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BACKGROUND: TLR5 AND FLAGELLIN
Many bacteria possess flagella, whiplike organelles which
attach to a rotatory motor embedded in the bacterial cell wall,
providing motility to the organism. The complex regulation
and structure of the flagellum have been thoroughly reviewed
elsewhere. The body of the flagellum consists of a mass of
protofilaments, each of which is a long, end-to-end polymer of
a single protein, flagellin. Because of the physical constraints
imposed by its function, flagellin has a relatively conserved
structure even among widely diverse bacterial species.
Many important human pathogens are flagellated, including
agents of gastroenteritis (Salmonella, diarrheagenic Escherichia coli, Campylobacter), pneumonia (Pseudomonas, Burkholderia, Legionella), and invasive infections (Proteus, E. coli,
Clostridium, etc.). For a long time expression of flagella has
been examined as a virulence trait, but this has been largely in
the context of motility rather than immune stimulation. Nev-
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ertheless, flagellin was recognized decades ago to be highly
immunogenic, although the tools with which to fully understand this property were not available at the time.
Starting in the late 1990s, flagellin was identified by several
independent groups as the soluble mediator that causes intestinal epithelial or macrophage inflammation following infection with enteroaggregative E. coli (EAEC) or Salmonella.
Wyant et al. and Ciacci-Woolwine et al. reported that Salmonella enterica serovar Typhi flagella induced cytokine release
from human monocytes and impaired antigen presentation by
human macrophages (7, 59, 60). McDermott et al. showed that
this effect was highly potent and could be eliminated by trypsin
treatment of monocytes, suggesting that there is a high-affinity
interaction between flagellin and a cell surface receptor (33).
Steiner et al. identified flagellin as the factor in culture supernatants of enteroaggregative E. coli that caused interleukin-8
(IL-8) release from intestinal epithelial cells in culture (50).
Eaves-Pyles et al. reported that Salmonella flagellin caused
cytokine release from intestinal epithelial cells in culture, as
well as a shock-like syndrome when it was injected intraperitoneally into lipopolysaccharide (LPS)-resistant C3H/HeJ
mice (14). The molecular basis of these effects was revealed by
Hiyashi et al., who demonstrated that flagellin was the component of Listeria culture supernatants that activated TLR5,
and subsequent work in many laboratories confirmed this finding for flagellins from various organisms (24). To date, flagellin
is the only known activator of TLR5, and until recently flagellin-induced inflammation was believed to be fully dependent
on TLR5 expression (see below).
After TLR5-expressing cells are stimulated with flagellin,
there is a signaling cascade that involves phosphorylation of
interleukin-1 receptor-associated kinase 1, leading to activation of MEK kinases and I-B kinases, which ultimately activates inflammatory protein production via NF-B and p38
mitogen-activated protein kinase. The specifics of this signaling
cascade are still being intensively studied and appear to be
different in different cell types. It is clear, however, that TLR5
is responsible for flagellin-induced responses in epithelial cells,
endothelial cells, macrophages, dendritic cells (DCs), and T
cells. In the case of DCs and T cells, flagellin responses form an
important bridge between the innate and adaptive arms of the
immune system, which likely explains the unique properties of
flagellin as both a pathogenicity factor and an immunogen. In
addition, flagellin activates TLR5 on natural CD4⫹/CD25⫹
T-regulatory cells, leading to increased suppressive activity,
suggesting that flagellin has a complex role in bridging innate
immunity and adaptive immunity (10).

Resistance to infection in vertebrates relies on a complex
interaction between two separate but complementary arms of
the immune system: adaptive immunity and innate immunity.
Adaptive immunity refers to the recognition of specific molecular epitopes by either T or B lymphocytes and the resulting
responses that powerfully target only a very narrow range of
infectious agents. In contrast, innate immunity involves multiple cell types and tissues and relies on more general recognition of molecular patterns that are specific to classes of microorganisms. Severe defects in either arm of the immune system
can be lethal.
In the last 10 years there has been a proliferation of interest
in innate immunity, assisted by the discovery of the Toll-like
receptors (TLRs). TLRs are single transmembrane proteins
that recognize specific microbial molecules and trigger immune responses through direct interactions with intracellular
signaling proteins. The target molecules of TLRs include nucleic acids, lipids, lipoproteins, proteins, and synthetic compounds. Of the 10 human TLRs, only TLR5 appears to be
specific for a single protein moiety, bacterial flagellin. This
specificity, along with the ease of protein mutagenesis techniques, has made the study of flagellin recognition unique in
the TLR field.
