacterial lipopolysaccharide @
by vertebrates only. As such, it is clear that innate immunity antedat@dPS"), or “endotoxin”.
humoral immunity. The latter system of defense was built to supple-
ment the former.

Humpral immunity is one of thg crowning glories of eyolutlon. It As recently recounted (Rietschel and Westphal, 1999), the word
arose in a remarkably short period of time. To do so, it needed,

satisfy two requirements of any immune system. First, it was neCeé’pdotoxin" was first coined by Pfeiffer (1858-1945) to describe the
9 y Y ) ' Abundant component of Gram-negative organisms that evokes fever,

sary for specific immunity to deal with a diverse range of pathogenaﬁ ck, and other disturbances in mammals. Ultimately, at least the
Second, it was necessary for the system to discriminate between ﬁ?ﬁ ' ’

- . . dotoxic principl defined as li | haride (LPS),
and non-self, hence avoiding the scenario hofrror autotoxicus, ajor endotoxic principle was defined as lipopolysaccharide ( ) a

. . . . . variable amphiphilic structural component of the outer leaflet of the
envisioned by Ehrlich himself. The first requirement was met througbh Phip P

reliance upon an anticipatory strategy in which avid receptors (T-c ter membrane of nearly all Gram-negative bacteria. LPS is not
' upon € Icipatory gy In whi vid recep %t/]nthesized by Gram-positive organisms. Although other molecular
receptors and immunoglobulins) are fashioned for virtually any mo

) . ) cgmponents of Gram-negative and Gram-positive bacteria (e.g., lipo-
ecule that might ever be encountered. This process requires a m(?gch:'hoic acid, lipopeptides, and other amphiphilic molecules) also

exhibit pyrogenicity, LPS is probably the most biologically significant

Endotoxin and Gram-Negative Infection

Send reprint requests to: Bruce A. Beutler, The Scripps Research Institute,

10550 N. Torrey Pines Rd., La JoIIa, CA 92027. E-mail: bruce@scripps.edu 1 Abbreviations used are: LPS, Iipopolysaccharide; |L, interleukin; NF—KB, nu-

clear factor-«B.
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of these. LPS is distinguished by a lipid A moiety, in which primary C3H/HeJ mice were found to have a codominant defect in LPS
and secondary acyl chains are linked to a disaccharide-phosphsitmal transduction, whereas animals of the C57BL/10ScCr strain
backbone, a ketodeoxyoctulosonic acid moiety, and a polysacchangere noted to have a recessive defect. Allelism was proven by the fact
moiety of highly variable structure. The lipid A portion of LPS isthat F1 animals derived from the cross of these two strains were
toxic; the other constituents are not. profoundly unresponsive to LPS (Coutinho and Meo, 1978). The
The degree of lipid A toxicity is not fully definable on a chemicalc3H/HeJ mutation was mapped to mouse chromosome 4 by Watson
basis, but at least partly, it is related to the number and density #d coworkers (1978), who placed theslocus between Mup-1 and
secondary acyl chains. There are marked interspecies differencepdnoci.
LPS toxicity. Moreover, sensitivity to LPS within a species may be Mice of the C3H/HeJ strain were noted to be abnormally suscep-
modulated by a number of factors, including glucocorticoids (whicfple to Gram-negative infection, suggesting that the mutation could
dampen sensitivity), and interferon{which augments sensitivity). prevent timely recognition and clearance-injected bacteria (O'Brien et
Infection by facultative intracellular bacteria such &acillus 5| 1980; Rosenstreich et al., 1982). The animals were also found to
Calmette-Guerircan boost the lethal effect of LPS by several orderge sensitized to LPS by the adoptive transfer of spleen cells (Rosen-
of magnitude (Shands et al., 1971; Peavy et al., 1979; Berendt et gejch et al., 1977) [and later macrophages (Freudenberg et al., 1986)]
1980)' ) o . from C3H/HeN animals; hence, it became clear that the macrophage
It is believed that LPS initiates many of the devastating effecfqqjates the toxic effects of LPS. Beyond this, cell from C3H/HeJ
_ot_>served in Gram-negative sepsis. Hypott_ansmn, coagulopathy, e were used in a vast number of situations wherein the confound-
|njury_to _sever_al organ systgms are partlcglarly severe in Gralp, offects of LPS were undesirable; e.g., in the isolation of interleu-
negative infection. Although it was once believed that LPS caused 4 (Lachman et al., 1977: Mizel and Mizel, 1981). Yet, despite the

these effects through a d'r?C.t action on the endothgllum z.and. P rmous interest engendered by ltpslocus, all efforts to isolate its
chymal organs concerned, it is now quite clear that it acts indirectl

t .
causing cells of hematopoietic origin (Michalek et al., 1980) (anb/ otein product were frustrated, as were attempts 1o clond fise

articularly macrophages (Freudenberg et al., 1986; Galanos é:né\‘A'
Ereudenb?alrg 1992)) tgo secrete pro-imgamma&)ry cyt’okines that in arly speculations thatps might encode the endotoxin receptor
' were turned aside by the demonstration that CD14, the glycosylphos-o

turn elicit these effects. TNF is the most important of these. Blockad?I inositol hored protei duct of linked ; th
of TNF activity yields substantial attenuation of LPS toxicity (BeutIeP oinosttor-anchored protein product of an uniinked gene, acls as thes.

