
Introduction
The clinical manifestations of human Salmonellosis result
largely from the innate immune response elicited by this
pathogen. Specifically, Salmonella typhimurium colonization
of the intestinal epithelium induces the epithelium to
secrete chemokines that recruit immune cells, especially
polymorphonuclear leukocytes (McCormick et al., 1998a;
McCormick et al., 1998b; McCormick et al., 1993). Such an
innate immune inflammatory response generally results in
clearance of the infection albeit resulting in substantial
suffering in the host (Gewirtz et al., 2002a). A primary
means by which this pathogen is recognized by intestinal
epithelial cells is via the detection of flagellin monomers by
toll-like receptor 5 (TLR5) (Gewirtz et al., 2001a). Although
flagellin monomers with the potential to activate TLR5 are
released by both commensal Escherichia coli strains and
pathogens such as S. typhimurium (Gewirtz et al., 2001b;
Moors et al., 2001), TLR5 expression appears to be limited
to the basolateral surface of the intestinal epithelium;
therefore only those bacteria with flagellin crossing the
epithelium will activate this pro-inflammatory signaling
pathway. We have observed that S. typhimurium, but not
commensal E. coli can transcytose flagellin in this manner
across the epithelium thus activating TLR5-mediated pro-

inflammatory gene expression and thereby causing, at least in
part, the gastroenteritis induced by this microbe (Gewirtz et
al., 2001b). The goal of this study was to elucidate the
mechanism by which S. typhimurium is able to transcytose
flagellin across polarized epithelia. Using a variety of
biochemical, cell biological and physiological techniques we
show here that flagellin transcytosis occurs by a transcellular
pathway mediated by vesicular trafficking and is dependent
upon the function of the Salmonella pathogenicity island
(SPI)-2.

Materials and Methods
Materials
The following S. typhimurium strains were used in this study: SL3201
wild-type parent and aflagellate fliC/fljB mutant (Schmitt et al., 1996);
KK104 wild-type parent and fliD mutant were provided by K.
Kutsukake (Hiroshima University, Japan) (Yokoseki et al., 1996);
SL1344 wild-type parent and isogenic SPI-1 (invA) and SPI-2 (SSaR)
were provided by B. Finlay (University of British Colombia,
Vancouver, Canada); wild-type 12023 and SPI-2 mutants (ssaV, sseB)
were provided by David W. Holden (London, UK) (Hindle et al.,
2002). E. coli F-18 is a commensal clinical isolate that was previously
described (Cohen et al., 1983). All reagents were from Sigma, unless
otherwise stated.
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Apical colonization of polarized epithelia by Salmonella
typhimurium results in translocation of flagellin to the
basolateral membrane domain, thus enabling activation of
toll-like receptor 5 (TLR5)-mediated pro-inflammatory
gene expression. Such flagellin transcytosis occurred
without a change in epithelial permeability to 40 kDa FITC
dextran, did not require bacterial motility and was
independent of transepithelial movement of intact bacteria.
Flagellin transcytosis was blocked at 20°C, suggesting
dependence on vesicular transport consistent with
results from confocal microscopy that showed flagellin
independent of bacteria inside epithelial cells.
Furthermore, vesicles isolated from S. typhimurium-
infected epithelia were highly enriched in flagellin.
Flagellin transcytosis was dependent upon genes of
Salmonella pathogenicity island (SPI)-2, which alter

vesicular trafficking, but independent of SPI-1 that
mediates bacterial invasion. Furthermore, such SPI-2
mutants were unable to mediate the localization of flagellin
into intracellular vesicles consistent with flagellin
transcytosis mediated by a S. typhimurium take-over of host
vesicle trafficking pathways. As a result of their inability to
transcytose flagellin, apical colonization by SPI-2 mutants
induced substantially less epithelial IL-8 secretion than
wild-type strains suggesting that such SPI-2 mediated
transcytosis of flagellin plays a role in the pathogenesis
of the mucosal inflammation characteristic of human
Salmonellosis.

Key words: Toll-like receptor 5 (TLR5), Inflammation, IL-8, Cell
polarity
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Model epithelia
Polarized model epithelia were prepared by culturing T84 or MDCK
cells on collagen-coated permeable supports as previously described
(Gewirtz et al., 2002b).

Preparation of anti-flagellin antibody
Flagellin was purified as described (Gewirtz et al., 2001b) and purity
was verified as previously described (McSorley et al., 2002). Rabbits
were immunized twice (one month apart) with 100 µg flagellin per
rabbit in complete Freund’s adjuvant. One month later, serum was
isolated and anti-flagellin Ig purified via affinity chromatography over
a column of immobilized flagellin.

