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We have previously demonstrated that salmonellae, but not Escherichia coli or Yersinia enterocolitica, stim-
ulates tumor necrosis factor alpha (TNFa) production in the human promonocytic cell line U38. Subsequent
analysis revealed that the TNFa-inducing activity of salmonellae was associated with flagellin, a major
component of flagella from gram-negative bacteria. In the present study, we have explored the basis for the
apparent specificity of action of Salmonella flagella on TNFa expression in U38 cells and have extended this
analysis to normal human peripheral blood mononuclear cells (PBMC). Flagella from the enteropathogenic E.
coli strain E2348/69, Y. enterocolitica JB580, and Pseudomonas aeruginosa PAO1, which did not induce signifi-
cant levels of TNFa production in U38 cells, were as potent as Salmonella flagella in terms of TNFa and
interleukin 1b activation in PBMC. However, TNFa production in U38 cells was greatly enhanced when these
cells were stimulated with flagella from E. coli, Y. enterocolitica, and P. aeruginosa in the presence of a
costimulant, phorbol 13-myristate acetate. These findings are consistent with the hypothesis that the activation
or differentiation state of a monocyte may have a substantial effect on the cell’s responsiveness to flagellum
stimulation of cytokine synthesis. Furthermore, these results indicate that cytokine induction in monocytes
may be a general property of flagella from gram-negative bacteria.

Tumor necrosis factor alpha (TNFa) is produced by acti-
vated macrophages and plays a central role in the defense
against intracellular organisms such as Salmonella. Animal
models have shown that host-derived inflammatory mediators
such as TNFa promote the strong inflammatory response ob-
served during Salmonella infection of the intestinal mucosa (2,
6, 38, 39). Despite its protective effect during infection (5, 13,
32, 37), elevated levels of serum TNFa in patients with endo-
toxic shock apparently correlate with the course and extent of
pathology (31).

The most potent inducer of TNFa is the lipopolysaccharide
(LPS) component of the outer membrane of gram-negative
bacteria. In addition, Salmonella porins stimulate cytokine pro-
duction in human monocytes (15). Using genetic and biochem-
ical approaches, we demonstrated that Salmonella enteritidis
and Salmonella typhimurium flagellin (the filament subunit
protein of the flagellum) up regulates TNFa expression in the
human promonocytic cell line U38 and in adherent peripheral
blood mononuclear cells (PBMC) (9, 10). Because U38 cells
are insensitive to LPS stimulation (4), and because PBMC
were tolerized in vitro, this effect of Salmonella flagellin was
independent of LPS in the cultures. More recently, Wyant et
al. (43) reported that purified Salmonella typhi flagella stimu-
late TNFa production in PBMC.

Unlike Salmonella flagella, Escherichia coli and Yersinia en-
terocolitica flagella induce very low levels of TNFa production
in U38 cells (10). Amino acid analysis of flagellin shows that
the carboxy and amino termini are well conserved between
Salmonella and other gram-negative bacteria. In contrast, the
residues in the central portion of the protein are highly vari-

able (22, 33). In order to explain the apparent specificity of
Salmonella flagellin on TNFa production in U38 cells, the
epitopes responsible for the activity would presumably have to
be in the hypervariable domain. However, we were unable to
identify any residues in the hypervariable region that were
conserved in all of the Salmonella serotypes showing TNFa-
inducing activity in U38 cells (10).

In the present study, we investigated the basis for the ap-
parent specificity of action of Salmonella flagella in U38 cells.
We compared the TNFa-inducing activity of flagella from Sal-
monella and from other gram-negative bacteria, including en-
teropathogenic E. coli, Y. enterocolitica, and Pseudomonas
aeruginosa. In addition, we have extended the analysis of cell
activation and induction of cytokine production by flagella to
normal human blood monocytes. We found that Salmonella, E.
coli, Y. enterocolitica, and P. aeruginosa flagella induce compa-
rable levels of TNFa and interleukin 1b (IL-1b) in LPS-toler-
ized PBMC. However, neutralization of LPS with polymyxin B
slightly decreased the effect of E. coli and P. aeruginosa flagella,
but not the effect of Salmonella or Y. enterocolitica flagella, on
TNFa expression in PBMC.

MATERIALS AND METHODS

Cells. The human promonocytic cell line U38 is a stable derivative of U937
containing a human immunodeficiency virus long terminal repeat chloramphen-
icol acetyltransferase reporter construct (14). U38 was obtained from the Na-
tional Institutes of Health AIDS Research and Reference Reagent Program
(Rockville, Md.). U38 cells were maintained in RPMI 1640 medium supple-
mented with 10% fetal bovine serum and 50 mg of gentamicin per ml (complete
RPMI medium) at 37°C in 5% CO2 atmosphere. U38 cells were subcultured
daily and maintained at a density of approximately 5 3 105 cells/ml. PBMC were
isolated from healthy donors. Heparinized whole blood was layered over
isolymph (Gallard-Schlesinger Industries, Carle Place, N.Y.) at a 3:2 ratio and
allowed to stand for 1 h at room temperature. The buffy coat was removed and
layered again over isolymph at a 4:3 ratio. Following centrifugation at 1,200 3 g
for 30 min at room temperature, the top layer containing mononuclear cells was
transferred and diluted at least 1:2 in phosphate-buffered saline (PBS) (pH 7.2).
The cells were counted and collected by centrifugation, and the cell pellet was
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resuspended in serum-free RPMI medium containing gentamicin (50 mg/ml).
Cells were seeded into 24-well plates at a density of approximately 5 3 106

