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Flagellin from various species of gram-negative bacteria activates monocytes to produce proinflammatory
cytokines. We have analyzed the pathway by which Salmonella enteritidis flagellin (F1iC) activates murine and
human monocyte/macrophage-like cell lines. Since lipopolysaccharide (LPS), the principal immune stimula-
tory component of gram-negative bacteria, is known to signal through Toll-like receptor 4 (TLR4), we tested the
possibility that FIiC also signals via TLR4. When murine HeNC2 cells were stimulated with LPS in the pres-
ence of a neutralizing anti-TLR4 monoclonal antibody, tumor necrosis factor alpha (TNF-a) and nitric oxide
(NO) production were markedly reduced. In contrast, FliC-mediated TNF-a and NO production were mini-
mally affected by the anti-TLR4 antibody. Furthermore, FliC, unlike LPS, stimulated TNF-« production in the
TLR4 mutant cell line, GG2EE, indicating that TLR4 is not essential for FliC-mediated signaling. To test the
possibility that FliC signals via another TLR, we measured FliC-mediated activation of interleukin-1 (IL-1)
receptor-associated kinase (IRAK), a central component in IL-1R/TLR signaling. FliC induced IRAK activa-
tion in HeNC2 and GG2EE cells as well as in the human promonocytic cell line THP-1. IRAK activation was rapid
in HeNC2 cells, with maximal activity observed after 5 min of treatment with FliC. In addition, FliC-mediated
IRAK activation exhibited the same concentration dependence as was demonstrated for the induction of TNF-o.
These results represent the first demonstration of IRAK activation by a purified bacterial protein and strongly

suggest that a TLR distinct from TLR4 is involved in the macrophage inflammatory response to FIliC.

Activation of the innate immune response by bacteria is
mediated by a group of molecules that have collectively been
termed modulins (12). These surface-associated molecules are
produced by a broad array of microbial pathogens and include
lipopolysaccharide (LPS), peptidoglycan, lipoteichoic acid, li-
poarbinomannan, lipoproteins, and lipopeptides. Monocytes
and macrophages respond to modulins by producing proin-
flammatory cytokines such as tumor necrosis factor alpha
(TNF-o), interleukin-1p (IL-1B), and IL-6 (12). The produc-
tion of cytokines is a critical event in the development of
protective innate immune responses and is also involved in the
initiation of adaptive immune responses. However, excessive
production of cytokines has also been implicated in the patho-
logical events associated with the septic response in patients
with severe bacterial infections.

We and others have demonstrated that flagella from a num-
ber of gram-negative bacterial species induce proinflammatory
cytokine production by human monocytes and monocyte-like
cell lines (7, 8, 35). Using genetic and biochemical approaches,
it was demonstrated that the major structural protein of fla-
gella, flagellin (FliC), was the component required for the in-
duction of cytokine synthesis (7). In a subsequent study, it was
found that purified recombinant FliC from Salmonella enteridi-
tis, Salmonella enterica serovar Typhimurium, and Pseudomo-
nas aeruginosa were potent inducers of cytokine synthesis in
human monocytes and THP-1 cells, a human promonocytic cell
line (19). Half-maximal responses were obtained with concen-

* Corresponding author. Mailing address: Department of Microbi-
ology and Immunology, Wake Forest University School of Medicine,
Winston-Salem, NC 27157. Phone: (336) 716-2216. Fax: (336) 716-
9928. E-mail: smizel@wfubmc.edu.

4424

trations of FliC in the range of 15 to 30 pM. Recently, it was
reported that purified flagellin from enteroaggregative Esche-
richia coli induces IL-8 production by intestinal epithelial cells
(28).