Flagellin transcytosis
Model epithelia of 5 cm2 were apically colonized with 5×108 colony-
forming units (CFU) S. typhimurium grown as microaerophilic
overnight cultures as previously described (McCormick et al., 1993).
Bacterial strains were applied for the indicated times, after which the
apical and/or basolateral media was collected, centrifuged (10 minutes
at 5000 g) and supernatants were assayed for the presence of flagellin
by SDS-PAGE and immunoblotting. Prior to such analysis, the
flagellin present in the basolateral media was concentrated 20-fold
via incubation with protein A sepharose beads, followed by
centrifugation, aspiration and resuspension in SDS-PAGE loading
buffer.

Measurement of TEER/macromolecular permeability
Model epithelia were apically colonized with 5×108 CFU E. coli or
S. typhimurium as indicated in the presence of 10 mg/ml FITC-dextran
(molecular weight 40 kDa) (ICN Biomedical) or 10 mg/ml FITC
(Sigma Corp.). Transepithelial electrical resistance (TEER) was
monitored as previously described (Gewirtz et al., 2002b). The
basolateral reservoir was sampled at the indicated time points
and FITC-dextran concentration quantified via spectrofluorimetry
(λex=492 nm, λem=525 nm).

IL-8 secretion
IL-8 secretion was measured using ELISA as previously described
(Gewirtz et al., 1998).

Bacterial invasion transcytosis
Model epithelia were treated identically to those used for measuring
flagellin transcytosis. At indicated times following addition of
bacteria, basolateral reservoir was sampled and CFU quantified by
standard microbiological techniques. Alternatively, epithelia were
treated with gentamicin to allow quantification of intracellular
bacteria as previously described (McCormick et al., 1993).

Cell fractionation 
T84 model epithelia were colonized with 5×108 CFU S. typhimurium
for 1 hour, at which time epithelia were washed in PBS, scraped with
a rubber policeman and homogenized with a glass/Teflon
homogenizer in ice-cold buffer containing 250 mM sucrose, 10 mM
Tris pH 7.5, 1 mM PMSF, 1 µg/ml leupeptin and pepstatin (Gouraud
et al., 2002). The disrupted cell suspension was then centrifuged at
800 g for 10 minutes at 4°C. The supernatant was then subjected to
centrifugation at 17,000 g for 45 minutes and the supernatant was
re-centrifuged at 200,000 g for 2 hours. Pellets were initially
resuspended in PBS, analyzed for protein concentration (Pierce) and
subsequently diluted to match the protein concentration of the light
microsomal fraction. Fractions were subsequently diluted 1:2 in SDS-

PAGE loading buffer and subjected to immunoblot analysis using anti-
GroEl (Cal-Biochem) or anti-flagellin antibodies.

Confocal microscopy
Model epithelia were apically colonized with 5×108 CFU wild-type
S. typhimurium or the indicated mutant. 90 minutes after the addition
of bacteria, cells were fixed in paraformaldehyde and permeabilized
with Triton-X-100 as previously described (Gewirtz et al., 2001a).
Cells were then stained with Cy5-phalloidin and subsequently
immunostained with rabbit polyclonal anti-flagellin (described above)
and goat anti-Salmonella complete surface antigens (KPL Labs,
Gaithersburg, MD). The former is specific for flagellin as no staining
of aflagellate S. typhimurium fliC/fljB is observed (not shown) whereas
the latter stains the bacterial surface in general as well as flagellin
(shown here) consistent with existing knowledge that flagellin is a
major S. typhimurium antigen. Microscopy was performed on a Zeiss
LSM510 laser-scanning confocal microscope (Zeiss Microimaging
Inc., Thornwood, NY) coupled to a Zeiss 100M axiovert and 63× or
100× Pan-Apochromat oil lens. Fluorescent dyes were imaged
sequentially in frame-interlace mode to eliminate cross-talk between
channels. Images shown are representative of at least three
experiments, with multiple images taken per slide.

Electron microscopy
Model epithelia were colonized for 1 hour with 5×108 CFU wild-type
S. typhimurium SL1344 or isogenic SPI-2 mutant. Samples were then
fixed and subjected to electron microscopic analysis as previously
described (Gilmor et al., 1996).