cells/well and allowed to adhere for 2 h at 37°C in 5% CO2 atmosphere. Non-
adherent cells were then removed, and the medium was replaced with complete
RPMI medium. At this point, the monocyte-enriched monolayers were allowed
to rest overnight at 37°C in 5% CO2 atmosphere. To induce LPS tolerance,
PBMC were incubated overnight (16 to 20 h) in the presence of 1 mg of Salmo-
nella LPS per ml (Sigma, St. Louis, Mo.).

Bacterial strains and growth conditions. The bacterial strains used in this
study are listed in Table 1. S. enteritidis CDC5str (CD5), Y. enterocolitica JB580,
and the bacteriophage P22 HT were the generous gifts of Virginia Miller. S.
typhimurium SL1344 was kindly provided by Charles Dorman. The wild-type
enteropathogenic E. coli strain E2348/69 was donated by James Kaper. P. aerugi-
nosa PAO1 was a gift of Daniel Wozniak. S. typhimurium SJW86 and SJW1103
were provided by Robert Macnab. Frozen stocks of all strains were stored at
270°C in 25% (vol/vol) glycerol. Cultures of Salmonella, E. coli, and Pseudomo-
nas strains were routinely grown in Luria-Bertani (LB) medium at 37°C with
aeration. Yersinia cultures were grown at 25°C with aeration to promote flagel-
lation.

Preparation of bacterial-conditioned medium and isolation of partially puri-
fied flagella. Conditioned media were obtained by growing bacteria overnight as
described above. The optical density of each culture was determined spectro-
photometrically at 510 nm. The values obtained were normalized using the
optical density at 510 nm of strain CD5 as reference. Bacteria were pelleted, and
the conditioned medium was sterilized by passage through a 0.2-mm-pore-size
Millipore filter. Conditioned media were freshly prepared for each experiment.

Differential centrifugation was used to partially purify flagella from each strain
(28). Briefly, bacteria were grown on LB agar plates for 24 h at 37°C (Yersinia
strain JB580 was grown at 25°C). The cultures were then collected into 100 ml of
PBS and centrifuged for 15 min at 5,000 3 g and 4°C. The bacterial pellets were
resuspended in 100 ml of PBS for each 6 g of dry weight and blended in a Waring
blender for 5 min. The samples were then centrifuged at 16,000 3 g for 15 min
at 4°C to pellet whole cells, membranes, and other cell debris. The supernatants
were centrifuged at 40,000 3 g for 3 h at 4°C. The flagella thus obtained were
resuspended in PBS and stored at 4°C. The protein concentration of each sample
was determined spectrophotometrically by the method of Bradford (8) by using
a commercial protein assay solution (Bio-Rad, Hercules, Calif.).

TNFa induction in U38 cells and primary human monocytes. Just before
stimulation, 5 3 106 U38 cells were seeded into each well of a 24-well plate in 0.5
ml of complete RPMI medium. The flagella were then added at various concen-
trations (see figure legends). When phorbol 13-myristate acetate (PMA) was
used as a costimulant, it was added to a final concentration of 10 ng/ml at the
same time as the flagella. U38 cells were incubated at 37°C in 5% CO2 for 4 h.
Cells were then lysed in 0.5% Triton X-100 (TX-100). The lysates were briefly
vortexed and incubated on ice for 5 min. The samples were then centrifuged at
16,000 3 g for 5 min at 4°C, and the supernatants were stored at 220°C until they
were assayed for TNFa content. We had previously determined that, on average,
only 30% of the TNFa produced by U38 cells in response to Salmonella is
released into the medium. The majority of induced TNFa was cell associated.
Because TNFa is not stored intracellularly, the cell-associated TNFa is most
likely the membrane form of the protein, which is biologically active (26) and
converted into the soluble form by proteolysis (35). By adding TX-100 to the cell
suspension, we were able to assess the total amount of TNFa induced by each
stimulus. The synergism index (I) was calculated as follows: I 5 FP/(F 1 P),
where FP is the amount of TNFa (in picograms per milliliter) produced in
response to both flagella and PMA, F is the amount of TNFa (in picograms per
milliliter) produced in response to flagella alone, and P is the amount of TNFa
(in picograms per milliliter) produced in response to PMA alone.

Before stimulation, LPS-tolerized and nontolerized PBMC were washed three
times in serum-free RPMI medium to remove free LPS and any remaining

nonadherent cells. Conditioned media and flagella were diluted in serum-free
RPMI medium to the final concentrations indicated in each figure legend. In the
polymyxin B experiments, flagella or LPS (1.25 ng/ml) was incubated for 10 min
at room temperature in serum-free RPMI medium either in the presence or
absence of polymyxin B (10 mg/ml) before being added to the PBMC. Stimulated
and unstimulated PBMC were then incubated for 4 h at 37°C in 5% CO2 and
lysed as described for U38 cells. The concentration of U38 cells and PBMC in
each experiment was held constant at 107 cells/ml, although the number of cells
per sample varied slightly from experiment to experiment.