An important feature shared by many bacterial modulins is
that they signal monocytes and macrophages via proteins in the
IL-1 receptor/Toll-like receptor (IL-1R/TLR) family (1). Pro-
teins in the IL-1R/TLR family are grouped based on conserved
sequences in their cytoplasmic domains that are required for
signal transduction (9, 10). Upon activation of the IL-1R and
TLRs several common events are triggered, including recruit-
ment and activation of the IL-1R-associated kinase (IRAK) via
the adaptor protein MyD88, formation of a complex between
IRAK and TNF receptor-associated factor 6, and activation of
NF-kB and other factors required for transcription of proin-
flammatory cytokine genes (5, 20, 22, 33, 37). IL-1R/TLR fam-
ily proteins belong to a larger group of innate immune system
receptors recently termed pattern-recognition receptors (14).
Pattern-recognition receptor ligands, which include the previ-
ously mentioned bacterial modulins, display molecular patterns
unique to microbial pathogens and have thus been termed
PAMPs (pathogen-associated molecular patterns). LPS, the
prototype gram-negative PAMP, requires TLR4 to exert its
biological effects (6, 13, 23, 24), whereas a diverse group of
PAMPs including gram-positive lipoteichoic acid and pepti-
doglycan (25), lipoproteins and lipopeptides from various bac-
terial species (3, 18, 30), and mycobacterial lipoarabinoman-
nan (31) appear to require TLR2. To date, at least 10 different
TLR proteins have been described, suggesting the existence of
additional TLR ligands.

In view of the involvement of TLRs in signaling by LPS and
other PAMPs, we explored the possibility that FliC, a gram-
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negative bacterial protein, might also utilize a TLR to exert its
biological effects. Our results indicate that FliC does utilize a
Toll-like receptor signaling pathway as demonstrated by its
ability to activate IRAK. However, FliC does not require
TLRA4, suggesting that an additional TLR(s) is important in the
innate response to gram-negative bacteria.

MATERIALS AND METHODS

Cell culture and biological reagents. The C3H/HeN-derived macrophage cell
line HeNC2 (15) was kindly provided by A. Ding (Cornell University Medical
College, New York, N.Y.). The C3H/HeJ-derived macrophage cell line GG2EE
(4) was obtained from G. Cox (National Cancer Institute, Frederick, Md.).
THP-1 cells were purchased from the American Type Culture Collection (Rock-
ville, Md.). Cells were grown in RPMI 1640 supplemented with 10% fetal bovine
serum, glutamine, and 50 pg of gentamicin/ml (complete medium). The mono-
clonal antibody MTS510, which recognizes murine TLR4 in complex with MD-2
(2), was generously provided by Kensuke Miyake (Department of Immunology,
Saga Medical School, Nabeshima, Saga, Japan). Monoclonal antibody 3ZD,
which recognizes murine and human IL-1B (16), was obtained from the National
Cancer Institute Biological Response Modifiers Repository. Polyclonal anti-
IRAK antibody was obtained from Upstate Biotechnology Corp. Purified recom-
binant FliC from S. enteriditis was prepared as previously described (19). LPS was
removed from FliC preparations by passage through a polymyxin B column
according to the manufacturer’s instructions (Detoxi-Gel; Pierce Chemical Co.).
Salmonella serovar Typhimurium LPS was obtained from Sigma Chemical Co.

Induction and measurement of TNF-« and NO production. Cells were seeded
in 24-well tissue culture dishes at 10° cells/ml in complete medium containing the
indicated concentrations of FliC. After 24 or 48 h, the level of TNF-a or nitric
oxide (NO) produced was determined. TNF-a levels in culture supernatants of
HeNC2 and GG2EE cells were measured using a commercial enzyme-linked
immunosorbent assay (ELISA) kit (R&D Systems, Inc., Minneapolis, Minn.). In
the experiments with THP-1 cells, 0.5% Triton X-100 was added to each culture
and the total TNF-a content (cell associated and released) was measured using
a commercial ELISA kit (Abraxis, Hatboro, Pa.). The production of NO by
murine cell lines was determined by measuring NO, ™ in culture supernatants as
previously described (15).

IRAK assay. IRAK activity in cell lysates was measured as previously de-
scribed (17) using [y*?P]ATP and myelin basic protein as a substrate. Reaction
products were subject to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis, and the bands were visualized by autoradiography. The intensity of
32P-labeled myelin basic protein bands was quantitated using a Molecular Dy-
namics phosphorimaging system. IRAK protein was detected by Western blot-
ting using polyclonal anti-IRAK antibody.