Results
S. typhimurium, but not E. coli transcytoses flagellin
across polarized epithelia
Both the pathogen Salmonella typhimurium and most
commensal Escherichia coli strains are flagellated bacteria
and thus, like most bacteria with unsheathed flagella, release
substantial levels of flagellin into their milieu. The specific
amount of flagellin released by S. typhimurium strains tends
to be high, possibly because they generally have more
flagella. Thus, apical colonization of model intestinal
epithelia by either of these microbes leads to the substantial
release of flagellin into the apical reservoir that can easily be
observed by SDS-PAGE and immunoblotting even when
samples are substantially diluted (Fig. 1). However,
S. typhimurium, but not commensal E. coli is able to
mediate the transcytosis of flagellin monomers across the
epithelium (Gewirtz et al., 2001b). As shown in Fig. 1,
western blotting of basolateral media following apical
bacterial colonization of model intestinal epithelia revealed a
detectable level of flagellin as early as 15 minutes following
colonization. The concentration of basolateral flagellin
following such apical S. typhimurium colonization increased
throughout the 4-hour time course assayed. In contrast,
following apical colonization by E. coli, in spite of its
abundance in the apical reservoir, flagellin was not detected
in the basolateral reservoir even after 4 hours. An identical
trend was observed whether using polarized model epithelia
made from the T84 intestinal epithelial cell line or from the
well characterized polarized epithelial Madin-Darby kidney
(MDCK) cell line, thus indicating that either model may be
appropriate in studying this transcytotic process. Utilizing
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purified flagellin as a standard allowed us to quantify
approximately our immunoblotting analysis. Such
measurement generally showed that by 1 hour after apical
colonization by S. typhimurium, there was 5-20 ng/ml
flagellin in the basolateral reservoir. Although this is a very
small fraction of the flagellin released apically (1/2000-
1/1000), it is well within the concentration range that we (and
others) have shown to activate TLR5-mediated pro-
inflammatory gene expression (Gewirtz et al., 2001a; Gewirtz
et al., 2001b; Moors et al., 2001). Thus, S. typhimurium, but
not commensal E. coli can mediate the transcytosis of
flagellin across polarized model intestinal epithelium. As
such flagellin transcytosis probably plays an important role
in driving the intestinal inflammation associated with S.
typhimurium infection we sought to elucidate this process
mechanistically.

Flagellin transcytosis occurs via a transcellular route
uncoupled from bacterial movement
In order to understand how S. typhimurium transcytoses
flagellin across the epithelium, we first sought to determine
whether flagellin was traveling via a paracellular or
transcellular pathway (i.e. between or across epithelial cells).
Although the high degree of intestinal epithelial barrier
function would greatly restrict the paracellular passage of a 50
kDa protein such as flagellin, some enteric pathogens are
known to alter epithelial cell tight junctions resulting in
increased paracellular permeability (Philpott et al., 1996; Spitz
et al., 1995; Yuhan et al., 1997). Thus, we examined whether
under our experimental conditions, S. typhimurium might alter
epithelial permeability to facilitate paracellular passage of
flagellin. Specifically, we monitored both transepithelial
electrical resistance (TEER), which although technically a
measure of resistance to charged particles is also thought to
reflect permeability in general (Madara et al., 1992), as well as
transepithelial flux of 40 kDa FITC-dextran (a molecule similar
in size to flagellin). Under identical conditions to those when
flagellin transcytosis was measured, S. typhimurium, but not
commensal E. coli caused a significant drop in TEER,
particularly after 2 hours (Fig. 2A). Consistent with the idea
that such a drop in TEER may reflect an increased permeability
at least to small molecules, we observed that S. typhimurium
increased the transepithelial movement of unconjugated
fluoroisothiocyanate (FITC) (with a molecular weight of 398
Da). However, such colonization of model epithelia did not
have any effect on the permeability to FITC-dextran (Fig. 2C).
Thus, although S. typhimurium may alter epithelial
permeability to small and/or charged molecules like other
enteric pathogens, it did not alter permeability to larger
molecules suggesting that an increase in paracellular
permeability was unlikely to be mediating the transcytosis of
flagellin. The fact that we can measure movement of such
FITC-dextran in the absence of bacteria indicates there is some
non-bacterially mediated movement of large molecules.
However, this is extremely inefficient, transferring less than
1/200,000 of the added FITC dextran in 4 hours, and is thus
unable to account for movement of bioactive levels of flagellin,
consistent with our inability to measure movement of added
flagellin (Gewirtz et al., 2001b). 