ELISA for TNFa. The total amount of TNFa in each sample (soluble and cell
associated) was determined with a commercial enzyme-linked immunosorbent
assay (ELISA) kit (Cistron, Pine Brook, N.J.). Aliquots (100 ml) of each TX-
100-treated cell lysate were used in the assay according to the manufacturer’s
protocol. The addition of 0.5% TX-100 to the samples and to the standards had
no effect on the sensitivity of the assay.

Generating an S. typhimurium mutant expressing only phase 2 flagellin (FljB).
Generalized transduction with bacteriophage P22 HT int was used to move the
Tn10::fliC mutation from the S. typhimurium mutant SJW86 to the wild-type
strain SL1344. P22 minilysates were prepared as described (27). To obtain P22
lysates from the donor strain SJW86, 0.5 ml of a saturated culture of SJW86 was
incubated with 2 ml of P22 minilysates until the bacteria lysed (8 h). The culture
was then transferred to 1.5-ml tubes and centrifuged at 23,000 3 g for 2 min to
pellet debris. The lysates were stored at 4°C in 1% (vol/vol) chloroform. For
transduction, 10 ml of SJW86 lysates was mixed with 100 ml of an overnight
culture of SL1344. The culture was grown for 10 min at 37°C without shaking,
and 0.9 ml of LB medium supplemented with 10 mM EGTA was added to stop
phage adsorption. The culture was incubated at 37°C for 15 min, and a 100-ml
sample was plated on L agar containing tetracycline (15 mg/ml).

IL-1b induction and immunoprecipitation. LPS-tolerized PBMC were washed
three times in methionine-free RPMI medium (ICN, Costa Mesa, Calif.) and
incubated for 1 h in methionine-free RPMI medium in the presence of flagella
as described above. [35S]methionine (ICN) was then added to each well to a final
concentration of 250 mCi/ml, and incubation was allowed to continue for an
additional 90 min. At this point, the medium was discarded and the PBMC were
lysed in 500 ml of immunoprecipitation buffer (IPB) (150 mM NaCl, 0.4%
Nonidet P-40 [NP-40], 50 mM Tris [pH 8.0], 10 mM EDTA) containing 0.1%
bovine serum albumin and 10 mg of anti-IL-1b antibody 3ZD per ml (Biological
Response Modifiers Program, National Cancer Institute, Frederick, Md.). The
samples were incubated overnight at 4°C with shaking. Protein G-agarose (20 ml)
(Life Technologies, Gaithersburg, Md.) equilibrated in IPB was added to each
sample, and the incubation was allowed to proceed for an additional 45 min at
4°C with shaking. The samples were washed once in IPB, once in wash buffer 2
(50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.1% NP-40, 1 mM EDTA, 0.25%
gelatin, 0.25% sodium azide, 0.1% sodium dodecyl sulfate [SDS]), and once in
wash buffer 3 (10 mM Tris-HCl [pH 7.5], 0.1% NP-40). The pellets were resus-
pended in 20 ml of 23 treatment buffer (125 mM Tris-HCl [pH 6.8], 4% SDS,
20% glycerol, 10% 2-mercaptoethanol, trace bromophenol blue), boiled for 90 s,
and diluted 1:2 with distilled H2O. Samples were electrophoresed in 12.5% SDS
polyacrylamide gels. Bands were visualized by autoradiography with a Kodak
BioMax TranScreen-LE intensifying screen (Eastman Kodak Co., Rochester,
N.Y.) and were quantified using an Ambis radioimager (Ambis Systems, San
Diego, Calif.).

RESULTS

Various bacterial flagella induce TNFa expression in U38
cells. In a previous study, we reported that Salmonella-condi-
tioned medium stimulates TNFa production in the U38
promonocytic cell line (10). In contrast, conditioned medium
from E. coli or Y. enterocolitica induced very low levels of
TNFa in these cells. The lack of strong TNFa-inducing activity
by E. coli- or Y. enterocolitica-conditioned media might simply
be due to differences in the amounts of flagella that are shed
into the culture medium. To bypass this possibility and directly
assess the ability of E. coli and Y. enterocolitica flagella to
induce TNFa production, flagella were isolated from these
strains, as well as from P. aeruginosa, and were tested for the
ability to stimulate TNFa expression in U38 cells. Although it
was not possible to determine the actual concentration of
flagellin each sample due to the presence of other flagellar
components, the design of these experiments controlled the
total amount of protein used as stimulus. It should be noted,
however, that approximately 20,000 flagellin monomers are
assembled in each filament, making this protein by far the most
abundant component of the flagellum. In addition to S. enter-
itidis CD5 and S. typhimurium SL1344 strains, flagella were

TABLE 1. Bacterial strains used in the study

Strain Parent (relevant genotype
or phenotype)

References or
source

S. enteritidis CDC5str CDC5 (streptomycin resistance) 36

S. typhimurium
SL1344 Wild type 20
SL1344H2 SL1344 (fliC::Tn10) This study
SJW1103 H1-i2 H2-I z 2straight vh21 44
SJW86 SJW1103 (fliC::Tn10) R. M. Macnab

