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Abstract

Bacterial flagellin is recognized by Toll-like receptor (TLR5) and activates NF-kB which leads to
the induction of proinflammatory gene expression. Salmonella expresses two flagellin proteins, FIiC
and FIjB. We purified FIiC and FIjB and examined the ability of the Salmonella flagellins to activate
the NF-kB transcription factor in human embryonic kidney cells. We found that FIiC and FIjB as
purified proteins possessed a comparable specific activity for activation of NF-xB-dependent gene
expression in HEK293 cells. We also determined the ability of UV-inactivated bacteria, both wild-
type and fliC and fljB mutant strains, to activate NF-xB. Wild-type fliC*/fljB* Salmonella and the
fliC*/fljB~ mutant strain were robust activators, whereas the fliC/fljB* and flhC™ mutant strains were
very poor activators. The NF-«kB activation capacity of bacterial strains correlated with their flagellin
expression level. Finally, Salmonella cell wall-associated polymeric flagellin displayed greatly
reduced ability to activate NF-kB compared to purified monomeric flagellin.
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INTRODUCTION

Salmonella enterica infections have the potential to cause diseases ranging from gastric
enterocolitis to typhoid fever culminating in septic shock and death [1]. Bacterial flagellin is
a virulence factor of S. enterica. Strains of Salmonella deficient in flagellin can exhibit defects
in colonization and tissue invasion, as well as invasion of macrophages and epithelial cells in
vitro [2,3].

The host immune response against Salmonella includes innate immunity triggered by Toll-like
receptor (TLR) 5 and ICE-protease-activating factor (Ipaf) recognition of flagellin [4-12].
TLRS5 is one member of the TLR family of transmembrane receptors that recognize a broad
variety of ligands termed pathogen associated molecular patterns (PAMPS) [13]. Recognition
of Salmonella flagellin by TLR5, which is broadly expressed in many cell types including
epithelial cells, results in the induction of proinflammatory cytokines and chemokines [14—
17]. Cytosolic flagellin requires Ipaf for activation of caspase-1 and IL-1f secretion in
Salmonella infected macrophages [11,12].
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Flagellin is the major protein component of bacterial flagellar filaments. Salmonella expresses
two genetically distinct flagellin proteins, FliC (flagellin phase type 1/H1) and FIjB (flagellin
phase type 2/H2). Only one of the two flagellin types is produced at any given time, by virtue
of a complex system of phase variation achieved by alternative orientation of the fljB promoter
region and the production of a repressor of the fliC gene promoter [18]. The ability of the
Salmonella FIiC flagellin to activate the innate immune system via TLR5 is well established
[19,20]. Salmonella flagellin-dependent proinflammatory responses are mediated largely by
the conserved amino and carboxyl terminal regions of the flagellar proteins [17]. Assembly of
the monomer flagellin protein into a larger flagellar polymer mediates formation of the
functional Salmonella flagellum. However, the assembly process results in an apparent
functional shielding of the TLR5 recognition sequences, thereby decreasing recognition by
TLR5 [14,17,21]. Although bacterial flagellin interaction with TLR5 is an important strategy
of pathogen recognition by the host immune system, examples occur whereby changes in the
flagellin sequence circumvent recognition by TLR5 but still retain bacterial motor activity
[22,23].

Here we show that purified FIiC and FIjB monomer proteins possess comparable ability to
activate NF-kB-dependent gene expression in cultured HEK293 epithelial cells. However, the
innate immune response mediated through TLR5 in response to infection with inactivated
Salmonella strains deficient in either one or the other of the flagellin proteins, FIiC or FIjB, is
vastly different. Greatly reduced levels of FIjB protein expression in the absence of FliC
accounts in part for the observed differences in NF-xB activation capacity seen between
flic™/fljB* and fliC*/fljB strains.