Whether flagellin was carried across the epithelium by
bacteria or was trafficked independently of bacterial movement
was investigated by measuring any temporal correlation
between the appearance of live bacteria and flagellin in the
basolateral reservoir (Fig. 3). We observed that flagellin
appeared before the bacteria, suggesting that at least the initial
burst of flagellin transcytosis was not dependent upon bacteria
crossing the epithelium. At later time points we observed
substantial numbers of bacteria in the basolateral reservoir and
it seems likely that these significantly contribute to the level of
basolateral flagellin seen at later time points. The role of
bacteria crossing the epithelia in the transcytosis of flagellin
was further investigated via a S. typhimurium mutant strain fliD
that harbors a mutation in the flagellar hook protein that results
in it being immobile and aflagellate but it still expresses and
secretes flagellin monomers (Yokoseki et al., 1995). Following
apical colonization, this non-motile strain was unable to
migrate across the model epithelium itself. However, albeit
with moderately slower kinetics, it was able to transcytose its

Fig. 1. S. typhimurium, but not E. coli transcytoses flagellin across
polarized epithelia. (A) T84 model epithelia were apically colonized
with 5×108 CFU S. typhimurium (SL3201) or a flagellated
commensal E. coli strain as described in Materials and Methods. At
the indicated times, the apical or basolateral media was isolated and
assayed for flagellin by immunoblotting. Apical supernatants were
diluted 100-fold and basolateral supernatants were concentrated 20-
fold. (B) MDCK model epithelia were colonized as in panel A.
Basolateral supernatants were assayed as above for flagellin at the
indicated time points. (C) Known concentrations of flagellin were
subjected to a similar analysis to provide quantitative data. All data
are representative of several experiments.
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flagellin to the basolateral reservoir, indicating that flagellin
crossing the epithelium need not be accompanied by live
bacteria. Consistent with this notion, we also observed that
induction of IL-8 secretion by apically applied bacteria (an
event dependent upon flagellin transepithelial movement)
could still be mediated by the fliD mutant but not by negative
control strains of flagellin-deficient S. typhimurium or
commensal flagellate E. coli. Thus, flagellin transcyotosis
requires neither bacterial motility nor that bacteria traverse the
epithelium, although it does seem likely that bacterial
movement across the epithelium is one means of flagellin
crossing the epithelium, particularly as the initial colonization
progresses.

Flagellin is transcytosed via epithelial vesicular transport
pathways
We next considered the possibility that, in response to S.
typhimurium colonization, flagellin might be trafficked across
the epithelium via host vesicular trafficking pathways.
Vesicular trafficking in polarized epithelia is blocked at 20°C
(Lencer et al., 1995), thus we examined the effect of this
temperature on S. typhimurium-mediated transcytosis of
flagellin across model epithelia. Although release of flagellin
into the apical reservoir was the same at 37°C and 20°C,
transcytosis of flagellin was nearly completely blocked at 20°C
(Fig. 4A). In contrast, S. typhimurium invasion of model
epithelia occurred nearly as efficiently at 20°C as it did at 37°C.
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Fig. 2. S. typhimurium does not alter epithelial permeability to macromolecules. T84 model epithelia were colonized as in Fig. 1 with S.
typhimurium and/or E. coli in the presence of 10 mg/ml FITC or 40 kDa FITC-dextran. (A) Transepithelial electrical resistance (TEER), (B)
FITC or (C) FITC-dextran concentrations in the basolateral media were measured as described in Materials and Methods. �, no bacteria; �, S.
typhimurium; �, E. coli. Data are the means±s.e.m. of three parallel experiments.

Fig. 3. Transcytosis of flagellin does not correlate with bacterial movement. (A,B) T84 model epithelia were colonized apically with 5×108

wild-type S. typhimurium or isogenic fliD mutant. At indicated time, basolateral media was assayed for CFU (A) and western blots were probed
for flagellin (B). (C) IL-8 secretion was measured after 5 hours.
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Furthermore, movement of 40 kDa FITC-dextran across
epithelia was not significantly altered by this reduced
temperature, consistent with the idea that such FITC-dextran
movement is occurring via the paracellular pathway. These
results suggest that a substantial portion of flagellin
transcytosis may be mediated by epithelial vesicular
trafficking.

To investigate the notion that flagellin might be trafficked in
epithelial vesicles further, we fractionated gently disrupted S.
typhimurium-infected epithelia by centrifugation (Fig. 5). We
observed that after a 30-minute 800 g centrifugation step
(expected to pellet larger cellular components), the pellet
contained most of the bacterial GroEL (a bacterioplasmic
protein) indicating that this fraction contained most of the
intracellular bacteria (a result seen whether fractions were
normalized for protein content or volume, not shown). In
contrast, this fraction did not contain much flagellin (although
it could be detected if fractions were normalized for volume
instead of protein content). Subjecting the supernatant to
further centrifugation at 17,000 g to pellet endosomes and
larger vesicles produced a pellet enriched in flagellin but
containing very little GroEL indicating that, at 1 hour
following colonization, a substantial portion of intracellular
flagellin was no longer physically associated with bacteria.
Furthermore, the flagellin was in a separate compartment to the
bacteria. Lastly, we isolated small intracellular vesicles/
microsomes by further centrifugation at 200,000 g. These
vesicles contained detectable levels of flagellin but did not
contain GroEL. Together, these results indicate that, following
S. typhimurium colonization, some flagellin is contained in
intracellular compartments, distinct from the vacuoles known
to contain the bacteria.