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STRUCTURAL FEATURES OF FLAGELLIN
AND TLR5 RECOGNITION

FIG. 1. Tertiary structure of flagellin and synthesis of flagella.
(A) Schematic diagram of flagellin export and flagellum formation.
Flagellin monomers (FliC) are synthesized and transported with a
chaperone (FliS) to the inner membrane, where they are exported
through the central pore of the flagellar basal body that straddles the
inner membrane (IM) and outer membrane (OM) of the cell wall. FliC
monomers continue through the pore of the flagellar filament, where
they are added to the growing end beneath the cap protein (FliD).
(B) Crystal structure of the F41 fragment of Salmonella FliC. The
domains are labeled, and amino acids critical for TLR5 activation are
indicated. (C) Space-filling model of flagellin, with sites of polymerization shown in the hypothetical flagellin trimer.

TLR5 activity (45). These results suggested that TLR5 evolved
to recognize conserved domains of flagellin that are constrained by the need to provide motility. Similarly, the plant
flagellin receptor, FLS2, recognizes a peptide fragment (Flg22)
within the C1 domain of flagellin (although Flg22 itself has no
activity with TLR5) (13, 16).
In a recent study Andersen-Nissen et al. found that many ␣and ε-proteobacteria (including Campylobacter, Helicobacter,
and Bartonella) have flagellin proteins that can avoid TLR5
recognition while maintaining motility (3). These flagellins dif-
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The gene encoding flagellin has various names in different
bacteria (fliC, fljB, flaA, etc.), but in each case its expression is
tightly regulated as part of the complex chemotactic regulon.
Under conditions that favor its expression (e.g., hypotonicity,
nutrient-poor media, etc.), flagellin is expressed and transported to the membrane, where it is exported through a unique
secretory mechanism that strongly resembles the type III secretion system (TTSS) that many virulent bacteria use to inject
proteins into host cells. In contrast to the TTSS needle complex, however, flagellin is exported through the basal body of
the flagellum, which consists of a rotatory motor and hook.
Each flagellin monomer passes through this pore and spontaneously polymerizes with adjacent monomers to form an enlarging protofilament with a central pore through which additional subunits pass. This process is shown in Fig. 1A.
Because flagellin monomers spontaneously associate in
aqueous solution, the crystal structure of the flagellin monomer has never been solved. However, limited proteolysis of
flagellin removes the extreme N and C termini, leaving a central core that cannot polymerize; the structure of this fragment
(called F41 in the case of Salmonella) has been solved (Fig. 1B)
(42). The structure confirmed hypotheses generated from previous thermodynamic studies suggesting that the protein has a
four-domain structure. The D0 and D1 domains are largely
helical and are comprised of strongly conserved stretches of
amino acids at the beginning and end of the primary sequence
(referred to as C1 and C2, respectively). The D2 and D3
domains arise from the central portion of the primary sequence, which is highly variable. When flagellin monomers
interact, the roughly convex surface of the conserved D0 and
D1 domains from one monomer interacts with a corresponding
concave surface on the adjacent monomer, leading to formation of a chain held together by the conserved domains (Fig.
1C). The variable D2 and D3 domains stick out from the chain,
where they are largely surface exposed. Because of the cryptic
location of the conserved domains (within the central pore of
the molecule or buried in protein-protein interactions), they
are relatively protected from immune surveillance.
There is strong evidence that the TLR5-activating region of
flagellin is located within the conserved domains (Fig. 2). Deletional mutagenesis studies showed that loss of either the C1
or C2 domain resulted in a noninflammatory protein, whereas
the variable domain could be replaced by an unrelated hinge
domain without an effect on the inflammatory activity (15).
Random transposon mutagenesis of the EAEC flagellin identified a short region in the C2 domain that was required for
TLR5 activity, although deletion of the C1 domain also eliminated activity (13). Subsequently, it was determined by alanine
scanning mutagenesis that specific amino acid residues within
the C1 and C2 domains (L88 to Q97 in C1 and I411 in C2)
were required to stimulate TLR5; mapping of flagellin based
on the F41 crystal structure showed that these residues lie in
adjacent alpha-helices in the folded protein (Fig. 1B) (45).