MATERIALS and METHODS

Bacterial strains

The Salmonella enterica serovar Typhimurium strains used in this study were generously
provided by M. Mahan (University of California, Santa Barbara). They included the wild-type
strain ATCC 14028 (fliC*/fljB*) [9] and mutant strains fliC*/fljB~, fliC/fljB*, and flnC™~
[24]. Briefly, the fInC~, fliC*/fljB~ and fliC™/fljB* mutants were constructed by P22 phage
transduction using TH3928 (flnC5456::MudJ-kanR), TH714 (fljB5001::MudJ-kanR) and
TH1077 (fliC5050::MudJ-kanR) [25] respectively as the donor strain into the virulent recipient
strain S. typhimurium ATCC 14028, followed by selection on Luria-Bertani (LB) media
containing kanamycin (50 pg/ml) [24]. Bacterial inoculum for infection of animal cultures
were grown overnight in LB broth at 37°C.

Mammalian cells

Human epithelial kidney cells stably expressing the firefly luciferase reporter under control of
an NF-kB-dependent promoter (HEK293-Luc) [26], generously provided by S. Ghosh (Yale
University), were maintained in DMEM (Invitrogen) supplemented with 10% (v/v) fetal bovine
serum and 1 mM sodium pyruvate. Growth was at 37°C in a 5% CO5, atmosphere; monolayers
of cells in 24-well plates were used for NF-xB activation analyses.

Infection of HEK293-Luc cells and luciferase assays

Monolayers of HEK293-Luc cells were treated for 4 h with either purified flagellin protein or
UV-inactivated bacteria [10] as indicated. UV-killing of Salmonella was verified by loss of
viability on LB plates. Extracts were prepared and luciferase activity was measured according
to the manufacturer’s protocol (Promega) using a GEM Biomedical OPTOCOMP |
luminometer. Protein measurements were determined by the Bradford method (BioRad).
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Western immunoblot analysis

Proteins were fractionated by SDS-polyacrylamide gel electrophoresis (10% acrylamide) gels,
transferred to nitrocellulose membranes, and probed with an anti-flagellin 15D8 monoclonal
antibody (Bioveris #15D8) at a dilution of 1:500. Detection was with a secondary sheep anti-
mouse antibody conjugated to horseradish peroxidase (Amersham). Visualization of antibody-
antigen complex formation was accomplished with the Pierce reagent (Pierce), followed by
imaging on a Versadoc 3000 imager (BioRad).

Isolation of Salmonella flagellin

Salmonella typhimurium flagellin proteins 1 (FIiC) and 2 (FIjB) were purified as monomeric
flagellin from the Salmonella mutant strains fliC*/fljB~ (flagellin 1) and fliC/fljB* (flagellin
2), respectively, as described [17]. Analysis of the purified flagellin proteins was performed
by SDS-polyacrylamide gel electrophoresis fractionation and staining with Coomasie brilliant
blue. The amount of flagellin was quantified using bovine serum albumin as the reference
protein; quantification was performed with a BioRad VersaDoc imaging system and the
Quantity One software program.

RESULTS and DISCUSSION

Salmonella flagellin acting through the TLRS5 receptor has been established to mediate
activation of transcription factor NF-«xB [4,7,26,27]. The robustness of the proinflammatory
cellular program initiated by bacterial flagellin proteins varies; flagellins from different
bacteria differentially activate the TLR5-dependent signaling cascade [22,23]. The FIiC and
FIjB Salmonella flagellin proteins display 78% sequence identity at the deduced amino acid
level (Fig. 1A). Among the differences are variances that occur within the evolutionarily
conserved N- and C-terminal regions. Therefore, we tested whether the two flagellin subtypes
of Salmonella typhimurium (type 1, FIiC; type 2, FIjB) differed in their ability to activate the
TLR5-dependent innate immune response.

Activation of NF-kB-dependent gene expression by wild-type compared to flagellin-deficient
Salmonella bacterial mutants

To assess the activation of the innate immune response by Salmonella flagellin mediated
through TLRS5, we utilized a HEK293 cell line that stably expresses an NF-xB dependant firefly
luciferase reporter (HEK293-Luc). HEK293 cells are known to express the TLR5 protein and
respond robustly to flagellin treatment [4]. By contrast, these cells lack a competent
lipopolysaccharide (LPS) TLR4-mediated response [10,26]. 293 cells also do not express IPAF
[28], a pattern recognition receptor expressed in macrophages that recognizes cytosolic
flagellin [11,12]. Engagement of the TLRS5 receptor by flagellin results in the recruitment of
the M'YD@88 protein adaptor and subsequent activation of the NF-xB transcription factor [13].