P. aeruginosa PAO1 Wild type 19

E. coli E2348/69 Wild type 12

Y. enterocolitica JB580 8081v (yen IMR) 24

VOL. 67, 1999 FLAGELLAR INDUCTION OF CYTOKINE SYNTHESIS 5177



obtained from enteropathogenic E. coli E2348/69, from Y. en-
terocolitica JB580, and from P. aeruginosa PAO1. Multiple
titration experiments using CD5 and PAO1 flagella showed the
optimal concentration of flagella to be 1.6 mg/ml (data not
shown). All of the flagellum preparations were therefore tested
on U38 cells at this concentration. The total amount of cell-
associated and released TNFa produced was determined by
ELISA following a 4-h incubation (Fig. 1). As previously ob-
served with conditioned medium, Salmonella flagella induced
significantly higher levels of TNFa in U38 cells than flagella
from E. coli (E2348/69), Y. enterocolitica (JB580), or P. aerugi-
nosa (PAO1). Interestingly, we found that, although Salmo-
nella flagella were generally more potent inducers of TNFa
production than E. coli, Y. enterocolitica, or P. aeruginosa fla-
gella, S. enteritidis CD5 flagella consistently induced higher
levels of TNFa in U38 cells than flagella from S. typhimurium
SL1344.

TNFa induction by phase 1 and phase 2 flagella. Unlike S.
enteritidis strains, which possess only one form of flagellin (40),
FliC, S. typhimurium strains alternate between the expression
of two homologous forms of flagellin, FliC (also called phase 1
protein) and FljB (or phase 2 protein). Only one of the two
proteins is expressed at a given time. This phase-variable sys-
tem is controlled at the level of transcription by a site-specific
recombinase, Hin. Because the frequency of recombination is
relatively low (1023 to 1025 cells/generation) and there is no
known selection, S. typhimurium cultures presumably contain a
mixed population of organisms expressing both forms of flagel-
lin. We had previously observed that conditioned medium
from an E. coli strain expressing S. enteritidis FliC contained
more TNFa-inducing activity than conditioned medium from
the same strain expressing S. typhimurium FljB (9). If there
were an intrinsic difference in the abilities of FliC and FljB to

stimulate cytokine production (that is, if FljB were less efficient
in terms of TNFa stimulation than FliC), the presence of
FljB-containing flagella could explain the lower levels of
TNFa-inducing activity found in conditioned medium and fla-
gellum preparations from S. typhimurium as compared to prep-
arations from S. enteritidis. We explored this possibility by
testing the effect of flagella from S. typhimurium strains which
carry only one functional flagellin gene, either fliC or fljB. One
of these strains, SJW1103, expresses only the phase 1 protein
due to the deletion of the fljB gene (44). The other strain,
SL1344H2, was obtained by introducing a fliC::Tn10 mutation
(from SJW86) into the wild-type strain SL1344 using P22 HT
generalized transduction. Although fljB is functional in
SL1344H2, this strain can still switch to expression of the
now-inactivated fljC gene. As a consequence, SL1344H2 bac-
teria alternate between a flagellate (phase 2) and a nonflagel-
late state. The partially motile phenotype of SL1344H2 was
confirmed on soft agar (data not shown). To determine
whether there is an intrinsic difference in the abilities of FliC
and FljB to induce TNFa production, U38 cells were incubated
with flagella isolated from SJW1103 (FliC) or SL1344H2
(FljB) at various concentrations (Fig. 2). The results of these
experiments show that TNFa production in U38 cells is lower
in response to FljB-containing flagella than in response to
FliC-containing flagella. This observation is consistent with the
results obtained by using CD5 and SL1344 flagella, as well as
with previously published data demonstrating that conditioned
medium from E. coli expressing only S. enteritidis FliC induced
higher levels of TNFa production than conditioned medium
from E. coli expressing only S. typhimurium FljB (9). Taken
together, these results indicate that FliC is a more effective
stimulus for TNFa production in U38 cells than FljB.

FIG. 1. TNFa induction by flagellar preparations from S. enteritidis (CD5), S. typhimurium (SL1344), enteropathogenic E. coli (E2348/69), Y. enterocolitica (JB580),
and P. aeruginosa (PAO1). U38 cells (5 3 106) were incubated with each of the flagellum preparations at a final protein concentration of 1.6 mg/ml for 4 h.
TX-100-treated cell lysates were then assayed for TNFa by ELISA. The results shown are the means and standard deviations from three independent experiments.
Control values have been subtracted for each experiment. The amount of TNFa produced in response to the flagellum preparations from CD5 in each experiment was
set as 100% induction and used to normalize the amount of TNFa in the other samples. The TNFa values obtained in the CD5 samples were 582, 108, and 389 pg/ml.
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Effect of bacterial-conditioned medium and flagella on
TNFa expression in PBMC. We have previously shown that
conditioned medium and flagella from S. enteritidis CD5 stim-
ulate TNFa production in LPS-tolerant PBMC (9). To deter-
mine whether flagella from E. coli, Y. enterocolitica, and P.
aeruginosa can induce TNFa in PBMC, we tested conditioned
medium from each strain on LPS-tolerized PBMC at various
dilutions (Fig. 3). Blood monocytes, which are normally ex-

quisitely sensitive to activation by LPS, become nonresponsive
after prolonged exposure to LPS (18, 23). In order to differ-
entiate between the effects of flagella and contaminating LPS
on TNFa production, PBMC were LPS tolerized prior to test-
ing. U38 cells, which do not express the CD14 receptor, are
LPS tolerant and did not require any additional treatment
prior to stimulation with bacteria-derived preparations. S. en-
teritidis CD5-conditioned medium induced the highest levels of