Although these residues are largely hidden in the flagellin
protofilament, they are predicted to be exposed in monomeric
flagellin, and cross-linking studies demonstrated that flagellin
monomers are much more potent than polymers for eliciting
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fer from those of ␥-proteobacteria in the critical region from
amino acid 88 to amino acid 97, which prevents TLR5 activation. However, they also have an alanine at the position corresponding to I411 in Salmonella, which in Salmonella is required for both TLR5 recognition and motility. Motility of the
␣- and ε-proteobacteria is preserved by a third set of mutations
in the C1 domain (residues 58 and 59). These three regions are
predicted to be adjacent to one another in the folded flagellin
protein within the region of polymerization, which likely explains how the various mutations complement each other to
preserve motility.
Interestingly, the amino acids altered in these noninflammatory flagellins are the same amino acids predicted in other
studies to be most critical for TLR5 recognition. Murthy et al.
independently showed that amino acids 88 to 97 are required
for inflammatory activity based on deletional mutagenesis and
also showed that substitution or deletion of this motif eliminated activity (38). Verma et al. reported that single point
mutations in this domain in the Pseudomonas aeruginosa flagellin reduced inflammatory activity but had a less pronounced
effect on motility, indicating that there is not a strict correlation between TLR5 agonist activity and the ability to form
functional flagella (55).
So far, there has been no formal demonstration of direct
binding between TLR5 and flagellin, but there is strong evidence of association between the two proteins in whole-cell
systems. Flagellin coimmunoprecipitates with murine TLR5

when the latter is overexpressed (with an epitope tag) in CHO
cells (46). Likewise, flagellin can precipitate human TLR5
from lysates of transiently transfected COS cells (36). Similar
results have been obtained for flagellin from two Vibrio species
and both human TLR5 and fish soluble TLR5 (29, 53). Fluorescent colocalization of flagellin and TLR5 on whole cells as
determined by microscopy has also been reported. Adamo et
al. showed that flagellin colocalized with the ganglioside GM1
on the apical surface of polarized airway epithelial cells initially but at later times induced apical migration of TLR5,
which then localized to the same clusters (1). West et al.
showed that flagellin colocalized with fluorescently tagged
TLR5 on the surface of transfected RAW macrophages (57).
Interestingly, these authors also reported that increasing expression of TLR5 correlated with greater binding of flagellin,
which is the first indication that TLR5 could act as a highaffinity receptor.
In general, the techniques described above are useful for
demonstrating interactions between flagellin and TLR5, but
only in the context of the complex cellular environment.
Hence, they cannot rule out involvement of other proteins or
nonprotein factors. In fact, flagellin from P. aeruginosa binds to
several gangliosides on the surface of respiratory epithelial
cells, and extrinsic addition of gangliosides inhibits both binding of flagellin to whole cells and inflammatory signaling (57).
Thus, it is possible that flagellin encounters TLR5 primarily in
the context of ganglioside-rich membrane regions, with other
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FIG. 2. Primary sequences of the critical regions of conserved domains of flagellins from selected ␥- and ␣- proteobacteria, numbered according
to the E. coli H18 flagellin numbering system. The following regions are enclosed in boxes: the site of compensatory mutations that allow motility
of ␣-proteobacteria (region A); two regions where substitutions eliminate TLR5 activity (regions B and D); and the site of a point mutation that
most strongly eliminates TLR5 activity (region C). Information for individual residues is indicated as follows: asterisk, point mutation that reduces
or eliminates activity; dagger, site of random transposon insertion that reduces or eliminates activity; 0, point mutation that preserves activity;
double dagger, point mutation that reduces inflammatory activity yet preserves motility.