SPI-2 is required for transcytosis of flagellin
across gut epithelia and subsequent
maximal IL-8 expression
The bacterial determinants that mediate S.
typhimurium transepithelial transcytosis of
flagellin were investigated to enhance our
understanding of the transcytotic mechanism. A
substantial portion of the phenotypic differences
between S. typhimurium and commensal E. coli
strains are mediated by gene ‘pathogenicity
islands’ (Marcus et al., 2000). S. typhimurium
invasion of epithelial cells is mediated by genes
on Salmonella pathogenicity island (SPI)-1 thus
rendering SPI-1 mutants invasion defective
(Eichelberg and Galan, 1999) (Fig. 6). In contrast,
genes in SPI-2 are not required for invasion but
rather allow this pathogen to survive in

macrophages, primarily by altering vesicle trafficking,
specifically phagosome-lysosome fusion (Hensel et al., 1997).
SPI-2 is also known to play an essential role in
generation/maintenance of the Salmonella-containing vacuole
in epithelial cells although this vacuole is not necessary for
Salmonella survival in epithelia (Steele-Mortimer et al., 2002).
In light of these SPIs being major factors that distinguish S.
typhimurium from E. coli, we investigated their role in
transcytosis of flagellin across polarized epithelia. First, we
examined release of flagellin into the apical compartment (Fig.
6A). Compared to their wild-type parents, both SPI-1 and SPI-
2 mutants appeared to release, respectively, moderately to
mildly higher levels of flagellin into the apical reservoir
probably owing to the ability of these SPIs to suppress flagellar
expression (Aldridge and Hughes, 2002). Next, we measured
the amount of flagellin transcytosed across the model
epithelium to the basolateral reservoir (Fig. 6A). In spite of
invading about tenfold less efficiently than the wild type, SPI-
1 mutants did not exhibit a reduced ability to transcytose
flagellin across model epithelia indicating that invasion is not
a limiting factor for this transcytotic process. In contrast, we
observed a striking reduction in the ability of SPI-2 mutants to
transcytose flagellin across model epithelia. This difference
was observed in SPI-2 mutants derived from two different
parental strains (Fig. 6B), indicating that a role for SPI-2 in
flagellin transcytosis is not a strain-specific phenomenon.
Although the apical supernatants of epithelia colonized with
the SPI-2 mutant contained at least as much flagellin as those
colonized by the parent strain, suggesting that the failure of the
SPI-2 mutant was unlikely to be due to an inherent deficiency
in flagellin expression and release by the mutant strain, we
nonetheless examined this possibility directly in the absence of

Fig. 4. Transcytosis of flagellin is blocked at 20°C.
T84 model epithelia were treated in a 37°C incubator
or at ambient room temperature (observed to vary
between 18.7 and 20.4°C). (A,B) Epithelia were
colonized by 5×108 CFU S. typhimurium. Flagellin
transcytosis (A) and bacterial invasion (B) were
measured as described in Fig. 1 and Materials and
Methods. (C) 10 mg/ml FITC-dextran (40 kDa) was
added to the apical surface and its appearance was
measured in the basolateral reservoir. �, 37°C; �,
room temperature.
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host cells. As shown in Fig. 3C, when analyzed over a range
of dilutions, supernatants of the wild type and SPI-2 mutant S.
typhimurium contained similar levels of flagellin indicating the
failure of the SPI-2 mutant to transcytose flagellin did not result
from altered levels of flagellin expression by this mutant.

We next examined where in the transcytotic process SPI-2
mutants were deficient. First, we verified that, as has been
shown in non-polarized epithelia, SPI-2 invaded polarized
epithelia as efficiently as the parent strain (Fig. 6D) (Steele-

Mortimer et al., 2002) whereas the SPI-1 mutant was invasion-
defective as expected. Furthermore, there was also no
difference between SPI-2 mutants and their parents in terms of
the number of live bacteria that crossed the epithelium
following colonization (data not shown). The relative level of
invasiveness by these strains was similar to their relative ability
to alter TEER, as this parameter was lowered by the wild-type
parent and SPI-2 mutant but not the SPI-1 strain (Fig. 6E). This
result indicates that such alteration of paracellular permeability
is neither necessary nor sufficient for flagellin transcytosis
consistent with our data indicating that such alterations in
permeability do not permit the movement of large molecules.
Next, we examined whether SPI-2 mutants might fail to
mediate the movement of flagellin into intracellular vesicles.
This was indeed the case as small vesicles prepared from SPI-
2 infected epithelia contained strikingly less flagellin than
those prepared from epithelia colonized by SPI-1 mutants or
their isogenic parent (Fig. 6F). Furthermore, even crude cell
lysates of SPI-2 infected model epithelia contained very little
flagellin compared to those infected with wild-type strains
(Fig. 6G). These results indicate that the incorporation of
flagellin into vesicles is critical for its transcytosis across the
epithelium and that such incorporation into vesicles does not
appear to require the bacterial invasion of the epithelium.