FIG. 2. Effect of phase 1 and phase 2 flagellin on TNFa production in U38 cells. Flagella from SJW1103 (F) or SL1344H2 (ƒ) were used to stimulate U38 cells
at the indicated concentrations. The amount of TNFa in each sample was determined by ELISA. This experiment was repeated three times with similar results.

FIG. 3. Conditioned media from S. enteritidis CD5 (F), S. typhimurium SL1344 (ƒ), Y. enterocolitica JB580 (■), P. aeruginosa PAO1 ({), and enteropathogenic E.
coli E2348/69 (Œ) induce TNFa production in LPS-tolerized PBMC. Following overnight exposure to LPS (1 mg/ml), PBMC were stimulated with conditioned medium
from each strain at the dilutions indicated or with LPS (1 mg/ml). The amount of TNFa in each sample (cell associated and released) was measured by ELISA after
a 4-h incubation. The data are representative of three similar experiments. The horizontal line represents the amount of TNFa produced in response to LPS (1 mg/ml)
in the experiment shown.
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TNFa in PBMC. This effect was concentration dependent and
independent of LPS, since LPS itself induced a very low level
of TNFa production. P. aeruginosa- and S. typhimurium-con-
ditioned media were markedly less effective as TNFa inducers,
whereas E. coli- and Y. enterocolitica-conditioned media in-
duced little, if any, TNFa. Given these results, it is possible
that flagella from Salmonella, especially S. enteritidis, are sig-
nificantly more effective TNFa inducers than flagella from E.
coli, Y. enterocolitica, or P. aeruginosa. Alternatively, the lim-
ited cytokine induction by conditioned media from non-S. en-
teritidis strains may simply reflect differences in the extent of
flagella shed by each organism.

To test this second possibility, equal concentrations of fla-
gella from the various bacterial species were tested on LPS-
tolerant PBMC (Fig. 4). In contrast to U38 cells (Fig. 1) and
the PBMC response to conditioned medium (Fig. 3), the levels
of TNFa produced by PBMC were not significantly different in
response to flagella from Salmonella, E. coli, Y. enterocolitica,
or P. aeruginosa. The quantitative variability from experiment
to experiment most likely reflects differences in the sensitivity
of each individual blood donor to stimulation by the flagellum
preparations and also to the extent of LPS tolerization. In
general, however, E. coli, Y. enterocolitica, and P. aeruginosa
flagella induced levels of TNFa comparable to those induced
by S. enteritidis. Several conclusions can be drawn from these
results. First, the differences in TNFa-inducing activity ob-
served with conditioned media from Salmonella, E. coli, Y.
enterocolitica, and P. aeruginosa most likely reflect differences
in the amounts of flagella shed from different organisms. Sec-
ond, the fact that Salmonella flagella are not unique in their
ability to induce TNFa production in PBMC (as opposed to
the situation in U38 cells) suggests that PBMC and U38 cells
differ in their sensitivities to activation by gram-negative fla-
gella. Finally, we observed that in PBMC, as in U38 cells,

flagella from S. typhimurium SL1344 induced the production of
approximately half as much TNFa as S. enteritidis CD5 (Fig. 1
and 4). To determine whether the response of PBMC to CD5
and SL1344 flagella was due to a difference in sensitivity of
these cells to activation by FliC and FljB, we compared the
TNFa-inducing activity of SJW1103 and SL1344H2 flagella on
LPS-tolerized PBMC (Fig. 5). There was only a slight differ-
ence in the abilities of these two flagellum preparations to
induce TNFa production in PBMC. This result contrasts with
the data obtained in U38 cells (Fig. 2), as well as with our prior
observation that conditioned medium from E. coli expressing
S. typhimurium FljB was less effective as a TNFa inducer in
U38 cells than conditioned medium from E. coli expressing S.
enteritidis FliC (9).

Source of the TNFa-inducing activity in flagellum prepara-
tions. Our results demonstrate that, unlike U38 cells, LPS-
tolerant PBMC respond equally to flagellum preparations
from Salmonella, E. coli, Y. enterocolitica, and P. aeruginosa. To
rule out the possibility that the non-Salmonella flagellum prep-
arations contained a soluble component other than flagella
that may be responsible for TNFa induction, each preparation
was centrifuged at 100,000 3 g to sediment the flagella. The
level of TNFa-inducing activity in the sedimented flagella was
then compared to the activity of the nonfractionated prepara-
tions in cultures of LPS-tolerized PBMC (Fig. 6). The results
of these experiments demonstrate that all of the TNFa-induc-
ing activity in flagellum preparations from Salmonella, E. coli,
Y. enterocolitica, and P. aeruginosa is found in the fractions
pelleted at 100,000 3 g. Surprisingly, the centrifuged samples
showed increased levels of activity relative to the original prep-
arations, possibly because of the presence of an inhibitor in the
uncentrifuged preparations. Taken together, these data sup-
port the conclusion that the flagella from Salmonella, E. coli, Y.