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ROLE OF FLAGELLIN AND TLR5 IN
ENTERIC INFECTIONS
Inflammatory responses to flagellin were first observed in
enteric infection models, and much subsequent work has focused on these models. The most intensively studied model is
Salmonella gastroenteritis (Fig. 3). The unique pathophysiology of Salmonella infection has been extensively reviewed elsewhere, but a brief summary here is warranted. Upon encountering the intestinal epithelium, Salmonella invades epithelial
cells via bacterium-mediated endocytosis that requires expression of genes in Salmonella pathogenicity island 1 (SPI-1), one
of two TTSS that the organism possesses. This invasion process
induces an inflammatory response in epithelial cells, but in
susceptible hosts enough organisms survive to pass through the
basolateral surface of the epithelial cells into the lamina propria, where they are taken up by macrophages and/or DCs.
Salmonella survives within vesicles through a complex and incompletely understood mechanism that requires the second
TTSS, SPI-2. Once within antigen-presenting cells, the organisms disseminate to mesenteric lymph nodes and secondary
lymphoid organs, where their fate (clearance or fatal infection)
depends on host resistance. Most patients clear the infection
spontaneously, but people at the extremes of age, people who
are immunocompromised, and people without a functional
spleen are at risk of disseminated or fatal infection.
Salmonella expresses two different but related flagellin proteins, encoded by fliC and fljB, which are controlled through
phase variation. Expression of flagella has long been recognized to play a role in Salmonella infection. In 1984, Weinstein
et al. demonstrated that flagellated Salmonella is more virulent
than nonflagellated strains, with enhanced survival within mac-

FIG. 3. Schematic diagram of the various roles of flagellin in Salmonella gastroenteritis. A, internalization of organisms by epithelial
cells, with membrane ruffling (SPI-1 dependent); B, transport of flagellin monomers through the epithelium to encounter basolateral TLR5
(SPI-1 dependent); C, encounter with lamina propria DC (flagellin
activation of TLR5 may facilitate uptake and/or survival of organisms,
which is also SPI-2 dependent); D, encounter with lamina propria
macrophage (M) (organisms are internalized). In resistant hosts,
flagellin-dependent Ipaf recognition activates caspase-1, leading to
IL-1 secretion and cell death. TLR5 is expressed on human macrophages but not on murine macrophages; the role of TLR5 in human
salmonella gastroenteritis remains uncertain. LN, lymph nodes.

rophages and increased bacterial counts in spleens of infected
animals (56). More recently, however, Schmitt et al. reported
that increased virulence of several Salmonella strains could be
fully attributed to decreases in flagellin expression and that
aflagellar Salmonella was less inflammatory in vitro but more
pathogenic in vivo (43, 44).
Specific mechanisms of Salmonella flagellin expression and
presentation to host cells have been described over the past 5
years. In a study of model epithelia, Gewirtz et al. showed that
Salmonella infection causes transcytosis of flagellin to the basolateral surface of intestinal epithelial monolayers, where it
encounters basolaterally expressed TLR5 to induce an inflammatory response (18, 19). This was later shown to be an SPI2-dependent process (31). The situation in vivo may be more
complicated, since polarized expression of TLR5 on human
intestinal explants or biopsies has been difficult to demonstrate
due to low-level expression and a lack of high-affinity antibod-
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proteins playing a necessary role. This could explain observations that flagellin binds nonspecifically (with low affinity) to
cell membranes (35).
Despite these concerns, an in silico modeling study by
Jacchieri et al. raised the possibility that there is direct interaction between flagellin and TLR5 at specific sites on the two
proteins (27). Based on hydrophobicity profiles, these authors
determined that there is a high likelihood of interaction between predicted ␣-helices on TLR5 (residues 552 to 561) and
flagellin (the LQRIRELAVQ motif in the C1 domain). They
also found a smaller complementary region between TLR5
amino acids 323 and 327 and a short region in the C2 domain
of flagellin (LGAIQN).
However, comparative analysis of these studies revealed several problems with this TLR5/flagellin binding model. First,
the region of TLR5 predicted by Jacchieri et al. to bind flagellin is different from the region identified by Mizel et al. (using
deletion constructs) as the region required to trigger flagellin
responses (35). Second, certain TLR5 constructs (such as a
construct containing amino acids 386 to 857) fail to signal
despite coprecipitating with flagellin. Finally, Verma et al.
demonstrated that glycosylation of Pseudomonas flagellin is
required for full inflammatory activity, whereas E. coli does not
glycosylate its flagellin (55). This raises the likelihood that
flagellin activation of TLR5 requires a complicated interaction
that could involve additional protein-protein or protein-lipid
interactions that are not yet understood.