et al., 1985), and direct administration of TNF will mimic | pgPrincipal LPS-binding protein on the plasma membrane (Wright et al.,
toxicit,y in norymal animals (Tracey et al., 1986) 1990). Since CD14 has no clear means of signaling across the mem-<2.

Tens of thousands of people succumb to Gram-negative infectiorPifR"€: it appeared likely thaps might encode a co-receptor capable
the US annually, and it is likely that hundreds of thousands of deaffisServing such a role, but no such molecule could be found.
occur worldwide. Hence, there is great interest in understanding the
mechanism of endotoxicity. At the same time, genetic studies suggest Fine Mapping of the Lps Locus

that timely recognition of LPS is important to permit containment and In 1994, several groups began to nagsto resolution far exceed-

eradication of a Gram-negative infection soon after inoculation (sﬁf‘g that achieved by earlier workers. Relying upon the growing
below). Moreover, logical considerations suggest that LPS Compri%%i,'f:hsity of microsatellite markers in the mouse genome, thousands of

a superb target for innate immune recognition. Present in abundapr?&oses were studied by Beutler and coworkers (University of Texas, §

on nearly all Gram-negative organisms, it is indispensable for theé'(')uthwestern Medical Center), Schwartz and coworkers (University 3

growth and survival. It has no vertebrate structural analog. Thes{elowa) and Malo and coworkers (Montreal General Hospital). Al 2
t ' ) >

considerations suggested long ago that the “receptor” for LPS m'qchree groups defined overlapping genetic intervals that, in retrospect, o
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serve an important sensing function in the innate immune syStembontained th pslocus. However. the efforts to isolate and cl %
Endotoxin-Resistant Mice: Evidence for a Solitary LPS remained independent from beginning to end. o)
Response Pathway Whether for reasons of bad luck or merely as the result of -3

2

[e2}

The LPS receptor remained shrouded in mystery until very I,ecem‘[:sfnservative phenotypic analysis, the critical region defined by the
In fact, LPS was once thought to exert its effects by intercalation infp®!as group (Poltorak et al., 1998b) was far larger than those
the plasma membrane or by interaction with a variety of plasnfigfined by the Montreal (Qureshi et al., 1996) or lowa City
membrane proteins. However, over 30 years ago, the identification(biffer-Schneider et al., 1997) teams. It was spanned by an
LPS-resistant mice (Heppner and Weiss, 1965) made such specficepPtionally dense contig that covered 3.2 Mb with a seamless
tions appear improbable, if not altogether untenable. Rather, it Z72y of YAC and BAC clones. A series of distance measurements,
peared that a single pathway for LPS responses must exist, siRgésformed by fluorescence in situ hybridization on interphase
mutations of a single gene could entirely ablate LPS responddéclei using independent BACs as probes, established the order
(Watson et al., 1977, 1978). and distance of separation between clones. These measurements
Two separate defects in LPS signal transduction developed as e supported by other methods, including the use of pulsed-field
result of independent mutations that arose spontaneously and becéfleelectrophoresis to determine BAC size, statistical estimates of
fixed in the C3H/HeJ and C57BL/10ScCr substrains (Coutinho et aPhysical distance based on BAC size, and incontrovertible genetic
1977). The locus involved was namégs, and in mice of the data derived from phenotypic analysis of animals with crossovers
C3H/HeJ substrain, the responsible allele was terhpsfi to denote between novel microsatellites found within the interval. The crit-
a defective response to lipopolysaccharide. Closely related animiggl region was ultimately reduced in size to 2.6 Mb of DNA,
(e.g., C3H/HeN and C57BL/10ScSn) retained normal LPS sensitivigelimited by the novel markers “B” and “83.3" (proximal and
They served as controls in investigations of the effects of LPS resilistal, respectively). The entire contig was explored by a combi-
tance, and permitted an educated guess as to the date at which eatton of exon trapping, hybridization/selection, and shotgun se-
mutation occurred. qguencing.
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TIrd—A Member of an Ancient Family of Defensive Proteins— that an inflammatory effect could be rendered via the Tlrs stimulated
Is the Only Gene in the Lps Critical Region a systematic search for LPS signal transducing activity.