FIG. 4. Flagella from CD5, SL1344, JB580, PAO1, and E2348/69 up regulate TNFa expression in human blood monocytes. LPS-tolerized PBMC were incubated
for 4 h in the presence of each flagellum preparation at a final protein concentration of 1.6 mg/ml. As described in Fig. 1, the amount of TNFa in each sample was
measured by ELISA and then normalized against the value for the CD5 flagellum-treated cells. The means and standard deviations from five independent experiments
are shown.
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enterocolitica, and P. aeruginosa are responsible for TNFa in-
duction in U38 cells and PBMC.

Flagella from Salmonella, E. coli, Y. enterocolitica, and P.
aeruginosa induce IL-1b in PBMC. In addition to TNFa, com-
ponents of the cell wall of Salmonella such as LPS and porins
trigger the release of another potent cytokine, IL-1, from hu-
man monocytes (15). In view of the shared role of TNFa and
IL-1b in host defense and inflammation, we determined

whether flagella are able to stimulate IL-1b production. Since
the process of tolerizing PBMC (overnight exposure to 1 mg of
LPS per ml) induces high levels of IL-1b, immunoprecipita-
tion, rather than an ELISA, was used to measure IL-1b pro-
duction in flagellum-treated cells. By labeling newly synthe-
sized protein with 35S, IL-1b produced in response to the
flagella could be distinguished from that produced in response
to the LPS used to tolerize cells. LPS-tolerant PBMC were

FIG. 5. Induction of TNFa production in LPS-tolerized PBMC by FliC- and FljB-containing flagella. LPS-tolerized PBMC were incubated with flagella from
SJW1103 (FliC) (F) or SL1344H2 (FljB) (ƒ) at the indicated concentrations for 4 h. The amount of TNFa in each sample was determined by ELISA. The graph shown
is representative of three independent experiments.

FIG. 6. Association of the TNFa-inducing activity in flagellum preparations from Salmonella, E. coli, Yersinia, and Pseudomonas with intact flagella. Active flagellum
preparations from each bacterial strain were centrifuged at 100,000 3 g for 30 min. The pelleted fractions were resuspended in PBS and used to stimulate LPS-tolerized
PBMC at a final protein concentration of 1.6 mg/ml (hatched bars). The original preparations (open bars) were also tested at the same concentration (1.6 mg/ml). The
level of TNFa in each sample was measured by ELISA.
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incubated with or without flagella from Salmonella, E. coli, Y.
enterocolitica, and P. aeruginosa for 1 h, then [35S]methionine
was added and the incubation was allowed to proceed for an
additional 1.5 to 3 h (Fig. 7). Because using different blood
donors results in a certain degree of variability, the data for
each experiment were normalized with the levels of IL-1b
induced by CD5 flagella. The results obtained closely resemble
those for TNFa induction in PBMC (Fig. 4); flagella from each
of the five strains tested induced IL-1b production in LPS-
tolerant PBMC (Fig. 7). Even accounting for some variability
between experiments, flagella from Y. enterocolitica and E. coli
were, on average, stronger cytokine inducers than flagella from
P. aeruginosa. The effect of flagella is, therefore, not limited to
TNFa up regulation but includes at least one other important
proinflammatory cytokine, IL-1b. Previous reports showed
that IL-8 is induced in epithelial cells, monocytes, and neutro-
phils by various E. coli and P. aeruginosa strains (1, 11, 25).
Using reverse transcription-PCR, we were unable to detect an
increase in IL-8 or -12 mRNA levels in response to Salmonella,
E. coli, Y. enterocolitica, or P. aeruginosa flagella in either U38
cells or PBMC (data not shown).

Effect of costimulation on flagellum-induced TNFa produc-
tion in U38 cells. The differential responsiveness of U38 cells
and PBMC to FliC- versus FljB-containing flagella (Fig. 2 and
5) and to flagella from non-Salmonella species (Fig. 1 and 4)
may be due to differences in the activation state or state of
differentiation of these cells, or to differences in the ability of
U38 cells and PBMC to recognize and bind flagellin. Given
these possibilities, we explored whether U38 cells might be
converted (i.e., primed) to a heightened state of flagellum
responsiveness by a costimulant such as PMA. PMA is a pro-
tein kinase C agonist and a strong TNFa inducer in monocytes
and macrophages, including U38 cells. In addition, PMA treat-
ment promotes terminal differentiation of U937 cells, the par-
ent line from which U38 cells were obtained (3, 7, 34, 42).