The localization of flagellin in model epithelia colonized
with S. typhimurium or isogenic SPI mutants was investigated
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Fig. 5. Cellular fractionation reveals the presence of vesicular
flagellin not associated with bacteria. T84 model epithelia were
colonized with S. typhimurium for 1 hour after which epithelia were
disrupted and fractionated by centrifugation as described in Materials
and Methods. Fractions were normalized for protein content and then
analyzed by SDS-PAGE and immunoblotting for bacterial GroEl and
flagellin. This data is representative of several experiments.

Fig. 6. S. typhimurium transcytosis of flagellin is dependent on SPI-2, but not SPI-1. T84 model epithelia were apically colonized with 5×108

CFU wild-type S. typhimurium strains (SL1344 or 12023) or corresponding isogenic mutants (SPI-1 and SPI-2 mutants of SL1344 are invA and
ssaR, SPI-2 mutants of 12023 are ssaV and sseB). (A,B) 2 hours after addition of bacteria, flagellin in the apical and basolateral supernatants
was measured by SDS-PAGE and immunoblotting as described in Materials and Methods. Results in A are from three parallel experiments
whereas those in B are representative of several experiments. (C) Supernatants, in the absence of host cells, of the wild type and SPI-2 mutants
were diluted by indicated dilution factor (DF) and subjected to SDS-PAGE immunoblot analysis for flagellin. (D) Internalized bacteria were
quantified 1 hour after colonization as described in Materials and Methods. (E) TEER was measured at indicated times in model epithelia
colonized by the wild type or SPI mutants. �, no bacteria; �, SL1344; �, SPI-1 mutant; �, SPI-2 mutant. Results in D and E are the
means±s.e.m. of three parallel experiments. (F,G) At 1 hour or indicated time point, epithelial cells were fractionated as in Fig. 5 and flagellin
was assayed in small vesicle isolation (F) or initial lysate (G). Results are representative of several experiments.
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by confocal microscopy (Fig. 7). In these assays, actin was
visualized with Cy5-phalloidin (purple) whereas double
immunostaining was performed using anti-flagellin (green) and
anti-Salmonella complete surface antigens (CSA) (red). As
flagella are major surface antigens of Salmonellae, they are
recognized by both antibodies and thus appear in yellow.
However, whereas our purified anti-flagellin antibody
recognizes both flagella and flagellin monomers, the
Salmonella CSA antibody has little ability to recognize
flagellin monomers (as assessed by western blotting, data not
shown) and thus the green channel fluorescence that is not seen
using the red channel, probably reflects localization of flagellin
monomers. One hour following apical colonization by a wild-
type strain, there were relatively few bacteria on the apical
surface (at least that adhered sufficiently to survive the
washing/staining process), but bacteria could be easily seen
inside the cells just beneath the apical surface. Although these
bacteria did not appear to be highly flagellated, a substantial
level of flagellin monomer was present both in the immediate
and general vicinity of the bacteria. Furthermore, flagellin
staining was observed a few micrometers below the apical
surface, which did not appear to be in the immediate vicinity
of bacteria. For SPI-1 mutants, as expected, hardly any
intracellular bacteria could be found, however groups of
bacteria were clearly seen adhering to the apical surface. These
bacteria appeared to have produced large clusters of flagella
but had seemingly shed them; the fact that the bacteria had
survived the washing/staining suggested that these flagella had
specifically adhered to the apical surface. Despite the fact that
no intracellular bacteria were observed, punctate intracellular
staining of flagellin could be observed consistent with the

notion that transcytosis of flagellin need
not necessarily be directed by
internalized bacteria but rather can also
be directed by S. typhimurium adherent
to the apical surface. In contrast to the
SPI-1 mutant, intracellular SPI-2 S.
typhimurium were at least as abundant
as their wild-type parent but in striking
contrast to the wild-type strain,
intracellular bacteria did not have
flagellin in their immediate or general
vicinity. Furthermore, no punctate
intracellular staining of flagellin was
observed consistent with our
biochemical approach that showed

lysates of SPI-2 infected epithelia contained no flagellin. As an
additional approach to understand the inability of SPI-2
mutants to transcytose flagellin, the localization of intracellular
bacteria was examined by electron microscopy (Fig. 8).
Whereas, 2 hours following colonization wild-type bacteria
were found only in vacuoles (commonly referred to as
Salmonella-containing vacuoles or SCV), the SPI-2 mutant
was only observed free in the cytoplasm: a localization
consistent with that recently observed for SPI-2 mutants in
non-polarized epithelial cells (Brumell et al., 2002). Together,
these results indicate that the SPI-2 plays a role in mediating
and/or maintaining the localization of flagellin into
intracellular vesicles that play an essential role in transcytosing
S. typhimurium across intestinal epithelia.