RESULTS

Activation of HeNC2 cells by FliC. As a first step in the
analysis of the FliC signaling mechanism, we evaluated the
effect of recombinant FliC on TNF-a and NO production by
HeNC2 cells. To ensure that we would be measuring responses
induced by FliC and not contaminating LPS, a polymyxin B
resin was used to remove LPS. This treatment reduced the LPS
content of the FliC preparation from approximately 20 wg/ml
to 1 ng/ml as measured by the Limulus amebocyte assay. Since
the concentration of the FliC stock preparation was in the
range of 107° M and the concentrations used for assays were
in the range of 1072 to 10~° M, the maximal level of LPS in
the cultures was less than 1 pg/ml. At this concentration, LPS
had little if any effect in our assays.

Like human monocytes and THP-1 cells (19), HeNC2 cells
were extremely sensitive to stimulation by FliC. As shown in
Fig. 1, TNF-a and NO production were maximally stimulated
at concentrations below 10~° M. Generally, 50% of the max-
imal response was achieved with FliC concentrations in the
range of 10 to 40 pM.
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FIG. 1. FliC-induced activation of HeNC2 cells. HeNC2 cells were
cultured with increasing concentrations of FliC. (A) TNF-« in culture
supernatants was measured after 24 h by ELISA. The amount of
TNF-a produced in unstimulated control cultures was subtracted from
each value. Similar results were obtained in three independent exper-
iments. (B) NO production was assessed after 48 h by measuring the
amount of nitrite, a stable byproduct of NO. The values represent the
mean of duplicate determinations (standard deviation, <5%) from two
independent experiments.

107

FliC-induced macrophage activation does not require TLR4.
In view of the critical role of TLR4 in the innate immune
response to gram-negative bacteria (23, 24), we tested the
possibility that S. enteriditis FliC might, like LPS, utilize a
TLR4-dependent signaling pathway to activate macrophages.
Thus, HeNC2 cells were incubated with FliC in the presence
and absence of a neutralizing anti-murine TLR4 monoclonal
antibody (MTS510) that blocks LPS-induced cytokine produc-
tion in murine macrophages (2). Although MTS510 markedly
reduced TNF-a and NO production in response to LPS (55
and 70% inhibition, respectively), it had little effect on FliC-
induced production of these mediators; the effect of MTS510
on FliC activity was not reproducibly different than that ob-
tained with the control monoclonal antibody, 3ZD (Fig. 2 and
data not shown). These results indicate that in contrast to LPS,
FliC does not appear to utilize a TLR4-dependent pathway.
However, we felt that it was important to use an additional
approach to strengthen the experimental basis for this conclu-
sion. Therefore, we tested the effect of FliC on GG2EE cells.
This macrophage cell line was derived from the C3H/Hel
mouse and exhibits the same phenotype of LPS hyporespon-
siveness that is due to a mutation in the TLR4 gene (13, 23,
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FIG. 2. Anti-TLR4 monoclonal antibody does not block the stim-
ulatory effect of FliC. HeNC2 cells were cultured in the presence of
3 X 10~ M FIiC with no antibody added (open bars), with 20 g of
anti-IL-1B antibody 3ZD/ml (gray bars), or with 20 ng of anti-TLR4
antibody MTS510/ml (black bars). (A) TNF-a production after 24 h.
(B) NO production after 48 h. The values represent the mean of
duplicate determinations (standard deviation, <5%). Similar results
were obtained in three independent experiments. The percent inhibi-
tion relative to controls in which no antibody was added is indicated in
parentheses.

24). As shown in Fig. 3, GG2EE cells produced TNF-« in
response to FliC, with 50% of the maximal response observed
at approximately 107'° M FliC. As previously reported (15),
LPS at 1 ng/ml failed to stimulate significant TNF-a produc-
tion by GG2EE cells (135 £ 71 pg/ml; n = 3). In conjuction
with results obtained with the anti-TLR4 monoclonal antibody,
the data presented in Fig. 3 provide strong evidence that TLR4
is not required for FliC-induced signal transduction.