Therefore, we reasoned that exposure to PMA would cause
U38 cells to become more monocyte-macrophage-like, and
consequently increase their sensitivity to flagellin. Preliminary
titration experiments showed that induction of TNFa expres-
sion by PMA was concentration dependent, with approxi-
mately 20 to 30% of maximal TNFa levels being produced at
a PMA concentration of 10 ng/ml (data not shown). U38 cells
were incubated with flagella from S. enteritidis, S. typhimurium,
E. coli, Y. enterocolitica, and P. aeruginosa in the presence or
absence of 10 ng of PMA per ml. For each bacterial strain, the
effect of PMA costimulation was determined using a synergism
index (see Materials and Methods). The value of I is defined as
the ratio of TNFa produced when the two stimuli (flagella and
PMA) are used together to the sum of the amounts of TNFa
produced when each stimulus is used independently. There-
fore, a value of 1 for I indicates no synergism between flagella
and PMA, whereas values of I above 1 suggest a synergistic
effect of these two stimuli. As shown in Fig. 8, the levels of
TNFa induced in U38 cells by the combination of flagella and
PMA are two- to fivefold greater than would be predicted if the
two stimuli were acting independently of each other. The syn-
ergism between PMA and flagella was strong when E. coli, Y.
enterocolitica, and P. aeruginosa flagella were used. However,
the level of TNFa production in the presence of PMA and any
of the non-Salmonella flagella was less than that achieved with
PMA and S. enteritidis or S. typhimurium flagella. Nonetheless,
these results clearly demonstrate that U38 cells, like PBMC,
possess the intrinsic potential to respond to flagella from a
spectrum of gram-negative organisms. When the state of cel-
lular differentiation of U38 cells is changed (i.e., the cells are
primed) by PMA, the effect of flagella on TNFa expression is
greatly enhanced. Similarly, it is possible that TNFa produc-
tion in response to flagella from E. coli, Y. enterocolitica, and P.
aeruginosa is higher in PBMC than in U38 cells because LPS

FIG. 7. Flagella from gram-negative bacteria induce IL-1b synthesis in LPS-tolerized PBMC. PBMC were incubated with 1.6 mg of each flagella per ml for 1 h in
methionine-free RPMI medium. [35S]methionine (250 mCi/ml) was added, and the samples were incubated for an additional 1.5 to 3 h. The amount of cell-associated
IL-1b in each sample was determined by immunoprecipitation with an anti-IL-1b monoclonal antibody as described in Materials and Methods. This figure summarizes
the results obtained in four separate immunoprecipitation experiments.
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tolerization, or residual LPS in the flagellum preparations, acts
like PMA to prime cells to respond to flagella.

Effect of polymyxin B on the ability of gram-negative flagella
to induce TNFa production in nontolerized PBMC. To explore
the possibility that exposure to LPS either during the toleriza-
tion process or during the 4-h stimulation period may contrib-
ute to PBMC activation by non-Salmonella flagella, nontoler-
ized PBMC were incubated with flagella treated with
polymyxin B. Polymyxin B binds to lipid A with high affinity

and inhibits the biological activity of LPS (29). Flagella from
Salmonella, E. coli, Y. enterocolitica, and P. aeruginosa were
treated with polymyxin B and then used to stimulate nontoler-
ized PBMC (Fig. 9). Polymyxin B treatment completely abol-
ished the stimulatory effect of added LPS. However, the drug
had no effect on the TNFa-inducing activity of Salmonella or Y.
enterocolitica flagella, confirming that flagellin, and not con-
taminating LPS, is responsible for the biological activity found
in these flagellum preparations. Furthermore, neutralization of

FIG. 8. Flagella and PMA act synergistically to stimulate TNFa expression in U38 cells. U38 cells (5 3 106) were incubated in PMA alone (10 ng/ml) (indicated
by the horizontal line), flagella alone (1.6 mg/ml) (open bars), or PMA and flagella together (10 ng/ml and 1.6 mg/ml, respectively) (hatched bars) for 4 h. The synergism
index, which is indicated for each strain, was calculated as the ratio of the amount of TNFa produced in response to both stimuli and the sum of the levels of TNFa
in the samples independently incubated with each stimulus. This experiment was repeated three times with similar results.

FIG. 9. Effect of polymyxin B on the ability of flagella to induce TNFa expression in nontolerized PBMC. Flagella from each bacterial strain was incubated in the
presence or absence of 10 mg of polymyxin B per ml at room temperature for 10 min and then used to stimulate nontolerized PBMC. Polymyxin B-treated and untreated
LPS (1.25 ng/ml) was used as a control for polymyxin B activity. Following a 4-h incubation of the cells in the presence or absence of stimulation, the amount of TNFa
produced was measured by ELISA. The means and standard deviations from three independent experiments are shown.
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LPS by polymyxin B did cause a small but significant decrease
(approximately 30%) in TNFa induction by P. aeruginosa and
an intermediate (approximately 12%) decrease in activity in
response to E. coli flagella. Taken together, these results sug-
gest that priming is not required for the stimulatory effect of
non-Salmonella-derived flagella on PBMC cytokine produc-
tion. Although LPS contamination is not responsible for TNFa
production in response to Salmonella or Y. enterocolitica fla-
gella, very low levels of LPS in E. coli and P. aeruginosa fla-
gellum preparations may be required for optimal TNFa induc-
tion.