In light of the role of flagellin transcytosis in mediating S.
typhimurium-induced pro-inflammatory gene expression, we
measured the ability of SPI-2 mutants to induce IL-8 secretion
from polarized model epithelia (Fig. 9). In this assay, the
aflagellate mutant serves as a negative control. However, it
should be noted that its inability to induce IL-8 expression may
be caused not only by its inability to activate TLR5, but also
in part by an inability to stimulate intracellular pattern
recognition receptors, as we and others have shown that such
mutants have substantially reduced invasion capacities
(Gewirtz et al., 2001b; Van Asten et al., 2000). When bacteria
are placed in the basolateral reservoir, an experimental system
that obviates the transcytotic process, SPI-2 mutants induced
at least as much IL-8 secretion as their parent strains. However,
when colonizing the apical physiological surface of such
epithelia, SPI-2 mutant strains were substantially reduced in
their IL-8 inducing capacity compared to wild-type strains,

Fig. 7. Altered levels/localization of
flagellin in epithelia infected with SPI-2
deficient S. typhimurium. MDCK model
epithelia were colonized with wild-type S.
typhimurium (SL1344) or isogenic mutants
for 1 hour, after which epithelia were
paraformaldehyde-fixed, immunostained
and analyzed by confocal microscopy. Actin
is shown in purple. Salmonella complete
surface antigens (CSA) are shown in red.
Flagellin is shown in green. Flagellae stain
with both CSA and flagellin antibodies and
thus appear yellow. The sub-apical planes
1.5 µm and 3 µm below the apical surface
are shown. Magnification �1000.
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suggesting that the failure of SPI-2 S. typhimurium to
transcytose flagellin across epithelia may result in these strains
inducing less intestinal inflammation than wild-type strains
when colonizing the human intestine. 

Discussion
The histopathologic hallmark of human Salmonellosis, caused
by non-typhoidal strains of Salmonella enterica of which S.
typhimurium is one of the most common serovars, is the
recruitment of neutrophils to the intestinal mucosa resulting in
the formation of an intestinal crypt abscess (Takeuchi, 1967).

Such neutrophils are not merely a marker of such infections
but play a key role in both clearing the infection and in
causing the clinical manifestations (i.e. cramping, diarrhea)
characteristic of the infection (Gewirtz et al., 2002a). Recent
inquiries into the mechanisms that drive such neutrophil
recruitment revealed that a key event in triggering this
inflammatory response was the detection of flagellin by
epithelial basolateral TLR5 resulting in epithelial cell secretion
of chemokines, thus driving the influx of innate immune cells
(Gewirtz et al., 2001a). Epithelial polarity is an absolutely
critical aspect of this response as flagellin secreted by
Salmonella strains or commensal E. coli strains are all
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Fig. 8. S. typhimurium SPI-2 mutant localizes to the cytoplasm in polarized epithelia. T84 Model epithelia were colonized with wild-type S.
typhimurium or isogenic SPI-2 mutant. Two hours following colonization, cells were fixed and analyzed by electron microscopy as described in
Methods. Arrows indicate bacteria. Bar, 2.5 µm. 

Fig. 9. S. typhimurium SPI-2 mutant exhibits reduced ability to activate IL-8 expression when colonizing the physiologically relevant apical
surface of model intestinal epithelia. The indicated bacterial strains were applied to polarized model epithelia and IL-8 secretion measured as
described. (A) Bacteria were applied directly to the basolateral reservoir. (B) Bacteria were applied to the apical reservoir; i.e. the physiological
site of colonization. IL-8 in the basolateral compartment was assayed 5 hours later by ELISA. Data are the means±s.e.m. of three parallel
experiments.
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potentially potent TLR5 ligands (Gewirtz et al., 2001b; Moors
et al., 2001). However, apical colonization by S. typhimurium
but not commensal E. coli, results in flagellin attaining a
basolateral localization thus allowing ligation of TLR5 (whose
expression is strongly polarized to the basolateral surface), thus
explaining in part, why S. typhimurium but not commensal E.
coli, is proinflammatory. Here, we addressed the mechanism
by which such flagellin transcytosis occurs and showed that
flagellin travels via a transcellular pathway mediated by host
vesicular transport. Such S. typhimurium transcytosis of
flagellin was not dependent on motility, or on SPI-1, which
mediates invasion of epithelial cells, but was strictly dependent
upon SP1-2, which is thought to permit S. typhimurium to alter
vesicle trafficking (Linehan and Holden, 2003).