Numerous pseudogenes were identified within the>B3.3 inter- The search was predicated on the transfection of a non-macrophage

val. Moreover, several genes were identified centromeric to B, befdi@ll line with CD14 (the physical LPS receptor) and each of a
the exclusion of the proximal contig on genetic grounds. Thegglle_ctlor) of Tlrs, together with an NkB reporter construct. In these
included genes encoding a zinc finger protein, an isologue of Tera, t’ﬁHd'es’ it Was_found _that Tir2, but not Tir4, could endow 293 cells
majority of thePappagene, the arylacetamide deacetylase gene, afh LPS-sensing activity.

an isologue of the astrotactin gene. Within the critical region itself, the 't 1S at this point, quite clear that the observation was a system
gene-encoding mouse Toll-like receptor Bré) stood as the sole artifact, brought about by several misguided assumptions. First, it

candidate (Poltorak et al., 1998a). The identification of novel mut§hould not have been taken for granted that 293 cellsdatkCD14

tions within theTIr4 locus of C3H/HeJ mice and C57BL/10ScCr miceand a transmembrane co-receptor subunit, and are otherv_vise compe-
(not present in the control substrains) immediately confirmedTat tent to sense LPS. In fact, they appear to lack other prot_elns as well,
andLpswere identical. In C3H/HeJ mice, a point mutation modifieénd the total structure of the LPS signaling complex remains unknown

a conserved residue of the TIr4 cytoplasmic domain (P712H). | this day. Second, the equation of IB-translocation with LPS
Flgnal transduction was clearly a mistake. Many stimuli provoke

NF-kB translocation. The effects of LPS are unique. Third, the un-
physiologic expression ainy biologically active receptor might lead

The identity of TIr4 and Lps came as a startling revelation. into artifactual signaling (and in the case of TIr2, apparently did so).

addition to its developmental function, the prototypic Toll gene of " fact, as emphasized earlier in this review, genetic arguments hold
Drosophila was already known to subserve an important role {fiat Only @ single pathway for LPS signal transduction exist in mice,
defense against fungal infection. The Toll pathway had a well estld by implication, in all mammals. Since mutations of Tir4 fully

lished counterpart in the IL-1 signaling cascade (Gay and Keith, 19§J1_Jlolish signaling by pure preparations of LPS, there is no room for the §

Heguy et al., 1992: Muzio et al., 1997: Kopp et al., 1999), and THg{ontention that Tlr4 comprises an alternative pathway. This fact alone 3’
itself was known to share at least some components of this casc%)é"d not exclude an _essentlal_contrlbutlng_role for Tir2, but such a 2_
(Muzio et al., 1997; Medzhitov et al., 1998), engaging MyD88 Afole was never the primary claim. Rather, it was asserted that TIr2 3
immunodeficient human patient with coresistance to LPS and |LSPuld act as an independent signal transducer. In any case, it is cleay
had been described (Kuhns et al., 1997), suggesting that both inflafnf’-‘t it is neither essential nor even necessary: a frameshift mutation o

matory pathways utilize a common signaling intermediate. Hence,-gf2 fails to impair LPS signal transduction in hamsters (Heine et al.,

one stroke, it became clear that both vertebrate and invertebrﬁ?@g)' Furthermore, Takeuchi and coworkers (1999) determined that 3

1998a). With the presentation of these data, the searchg®mwas
formally concluded on September 29, 1998.

peojUMoQg
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immunity use homologous proteins for the detection of invasi\)%_knOCkOUt muta}tlon of TIr2 in mice has no discernible effect on LPS ‘8
pathogens. signal transduction. S
The concurrent claim that TIr4 doesttransduce the LPS signalis g

Depending upon the structural definition applied, Toll-like proteins """ X i .
may be found among vertebrates, invertebrates, and even am Iﬁ wise a spurious one. In the correct cellular environment (i.e., a >
plants, where, as in animals, they appear to defend the host agaii@croPhage), Tir4 (and not Tir2), expressed at low copy number,
invading microbes. signals the presence of LPS as measured by activation of the TNF—