HEK?293-Luc cells were infected with UV-killed bacteria, either wild-type (WT) or mutant
Salmonella strains deficient in either one or both flagellin proteins (Fig. 1B). UV-killed non-
viable bacteria were used to minimize potential differences that might occur with live viable
bacteria if the efficiency of infection or virulence differed between strains in cell culture.
Infection with WT (fliC*/fljB*) Salmonella resulted in the activation of NF-«xB reporter activity
that was dependent upon the multiplicity of infection (m.o.i.). By contrast, infection with the
non-flagellated flnC™ strain lacking the global regulator of flagellin production gene, and hence
both the FIiC and FIjB proteins, was unable to detectably activate NF-xB. Surprisingly,
infection with the fliC™/fljB* mutant also failed to significantly activate NF-xB, whereas the
fliC*/fljB~ mutant was able to achieve levels of NF-kB-dependent gene activation approaching
those of WT Salmonella (Fig. 1B). Finally, as an added control, treatment of HEK293-Luc
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cells with purified Salmonella LPS did not mediate activation of the NF-xB dependant firefly
luciferase reporter (data not shown).

Activation of NF-kB-dependent gene expression by purified FIjB and FIiC Salmonellaflagellin

proteins

One possible explanation for the finding of differential activation of NF-xB by the mutant
Salmonella strains fliC~/fljB* and fliC*/fljB~ is that the two flagellin proteins, FIiC (type 1)
and FIjB (type 2), differ quantitatively in their ability to activate TLR5 on HEK cells. To test
this possibility, flagellin FIiC was purified from the fliC*/fljB~ mutant strain deficient in FIjB
protein. The FIjB flagellin was purified from the fliC~/fljB* strain (Fig. 2A). Finally, the
flagellins were also purified from the WT strain fliC*/fljB* that expresses both flagellin
proteins. The electrophoretic mobility of the FIiC and FIjB proteins differs slightly from each
other as previously described (Fig. 2A). Under the conditions that we used for growth of WT
Salmonella in LB broth, the major flagellin type present in the flagellin preparation purified
from WT was FIjB (Fig. 2A).

Flagellin-dependent NF-«B activation was determined by treatment of HEK293-Luc cells with
increasing amounts of purified monomeric flagellin protein (Fig. 2B). Surprisingly, FIjB and
FliC proteins showed a comparable ability to mediate the activation of the NF-xB dependant
reporter. The dose-response curves for the two Salmonella flagellin protein monomers were
comparable in the HEK293-Luc cell assay system (Fig. 2B). In three independent experiments,
the difference in NF-xB dependent luciferase reporter activity observed between the FIjB and
FIliC proteins at 20 ng/ml was less than 20%.

Flagellin protein expression levels by wild-type and mutant Salmonella strains

Because the two purified Salmonella flagellins displayed a similar capacity to activate NF-xB
in our reporter system, we considered the possibilities that the differential NF-kB activation
observed following infection of HEK293 cells with fljB™ and fliC™ mutant strains might result
from either a reduced effective specific activity of the natural FIjB and FliC flagellin proteins
when expressed by Salmonella and assembled into flagellar filaments, or alternatively because
of a different expression level of the two flagellins. Using purified Salmonella flagellins to
establish a standard curve for a western immunoblot assay, the relative abundance of the two
flagellin proteins was determined immunochemically for WT Salmonella and for the mutant
strains, fliC/fljB* and fliC*/fljB~. The monoclonal antibody utilized for flagellin detection
recognized both the FIiC protein and the FIjB protein with comparable avidity as shown in
Figure 3A. Strikingly, while the level of total flagellin expressed by the fliC*/fljB~ mutant
Salmonella strain was similar to the amount expressed by the fliC*/fljB~ WT strain, the
fliC™/fljB* mutant expressed a substantially lower level of flagellin when cultured in LB broth
(Fig. 3B). Thus, the differences seen between the fliC™/fljB* and the fliC*/fljB~ strains
following infection of HEK293-Luc cells (Fig. 1B) can be explained by the significant
difference in flagellin expression level between the two mutant strains (Fig. 3B). Interestingly,
for the WT strain, the major flagellin subtype expressed was FIjB (Fig. 3B).