FliC induces IRAK activation. Although our results do not
support a role for TLR4 in FliC signaling, it was still possible
that FliC utilizes another TLR. To test this possibility, we
measured the activation of IRAK, a central component in TLR
signaling, in response to FliC. The murine macrophage-like
cell lines HeNC2 and GG2EE were incubated with or without
FliC for 15 min, and the level of IRAK catalytic activity (as
measured by phosphorylation of the synthetic substrate myelin
basic protein) as well as IRAK protein expression was mea-
sured. For comparative purposes, another set of cultures was
stimulated with LPS. As shown in Fig. 4B, FliC induced a very
pronounced increase in IRAK activity in GG2EE and HeNC2
cells (lanes 2 and 5) relative to unstimulated cells (lanes 1 and
4). In contrast, LPS (1 ng/ml) had no effect on the LPS-hypo-
responsive GG2EE cells but did induce significant IRAK ac-
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FIG. 3. FliC induces TNF-a production in LPS-hyporesponsive
GG2EE cells. GG2EE cells were cultured with the indicated concen-
trations of FliC for 24 h. The amount of TNF-« in culture supernatants
was measured by ELISA. Similar results were obtained in three inde-
pendent experiments.

tivity in the LPS-responsive HeNC2 cells (lanes 3 and 6).
Kinase activity correlated with a decrease in the size of the 80-
kDa IRAK band and the appearance of a more slowly migrat-
ing species (Fig. 4A, lanes 2, 5, and 6). The latter band pre-
sumably is phosphorylated IRAK. Since phosphorylated IRAK
is rapidly degraded, this form of the protein is detected at
reduced levels relative to the unactivated protein (36). In each
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FIG. 4. FliC activates IRAK in HeNC2 and GG2EE cells. HeNC2
and GG2EE cells (107 cells per sample) were cultured in the absence
(lanes 1 and 4) or presence of 10~° M FIliC (lanes 2 and 5) or 1 ng of
LPS/ml (lanes 3 and 6) for 15 min at 37°C. (A) IRAK was immuno-
precipitated (IP) from cell lysates using anti-IRAK antibody, and the
protein was visualized by Western blotting using the same antibody.
(B) IRAK kinase activity in the same cell lysates was measured by in
vitro kinase assay using myelin basic protein as a substrate (MBP-P).
The fold induction of IRAK activity relative to the unstimulated con-
trol is indicated below each lane. (C) TNF-a production in culture
supernatants after 24 h. Similar results were obtained in three inde-
pendent experiments.
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FIG. 5. FliC activates IRAK in the human promonocytic THP-1
cell line. THP-1 cells (5 X 10° cells per sample) were cultured for 1 h
in the absence (lane 1) or presence of 10~!* M FIliC (lane 2), 107 M
FIiC (lane 3), or 1072 M FIliC (lane 4). (A) Western blot of IRAK
expression. (B) IRAK kinase activity. Similar results were obtained in
three independent experiments.

case, the activation of IRAK corresponded with the production
of TNF-a (Fig. 4C).

Recently, Li et al. demonstrated that IRAK is activated by
LPS in the human promonocytic cell line THP-1 and that the
response is maximal after approximately 60 min (17). To de-
termine if FliC also activates IRAK in human cells, we incu-
bated THP-1 cells in the presence or absence of FliC for 60
min prior to measuring IRAK activity and protein expression.
The level of TNF-a was also measured after culturing the cells
for 24 h. As shown in Fig. 5, FliC activated IRAK in THP-1
cells in a concentration-dependent manner. A complete dose-
response curve is shown in Table 1. As with the murine cells,
the appearance of a more slowly migrating species of IRAK
was detected in samples exhibiting significant kinase activity
(Fig. 5, lanes 3 and 4 versus lane 1).