In Drosophila, seven Toll homologs have been identified. One gfane; surely the_ most relev_ant endpdo_lnt for study. Moreover, expres-
these, 18-wheeler, offers protection against bacterial infection. PN Of the dominant-negative Thiz*isoform of Tir4 blocks such
mammals, 10 members of the Toll superfamily with leucine-richidnaling aimost completely. , , o
ectodomains (toll-like receptors [TIf] 1-10) have been cloned to date.FOr all of these reasons, the notion that Tir2 is an LPS signaling
In addition, both chains of the IL-1 and IL-18 receptors, SIGIRR arfefotein may b? d|scgrded. Ironically, the cIaw_n was embraced by
MyD88, have cytoplasmic Toll-like domains. Although the binding_"lany Worker§ n the f'e_ld' and the method applied in the demonstra-
specificities of IL-1R and IL-18R are clearly defined, that of SIGIRR'O" of LPS signaling via Tir2 has already been used to support the
and most of the other Tlrs is not. It may be assumed that they, afi@m that it transduces many other microbial signals as well (Alip-
perhaps other TIrs yet unknown, are involved in pathogen detectiéfntis et al., 1999; Brightbill et al., 1999; Schwandner et al., 1999;
development, or both. The phylogeny of the Toll-like receptors ha@shimura et al., 1999). Such reports must be viewed with skepti-
been analyzed by parsimony methods, and some of the mammafjiin: although there is no doubt that Tir2 detects peptidoglycan
receptors appear to have arisen in the recent evolutionary past (D&Tékeuchl et al., 1999) and certain bacterial lipopeptides (Takeuchi et

9T0Z ‘9 Jo00100 U0 Sjeulnor 13d4S

al., 2000). al., 2000), based on work with mice bearing a knockout mutation of
’ Tir2.
Incorrect Claims of TLR2 Involvement in LPS Signaling Direct Contact between TIr4 and LPS Is Suggested by Genetic

A parallel line of inquiry aimed at identifying the LPS signal Experiments

transducer was undertaken by Genentech, Inc. (South San FranciscBrosophila Toll is stimulated by the ligand Spétzle, a protein
CA) and by Tularik, Inc. (South San Francisco, CA). These compgenerated from an inactive precursor via the action of three upstream
nies seized upon the identification of numerous Toll-like humaproteases, named Gastrulation-defective, Snake, and Easter (Belvin
MRNAs, achieved by Rock et al. (1998), Chaudhary et al.(1998), aadd Anderson, 1996). It is believed that Spatzle may also be activated
Medzhitov et al. (1997), who used expressed sequence tag probes Witta second proteolytic cascade, initiated by an unknown product of
homology to Toll to extract full-length mammalian cDNAs. Medzhipathogenic fungi and that this cascade is blocked by an endogenous
tov, in particular, had shown that ligation of TIr4 (then called h-Tollserine protease inhibitor (Spn43Ac) (Levashina et al., 1999). Hence,
by construction of a CD4:Tlr4 chimera, caused MB-translocation Spétzle is itself required for the response to fungi, but Gastrulation-
to the nucleus of mammalian cells (Medzhitov et al., 1997). Althougtefective, Snake, and Easter are not.

in no instance was a ligand for any mammalian TIr known, the fact The situation in mammals is quite different. Close contact between
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LPS and TIr4 has been established through genetic analysis. Althoadjele has already risen to high frequency among Caucasians. This
human cells respond to LPS or its toxic lipid A moiety, they fail tallele (TLR4B; Gb:177766), representing a double amino acid sub-
respond to non-acylated congeners of lipid A (e.g., LA-14-PP), whighitution, most probably originated as the result of second mutation,
actually antagonize LPS signaling (Dal Nogare and Yarbrough, 199fcurring on the background of a common African variant allele
Golenbock et al., 1991). On the other hand, mouse macrophages(&mirnova et al., 2001). The African progenitor allele is now exceed-
responsive to both forms of LPS (Birkland et al., 1990). This phenagly rare in Caucasian populations. Although a “hitch-hiker” effect
typic difference cannot be ascribed to CD14, since both forms of LRl#hkage disequilibrium relationship with a favorable but unrelated
are bound by both human and mouse CD14, and transfection studjeae) and simple drift cannot be excluded, it is also possible that the
do not support the notion that chemical specificity is exercised at thislevant compound allele confers resistance to a specific Gram-neg-
level (Delude et al., 1995). Hence a more distal component of théve organism, one which exerted a powerful selective pressure in the
signaling pathway must be considered. recent evolutionary past. It has very recently been shown that the
In fact, the species specificity for responses to distinct lipid Allele has a discernible phenotype in that heterozygotes are hypore-
partial structures is determined at the level of TIr4. Hence, if immosponsive td&Escherichia colLPS preparations (Arbour et al., 2000). A
talized C3H/HeJ macrophages are transduced to express the huomnplete understanding of the molecular specificity of Tlr4—and
Tlr4 protein, they respond only to intact lipid A; if they are transduceihdeed, the other TIrs—will likely require several years of intensive
to express the normal mouse protein, they respond to both formsstddy.
lipid A (Poltorak et al., 2000). Similarly, human mononuclear cells
transduced to express hamster TIr4 respond to both forms of lipid A References
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