From the standard curves for NF-«xB activation established following treatment of HEK293-
Luc cells with increasing amounts of purified monomeric flagellin (Fig. 2B) and from the
standard flagellin quantitation by immunoblot analysis (Fig. 3A), we were able to estimate a
value for NF-«B activation expected following HEK293-Luc infection with Salmonella. As
summarized in Table I, about 5- to 8-fold less NF-kB activation was observed from that
theoretically expected following infection based on the amount of flagellin present. This result
suggests that the purified natural monomeric flagellin more efficiently activates the signal
transduction cascade than the Salmonella cell wall-associated flagellin that is assembled into
flagellar filament structures. Our findings are consistent with the conclusion that the TLR5
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recognition motif encoded within the N- and C-terminal portions of the flagellin protein is
masked following assembly of the flagellin subunits into the flagellar macromolecular filament
complex [17]. Consequently, monomeric flagellin exhibits a greatly increased interaction with
the TLR5 receptor and subsequent activation of downstream signaling relative to flagellin
incorporated into flagellar filaments .

Considerable knowledge has been gained regarding the ability of bacterial flagellin to activate
the host immune response, both by signaling through TLR5 and Ipaf and through the generation
of adaptive immunity [7,8,11,12,17,29]. Herein we establish that the two flagellin proteins,
FliC and FIjB, purified from Salmonella possess a similar ability to activate the
proinflammatory transcription factor NF-xB. Analysis of Salmonella mutant strains deficient
in one or the other or both flagellin proteins revealed that the ability to trigger NF-xB-dependant
reporter expression in infected epithelial cells was dependent upon the expression level, but
not the type, of Salmonella flagellin protein.

The possible evolutionary advantage gained by members of the Salmonella genus through
expression of two separate flagellin proteins in the context of innate immunity is not completely
clear. It has been hypothesized that switching of the flagellin subtypes provides protection in
vivo from the host adaptive response [30]. Recent findings have shown that CD4+ T cells are
able to recognize both flagellin types, although with a bias toward FliC, and furthermore that
Salmonella locked in expression of FIjB are attenuated in vivo [5,30]. We show here that in
culture, FIjB is the primary flagellin type expressed by wild-type Salmonella grown in LB. By
contrast, following oral infection of mice with a mixed population of Salmonella, the
overwhelming majority of recovered bacteria expressed FIliC [30]. The significance of the
differential expression of FIiC in the mouse is not obvious in the context of TLR5 signaling,
as both flagellins were able to stimulate NF-xB activation with similar specific activity as
shown herein. Conceivably the FIjB and FliC flagellins may differ in their ability to signal via
the cytosolic Ipaf sensor in infected macrophages [11,12].

Our results are consistent with the earlier report that Salmonella FIiC and FIjB proteins
comparably induced TNF-a production in monocytes and THP-1 cells [31]. Curiously, for
TNF-a induction, the central hypervariable region of Salmonella flagellin was reported to be
essential [31]. By contrast, recombinant FIiC with the T416A substitution to encode an alanine
at position 416, as found in FIjB within the conserved C-terminal region (Fig. 1), significantly
reduced recognition of mutant FIiC by TLR5 [17]. These two studies [17,31] that quantified
gene expression as a function of flagellin concentration utilized Salmonella flagellins expressed
as recombinant proteins in E. coli, whereas we purified flagellin directly from Salmonella
bacteria. Possibly, post translational modifications such as lysine methylation or glycosylation
may differ between bacterial flagellins produced by Salmonella compared to a heterologous
host in a manner that affects signaling pathways leading to NF-kB activation and induction of
proinflammatory gene expression.