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such an infection (but there was no difference following intraperitoneal infection). These results suggest that the flagellininduced, TLR5-dependent inflammatory response in lamina
propria DCs helps facilitate Salmonella uptake, survival,
and/or dissemination and could partially explain the attenuated virulence of aflagellar Salmonella.
Other interesting effects of flagellin on adaptive immune
responses to Salmonella have been described. Immunization
with purified flagellin alone produces a very potent TH2-type
immune response. However, mucosal exposure to whole,
flagellated Salmonella instead produces a strong TH1 antiflagellin response (11). Flagellin-independent effects of Salmonella on DCs likely account for this effect. For example,
while live Salmonella, purified Salmonella LPS, and purified
flagellin all induce cytokine responses in macrophages, maximal cytokine production from DCs requires live organisms
(39). In fact, intracellular-phase Salmonella appears to
downregulate flagellin expression to the point where infected splenocytes are unable to induce proliferation of
flagellin-specific T cells (2). This may explain the observation that oral infection with a large Salmonella inoculum led
to specific antiflagellin T-cell responses, whereas infection
with a small inoculum did not lead to such responses, even
when the ultimate organism burdens were identical (due to
dissemination and proliferation). In the case of infection
with a large inoculum, DCs are more likely to encounter
extracellular-phase bacteria that express flagellin or transcytosed flagellin itself, and the subsequent TLR5 activation
would lead to increased antigen presentation to T cells. In
contrast, infection with a small inoculum would limit the
exposure of lamina propria DCs to flagellated Salmonella,
leading to a less robust adaptive immune response.
While the importance of flagellin expression has been best
studied for Salmonella infection, there is evidence that flagellin
plays a role in infection with other enteric pathogens as well,
although TTSS-dependent translocation like that which occurs
in Salmonella has not been demonstrated for these organisms.
Coworkers and I initially reported that EAEC caused inflammation in infected patients, as well as human epithelial cell
cultures, and that the latter required expression of flagellin (49,
50). Harrington et al. found that most of the inflammatory
response to EAEC in nonpolarized epithelial cells was due to
flagellin but that there was a flagellin-independent inflammatory response in polarized T84 cell monolayers that required
expression of aggregative adherence fimbriae (23). There is no
rodent model that resembles human EAEC infection, but we
found that colonization of mice was independent of flagellin
expression (M. So, J. Nataro, B. Vallance, and T. Steiner,
unpublished observations). A role for flagellin has also been
reported for enteropathogenic E. coli and enterohemorrhagic
E. coli, both of which induce flagellin-dependent epithelial cell
inflammation (6, 61). In contrast, Campylobacter jejuni flagellin
appears to be necessary for autoagglutination and adherence
to intestinal epithelial cells but not for inflammation (21, 28).
This is consistent with an inability to activate TLR5, as discussed previously. Finally, Shigella, while nearly identical genetically to E. coli, has not been shown to require flagellin or
TLR5 for inflammation, probably due to minimal or no expression of flagella.
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ies; apical expression of TLR5 in mice has been demonstrated
(4). Functionally, however, flagellin responses in intact human
intestinal explants appear to be limited to the serosal surface,
as shown by Rhee et al. (41). Whether this is primarily due to
engagement of TLR5 on epithelial cells or other cell types has
not been determined.
There are potential explanations for the effect of flagellin on
early Salmonella infection of epithelia that do not involve epithelial TLR5. For example, antiflagellin antibodies inhibit
binding of organisms to intestinal epithelial cells (26), and
flagellin appears to assist with Salmonella invasion (51). One
possible mechanism for this is a mechanism in which flagellin
also facilitates translocation of SopE2, a Salmonella SPI-1 effector that acts as a guanine exchange factor (25). In addition,
infection of intestinal epithelial cells induces expression of
ICAM-1 in cocultured microvascular endothelial cells, which
express high levels of TLR5 constitutively (32). This suggests a
mechanism by which Salmonella flagellin could potentiate inflammation, by inducing infected epithelial cells to “prime”
endothelial cells for inflammation, which would then be further
induced by direct exposure to flagellin either transcytosed
through the epithelium or expressed on the surface of bacteria
that have successfully penetrated the epithelial barrier.