Kinetics of FliC-induced IRAK activation. Swantek et al.
recently reported that LPS activates IRAK in murine perito-
neal macrophages within 7.5 min of treatment (29). Similar to
the effect of LPS, the activation of IRAK in response to FliC
was quite rapid. Maximal kinase activity was observed after 5
min of treatment and decreased steadily thereafter (Fig. 6). By
60 min, the level of kinase activity was only slightly above the
level detected in cultures of unstimulated cells. Time course
experiments with THP-1 cells also revealed a rapid induction
of IRAK, with significant kinase activity observed within 5 min
of the addition of FliC (data not shown).

DISCUSSION

Our results demonstrate that FliC is a potent stimulant for
murine and human monocytes and macrophages. Half-maxi-
mal stimulation of cytokine and NO production occurs with
concentrations of FliC in the pM range (Fig. 1) (19). Further-
more, our results indicate that similar concentrations of FliC

TABLE 1. Dose-dependent activation of IRAK and TNF-«
production in THP-1 cells”

FliC (M) IRAK activity (fold induction)” TNF-a (pg/ml)°
4.1 x10°12 <2.0 46
1.2x 1071 <2.0 153
37x10° 1 2.2 1,182
1.2x 1071 4.0 5,705
33x 1071 7.7 11,641
1.0 x107° 6.7 11,334

“ One of two experiments with similar results is shown.

® IRAK activity in THP-1 cell lysates after 1 h of treatment with FliC. Values
indicate the fold induction relative to unstimulated controls.

¢ TNF-a produced after 24 h of treatment with FliC as measured by ELISA.
The mean of duplicate determinations is shown. The amount of TNF-a produced
by unstimulated cells is subtracted from each value.
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FIG. 6. Time course of FliC-induced IRAK activation in HeNC2
cells. (A) HeNC2 cells (107 cells per sample) were cultured in the
absence or presence of 10°° M FIliC. Cultures with FIliC added were
prepared in duplicate. Cells were lysed at the indicated time points,
and IRAK activity was measured by in vitro kinase assay. (B) Fold
induction of IRAK activity relative to unstimulated controls.

induce a very rapid and marked increase in IRAK activity (Fig.
4 to 6), providing an important insight into the mechanism by
which FliC exerts its effect on macrophages.

IRAK is a central component of the signal transduction
pathway triggered upon activation of IL-1R/TLR family pro-
teins (20, 33). In IL-1-responsive cells, IRAK is recruited to the
type 1 IL-1R, multiphosphorylated, and almost completely de-
graded within 10 min of treatment with IL-1 (36). In mouse
peritoneal macrophages, IRAK activity is detected within 7.5
min of treatment with LPS and declines rapidly after 15 min
(29). Similarly, we showed that FliC activates IRAK catalytic
activity in murine macrophages rapidly, with peak activity ob-
served after 5 min of treatment. It was recently found that
FliC induces a substantial increase in TNF-a mRNA levels in
THP-1 cells within 15 min after addition to monocytic cells
(F. Ciacci-Woolwine and S. B. Mizel, unpublished observa-
tions). Thus the observation that FliC activates IRAK within 5
min is consistent with the hypothesis that this process is a
critical step in a signaling cascade that results in the relatively
rapid expression of proinflammatory cytokines.

As demonstrated previously for LPS (17) and IL-1 (36), we
observed a reduction in the level of the 80-kDa IRAK protein
coincident with the appearance of a weak, more slowly migrat-
ing species in lysates of cells which exhibited significant in vitro
kinase activity (see Fig. 4). The appearance of a higher molec-
ular weight species of IRAK in response to IL-1 stimulation
was shown to be the result of IRAK phosphorylation (36). It
was further demonstrated that phosphorylated IRAK is rapidly
degraded in IL-1-stimulated cells (36). Although not a formal
demonstration, our results suggest that as documented for LPS
and IL-1, transmission of a signal by FliC involves phosphor-
ylation and degradation of IRAK.