DISCUSSION

As with many organisms, the pathogenic potential of salmo-
nellae is determined to a large extent by their effect on the
release of inflammatory mediators by host cells. In experimen-
tal models of Salmonella infection, for example, low levels of
TNFa are protective (5, 32, 37), whereas increased production
of this cytokine by macrophages is associated with damage to
the epithelial layer of the small intestine (2, 6, 38, 39). Simi-
larly, the pathophysiology of septic shock is primarily due to
TNFa, IL-1, and IL-6 that are released into the bloodstream in
response to circulating LPS (16, 30, 31). Host cell activation
and TNFa expression are therefore essential aspects of Sal-
monella infection. In addition to LPS, a very potent TNFa
inducer both in vivo and in vitro (17), outer membrane porins
from Salmonella increase TNFa synthesis in human blood
monocytes (15). As we (9) and others (43) have shown, Sal-
monella flagella also causes TNFa and IL-1b production in
monocytes. This effect of flagella on cytokine synthesis is in-
dependent of LPS, since U38 cells are insensitive to LPS stim-
ulation (they lack the CD14 receptor), and LPS-tolerized
PBMC retain their responsiveness to flagella, even when the
flagella are treated with polymyxin B. Although Salmonella
flagella are equally effective on U38 cells and primary human
monocytes, E. coli, Y. enterocolitica, and P. aeruginosa showed
remarkable differences in their abilities to induce TNFa in U38
cells and PBMC. Flagella from E. coli, Y. enterocolitica, and P.
aeruginosa were minimally effective as TNFa-inducers in U38
cells but were as effective as Salmonella in cultures of PBMC.
Taken together, these results show a fundamental difference in
the way U38 cells and PBMC respond to non-Salmonella fla-
gella. Genetic evidence from a previous study (9) demon-
strated that flagellin is responsible for the induction of cyto-
kine synthesis in PBMC. In lieu of genetic evidence, the results
of the ultracentrifugation experiments support the assumption
that the TNFa-inducing activity in E. coli, Y. enterocolitica, and
P. aeruginosa flagella preparations is due to flagella (as is the
case for Salmonella) and not due to a soluble contaminant.

To reconcile the discrepancy between the responses of U38
cells and PBMC to E. coli, Y. enterocolitica, and P. aeruginosa
flagella, we hypothesized that LPS contamination of the fla-
gellum preparations may prime PBMC to respond more
strongly to E. coli and P. aeruginosa flagella. Consistent with
this hypothesis, we observed that when U38 cells were costimu-
lated with PMA, their response to E. coli, Y. enterocolitica, and
P. aeruginosa flagella was greatly enhanced. Although these
results demonstrate a synergism between flagella and PMA,
the extent of the synergistic effect of flagella and LPS does not
fully account for the differences between Salmonella and the
other gram-negative bacteria in terms of the induction of cy-
tokine synthesis. Particularly evident is the fact that LPS neu-
tralization by polymyxin B had no effect on the TNFa-inducing
activity of Y. enterocolitica flagella, suggesting that LPS did not
contribute to this activity with PBMC. However, when tested

on U38 cells, Y. enterocolitica flagella did not induce significant
levels of TNFa. Therefore, priming may play a role in TNFa
stimulation by P. aeruginosa and perhaps, to a lesser extent, E.
coli, but it does not appear to be a factor in activation by
Salmonella or Y. enterocolitica. A second possible explanation
for the different responses of U38 cells and PBMC is that
PBMC may be intrinsically more sensitive than U38 cells to the
effects of flagella, including non-Salmonella flagella. Several
factors may increase the sensitivity of PBMC. Some of these
are apparently linked to the differentiation state of the cells,
since PMA treatment of U38 cells heightens the response of
these cells to non-Salmonella flagella. It is possible that PBMC
express higher levels of a putative surface receptor for flagellin
or a form of receptor that has higher affinity for flagellin. In
addition, coupling of this receptor to cellular second messen-
gers may be more efficient in PBMC than in U38 cells.

The observation that flagella can stimulate TNFa and IL-1b
production in both LPS-tolerant and nontolerant PBMC indi-
cates that monocyte activation by bacterial components other
than LPS may contribute to the development of inflammatory
responses during gram-negative infections. Similar to the in
vitro situation, blood monocytes, which are highly sensitive to
LPS stimulation, become refractory to further activation in
septic patients. This often results in the inability to mount an
effective immune response to a secondary infection (41). Like-
wise, there is evidence that macrophages of the lamina propria,
which are constantly exposed to the LPS shed by the normal
intestinal flora, are tolerant to LPS in vivo (21). The ability of
macrophages to become LPS tolerant is a protective mecha-
nism to prevent the host from developing a chronic state of
inflammation. Although these macrophages are no longer re-
sponsive to LPS stimulation, our results suggest that the ability
to respond to flagella is not compromised. Secondary stimuli
such as flagella may reverse the nonresponsive state induced by
LPS and trigger cytokine production in these cells. On the
other hand, the presence of flagella during LPS stimulation of
monocytes (as occurs in the blood of patients infected with a
gram-negative organism), may enhance the cytokine response
and possibly lead to more severe symptoms in these individu-
als. Ultimately, new therapies may seek to neutralize the ef-
fects of flagellin on monocyte and macrophage activation dur-
ing sepsis.
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