The relative roles of SPI-1, SPI-2, and flagellin in Salmonella
gastroenteritis in vivo have only recently been understood, with
the help of a murine gastroenteritis model that requires pretreatment of animals with high doses of streptomycin (5). Early
induction of colitis requires expression of flagella in the context
of an intact chemotactic system, suggesting that motility rather
than TLR5 activation is critical (48). SPI-1 is clearly required
for colitis, but more recent reports have shown that SPI-2 is
also required for the complete inflammatory phenotype (8, 9).
Interestingly, the inflammatory responses to SPI-1- and SPI-2deficient Salmonella strains were quite different; bacteria expressing SPI-1 alone induced diffuse cecal inflammation that
was independent of MyD88 (i.e., preserved in MyD88⫺/⫺
mice), whereas SPI-2-expressing bacteria induced focal subepithelial inflammation that was attenuated in MyD88⫺/⫺ mice
(22). These findings indicate that TLRs are involved more in
the later, intracellular stages of Salmonella infection. Together,
these studies suggest that full manifestation of Salmonella gastroenteritis involves coordinated expression of SPI-1, SPI-2,
and flagellin, with subsequent activation of innate immune
responses in different cell compartments. The specific mechanisms by which Salmonella introduces flagellin monomers into
cells and the potential evolutionary advantages are areas in
which there is active exploration; one explanation may involve
TLR5-independent flagellin recognition by intracellular pattern recognition receptors (see below).
There is strong evidence that acquired immunity plays an
important role in Salmonella infection, as demonstrated by
severe and/or recurrent disease in patients with AIDS. Lamina
propria DCs are probably the key interface between innate
immunity and adaptive immunity in Salmonella gastroenteritis.
Uematsu et al. recently demonstrated that in mice high levels
of TLR5 are expressed on lamina propria DCs but not on
mesenteric lymph nodes or splenic DCs (54). Moreover, while
DCs from TLR5⫺/⫺ mice were hyporesponsive to flagellin in
terms of cytokine production, TLR5⫺/⫺ mice actually survived
oral Salmonella infection better than wild-type mice survived
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CONTROVERSIES AND FUTURE STUDIES
Despite the advances in our understanding of flagellin structure as it relates to TLR5 recognition, there is still not enough
experimental evidence to allow sequence-based prediction of
whether a particular bacterial flagellin is able to activate TLR5.
This is partially due to the fact that flagellin-dependent TLR5
signaling is seldom an “on/off” process but has many shades of
gray that reflect stepwise loss of potency with different flagellin

mutations. Phenotypic assays of motility and TLR5-dependent
signaling thus remain the “gold-standard” tests for the inflammatory potency of various flagellins. This fact has made it
impossible to answer several critical questions, such as whether
pathogens differ from commensals in the ability to activate
TLR5 in the absence of pathogenic cofactors.
One example of this problem involves the inflammatory effects of Helicobacter pylori flagellin. Based on its primary sequence, H. pylori flagellin (encoded by the flaA gene) should
not activate TLR5. Indeed, weak or no inflammatory activity of
FlaA has been observed in several studies. For example,
Gewirtz et al. showed that H. pylori infection of AGS gastric
epithelial cells caused IL-8 release but that culture supernatants did not cause release; moreover, a mutant lacking flaA
was not attenuated (20). Recombinant flagellin from H. pylori
60190 (an ATCC strain) caused weak IL-8 release from T84
colonocytes and no IL-8 release from AGS cells. Similarly, Lee
et al. reported that purified FlaA from various H. pylori strains
caused little IL-8 release from gastric epithelial cells and no
release from Caco-2 colonocytes (30). These workers found,
however, that deletion of flagellin genes from the N6 strain did
partially attenuate IL-8 release from infected gastric epithelial
cells.
In contrast, convincing inflammatory activity of H. pylori
flagellin was described in two different reports. Smith et al.
found that H. pylori patient isolates caused TLR2- and TLR5dependent inflammatory signaling in gastric epithelial cells and
HEK 293T cells overexpressing these TLRs (47). In addition,
purified flagellin from these strains also caused NF-B activation in TLR5-expressing HEK cells. However, the inflammation in response to flagellin was significantly weaker than the
inflammation induced by Pam3Cys (a TLR2 agonist) and required quite high concentrations of FlaA (10 g/ml). Similarly,
Torok et al. showed that both TLR2 and TLR5 are required
for H. pylori-induced mitogen-activated protein kinase phosphorylation and IL-8 release (52).