Interestingly, disruption of the ability to produce the FIiC protein in the fliC~/fljB*
Salmonella strain reduced expression of FIjB protein, but the converse was not seen with the
fliC*/fljB~ strain. It has been reported that following apical infection of human intestinal
epithelial cells in vitro, the appearance of basolateral flagellin precedes that of intact
Salmonella bacterium, thus priming the host innate immune response characterized by the
production of proinflammatory chemokines [4]. Furthermore, bacterial recognition of host
lysophospholipids triggers secretion of monomeric flagellin protein [32] and cytosolic flagellin
can activate caspase-1 and secretion of IL-1f [11,12]. Modulation of both the protein level and
polymerization state of secreted bacterial flagellin, and flagellin phase type, has the potential
both to initiate the production of proinflammatory chemokines leading to influx of hostimmune
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IIs susceptible to Salmonella invasion, and conversely to limit the amplitude of the cytokine

storm by shielding of the key recognition sequence within the polymerized flagellar structure.
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Figure 1. Mutant strains of Salmonella deficient in expression of FIiC andFIjB flagellin proteins
differentially activate NF-kB in HEK293 cells

A. The Salmonella typhimurium FliC and FIjB proteins were aligned using the SIM alignment
software (http://www.expasy.ch/tools/sim-prot.html). Nonconserved residues are denoted
with a shaded box. The TLR5 recognition site [17] is indicated by the dashed line. B. Human
HEK?293 cells stably transformed with a firefly luciferase reporter gene under control of the
NF-«B promoter were infected in triplicate with wild-type Salmonella typhimurium (fliC*/
fliB*), a FIiC (flagellin 1) deficient strain (fliC~/fljB*), a FIjB (flagellin 2) deficient strain
(fliC*/fIjB™), or the flhC™ strain deficient in the global regulator of flagellin production.
HEK?293 cells were harvested at 4 h after infection and luciferase activity (RLU) determined.
Luciferase activity from infected cells is expressed relative to that obtained from uninfected
cells.
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Figure 2. Individual flagellin 1 (FIiC) and 2 (FIjB) proteins purified from Salmonella comparably
activate NF-kB in treated HEK293 cells

Flagellin 1 (FIiC) and 2 (FIjB) proteins were purified from Salmonella mutant strains
expressing either the FIiC protein (fljB™) or the FIjB protein (fliC™), and from wild-type bacteria
expressing both FIiC and FIjB. A. Varying amounts (ug) of purified flagellin protein
preparations were fractionated by SDS polyacrylamide gel electrophoresis and stained with
Coomasie brilliant blue. Lanes 1-3, FIiC; lanes 4-6, FIjB; lanes 7-9, flagellins FIiC and FIjB
purified from wild-type Salmonella; and lane S, a 50-kDa protein size standard. B. HEK293
cells stably transformed with a firefly luciferase reporter gene under control of an NF-xB
dependent promoter were treated in duplicate with increasing concentrations of purified
monomeric FIiC (<) or FIjB (m) flagellin protein. The HEK293 cells were harvested at 4h
after flagellin treatment and luciferase activity (RLU) determined. Luciferase activity was
normalized to HEK?293 extract protein.
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Figure 3. Determination of flagellin FIiC and FIjB protein expression levels in mutant Salmonella
strains

A. Flagellin detection standard. Varying amounts (ng) of purified FliC (lanes 1-3) and FIjB
(lanes 4-6) flagellin proteins were fractionated by SDS polyacrylamide gel electrophoresis and
visualized by western immunoblot analysis with monoclonal antibody 15D8. B. Cultures of
mutant Salmonella strains fliC*/fljB~ (lanes 1-3) and fliC™/fljB* (lanes 4-6) and fliC*/fljB*
wild-type Salmonella (lanes 7,8) were grown overnight in Luria broth and the bacteria (10°
cfu) analyzed for flagellin expression by western immunoblot analysis with antibody 15D8.
Upper and lower denote lighter and darker exposures, respectively, of the same blot.
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Table |
Salmonella Strain Dependent Expression of Flagellin and NF-xB Activation

NF-kB Activation (infected/uninfected)

Strain Flagellin Observed Theoreticall
fljB/flic* 15.5 22 174
fljB*/fliC” 0.11 1 1
fliB*lict 26.1 37 237

Theoretical induction activity was calculated from the amount (ng) of flagellin protein detected in the inoculum bacteria (7.5 x 106 CPU) compared to
the activity observed following treatment of HEK293-Luc cells with varying amounts of purified monomeric flagellin.
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