Since IRAK activation is a hallmark of the signal transduc-
tion pathway linked to the Toll-like receptor family of proteins,
our results strongly suggest that FliC signals macrophages via
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a TLR. To date, a diverse group of bacterial cell surface mol-
ecules (PAMPs) has been shown to signal macrophages via
TLRs. LPS, the prototype bacterial PAMP, requires TLR4 for
signal transduction (23, 24). TLR2 is the receptor utilized by
gram-positive lipoteichoic acid and peptidoglycan (25), myco-
bacterial lipoarabinomannan (31), and a wide array of lipopro-
teins and lipopeptides (3, 18, 30). The latter group of PAMPs
has been shown to require the N-terminal lipid moiety for
biologic activity (12). In addition, it was reported recently that
TLRO is the receptor that transduces a signal in response to
bacterial DNA (11). In view of the available data regarding
TLR ligands, our results demonstrating that recombinant,
LPS-free FliC activates IRAK are of particular importance, as
no study to date has reported the activation of a TLR signaling
pathway by a purified bacterial protein.

Given that at least 10 distinct TLRs have been described to
date, and due to limited reagent availability for most of these
proteins, identification of the specific TLR utilized by FliC was
beyond the scope of the present study. However, a neutraliz-
ing anti-TLR4 monoclonal antibody inhibited LPS-induced
TNF-a and NO production by HeNC2 cells but had little
effect on FliC-induced responses, suggesting that FliC signals
through a TLR other than TLR4. Furthermore, in direct con-
trast to the effects of LPS, FliC induced the activation of IRAK
and TNF-a production in C3H/HeJ-derived GG2EE cells.
These results further substantiate the conclusion that FliC
utilizes a signaling receptor that is distinct from TLR4, the
receptor utilized by LPS. The possibility that FliC mediates its
effects via TLR2 seems unlikely as it does not appear that
TLR?2 is involved in the innate response to gram-negative bac-
teria. Specifically, it was recently demonstrated that expression
of a dominant negative mutant of TLR2 in murine macro-
phages inhibited TNF-a production in response to Staphylo-
coccus aureus and gram-positive cell wall products but not in
response to Salmonella serovar Minnesota or LPS (32). Inter-
estingly, however, Sebastiani et al. have mapped a Salmonella-
susceptibility locus on murine chromosome 1 to a region con-
taining the #r5 gene (26). Thus, TLRS, which like TLR4 and
TLR2 is expressed by myelomonocytic cells (21), is a candidate
receptor for FliC. Clearly, additional studies will be necessary
to identify the receptor(s) that participates in FliC-mediated
signaling. In any case, our data suggest that in addition to
TLR4, another TLR(s) is likely to be important in the recog-
nition of gram-negative bacteria by cells of the innate immune
response. In this regard, it will also be of interest to determine
if, like LPS, FliC requires an initial binding receptor analogous
to CD14 (34) or if FliC directly interacts with a TLR. The latter
scenario has yet to be demonstrated for any TLR studied to
date. Since CD14-negative U937-derived U38 cells respond to
flagella (8), it is unlikely that CD14 is involved in the response
to FliC.

The effects of FliC on macrophages are quantitatively and
qualitatively similar to the well-documented effects of LPS, sug-
gesting that gram-negative flagellin is likely to play an impor-
tant and previously unrecognized role in the innate immune
response to gram-negative bacteria. Since intact flagella (8, 35)
as well as the released soluble form of flagellin (7, 19) are ac-
tive, it is likely that this bacterial modulin may contribute to
localized as well as disseminated responses to gram-negative
pathogens. FliC may be of particular importance during the
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course of infections in the gastrointestinal tract, since lamina pro-
pria macrophages in the intestinal mucosa do not express CD14
and are LPS nonresponsive (27). Nevertheless, gram-negative
enteric pathogens such as Salmonella serovar Enteriditis in-
duce cytokine production and inflammation in the intestinal
mucosa. Future studies directed at identifying the surface re-
ceptor(s) for FliC and further characterizing the intracellular
events triggered by the interaction of FliC with macrophages
should provide important insights into the mechanisms by which
gram-negative bacteria activate innate immunity.
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