One explanation for these different findings is that there is
expression of a second bacterially derived TLR5 agonist by H.
pylori, although no such agonist has ever been identified. A
more likely explanation is that FlaA, while clearly less potent
than Salmonella FliC, still has weak TLR5 agonist activity (as
suggested by the findings of Smith et al.). The amount of
flagellin released into culture supernatants might be below the
threshold for TLR5 activation, while the amount of flagellin
delivered during live bacterial infection could be greater than
this threshold. This would make sense if flagellin does not bind
directly to TLR5 but rather binds to another cell surface structure via a low-affinity interaction, as suggested for Pseudomonas flagellin. Another intriguing possibility is that H. pylori
flagellin is active in its polymerized state, in contrast to Salmonella flagellin. Specific studies need to be undertaken to test
these hypotheses.
CONCLUSIONS
Despite the proliferation of scientific discoveries about inflammatory responses to flagellin, significant questions remain.
For example, can TLR5 bind flagellin directly, and if so, can it
distinguish subtle differences in the conserved domains in different bacteria? What is the evolutionary advantage or disad-
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Recently, flagellin was shown to have a TLR5-independent
proinflammatory activity that depends on two related intracellular pattern recognition receptors, Naip5 and Ipaf, which are
members of the NACHT-leucine-rich repeat-containing receptor (NLR) family, which also includes Nod and Apaf proteins.
In contrast to TLR5, NLR proteins do not act through MyD88,
and while NF-B activation does occur after stimulation, the
predominant effect of these receptors appears to be an effect
on activation of caspases (leading to maturation of IL-1␤ and
IL-18 and apoptosis).
Ren et al. (40) screened random Legionella mutants that
survived within macrophages from C57BL/6 mice (which are
ordinarily resistant to infection), and all of these mutants were
defective in flagellin production. This effect on flagellin was
independent of TLR5, since murine macrophages (unlike human macrophages) are deficient in TLR5; moreover, the effects of flagellin were the same in MyD88⫺/⫺ mice. Ren et al.
showed that Legionella and Salmonella flagellins both activated
caspase-1 in murine macrophages, leading to cell death. This
effect was dependent on expression of Naip5, which had previously been shown to be a marker on chromosome 13 required
for macrophage resistance to Salmonella (12, 58). Molofsky et
al. reported similar findings and also demonstrated that flagellin-deficient Legionella was more virulent in a murine tracheal
infection model (37).
Miao et al. and Franchi et al. reported that control of
intracellular Salmonella also requires Ipaf (17, 34). Macrophages from Ipaf-deficient mice were resistant to flagellindependent killing, and overexpression of Ipaf enhanced the
flagellin effect. In contrast, TLR5⫺/⫺ mice were not defective in Salmonella-dependent macrophage killing. This effect
was dependent on SPI-1, suggesting that enough flagellin
can be exported through the TTSS to activate caspase-1even
when motility is suppressed (such as during intracellular
infection).
The mechanisms of Naip5- or Ipaf-dependent flagellin signaling and/or recognition remain unknown, but the findings
described above suggest that detection of flagellin is important
enough to innate immunity to encourage the evolution of two
independent recognition systems. It is particularly interesting
that flagellin recognition by NLRs was found in murine macrophages, which do not express TLR5 but are highly responsive
to LPS; in contrast, high levels of TLR5 are expressed on
intestinal epithelial cells, which are generally unresponsive to
LPS. This suggests that compartmentalization of innate immune responses to LPS and flagellin, which are coexpressed on
many bacteria, is necessary for appropriate detection and control of enteric infections.
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vantage to bacteria of evading TLR5-dependent flagellin recognition (which occurs in certain ␣-proteobacteria)? Is TLR5
expressed on any luminal surfaces in the human gut, and if so,
how are inflammatory responses to ubiquitous commensal bacteria kept in check? What features of TLR5 signaling are
unique, and how do the resulting responses aid the host in
mounting appropriate innate and adaptive immune responses?
At the current rate of investigation, it might not be long before
these and other important questions are answered.
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