Consistent with the role of flagellin transcytosis in mediating
S. typhimurium activation of epithelial pro-inflammatory gene
expression, SPI-2 deletion resulted in a substantial reduction
in the ability of S. typhimurium to induce IL-8 secretion when
colonizing the physiologically relevant apical surface of model
gut epithelia. However, whereas aflagellate S. typhimurium
does not activate IL-8 secretion, SPI-2 mutants retained
significant, albeit reduced, activation of such a pro-
inflammatory pathway despite a complete inability to
transcytose flagellin to the site of TLR5 localization.
Considering that aflagellate S. typhimurium are unable to
invade epithelial cells (Gewirtz et al., 2001b; Van Asten et al.,
2000), whereas the SPI-2 mutant invades efficiently but resides
in the cytoplasm, the IL-8 activation by the SPI-2 mutant may
result from activation of the cytosolic pattern recognition
receptor Nod1, which is known to mediate pro-inflammatory
gene expression in response to invasive pathogens that reside
in the cytoplasm such as enteroinvasive E. coli (Girardin et al.,
2001).

SP1-2 was first characterized based on its ability to promote
Salmonella survival in macrophages. However, SPI-2 has also
been shown to play a role in S. typhimurium infection of
epithelial cells by generating/maintaining the SCV (Steele-
Mortimer et al., 2002; Waterman, 2003). In both of these
environments, the primary general function of SPI-2 is to alter
normal vesicle/endocytic trafficking. Thus, considering all our
results together, we speculate that genes in SPI-2 permit
flagellin transcytosis by diverting endocytic flow away from the
lysosomes, which would otherwise result in the destruction of
the internalized flagellin and loss of the SCV. Under this
scenario we envisage that, upon colonization by wild-type S.
typhimurium, such SPI-2 mediated flagellin transport would be
mediated by internalized bacteria. However, our observation
that flagellin transcytosis occurred in response to the SPI-1
mutant that invaded tenfold less efficiently suggests that such
SPI-2 mediated alteration of vesicular transport need not
absolutely occur from internalized bacteria. SPI-2 effectors, at
least under some circumstances, might be translocated into the
epithelial cells from bacteria that adhered intimately to the
apical surface. Alternatively, it is possible that the residual level
of internalized SPI-1 is sufficient to alter vesicle trafficking to
permit flagellin transcytosis. In either of these scenarios, the
fact that none of the tested bacteria upregulated transepithelial
movement of FITC dextran suggests that the transcytosed
flagellin is not occurring via fluid-phase transport but rather
that flagellin is binding a molecule on the apical (or apical
endosomal) surface that is internalized and reaches the

basolateral surface only when vesicular trafficking is altered
by genes in SPI-2. A number of glycolipids including
asialoglycoprotein 1 and muc-1 have been shown to bind
flagellin (Lillehoj et al., 2002; McNamara et al., 2001) and thus
we speculate that these would be reasonable candidates to
serve as transepithelial carriers of flagellin.

Although SPI-2 mediated survival in macrophages has
clearly been shown to be important in murine infections where
S. typhimurium causes a systemic typhoid-like illness, the role
of SPI-2 in human Salmonellosis where the infection is
generally limited to the intestinal mucosa is less clear, although
the consistent presence of SPI-2 in clinical isolates suggests an
important role. As epithelial cells lack the microbial killing
power of macrophages, the role of maintenance of the SCV in
epithelia has been particularly unclear as Salmonella can grow
as well or better in the cytosol than in the SCV (Brumell et al.,
2002). However, our observation that SPI-2 mutants can not
transcytose flagellin across the epithelia and subsequently
activate less epithelial chemokine secretion suggest the
possibility that S. typhimurium SPI-2 mediated maintenance of
the SCV may also be a part of a pathogenic strategy to induce
the secretory diarrhea that aids in dissemination to new hosts.
Although altering vesicular trafficking is a fairly widely used
strategy for intracellular pathogens, our observations that,
at least in vitro, apically adherent bacteria with functional
SPI-2 can alter vesicular trafficking suggests the possible
physiological existence of non-invasive apically adhering
bacteria that can also alter host vesicular trafficking with one
consequence being the transfer of microbial components across
the epithelium. Such bacteria, if they exist in nature, may be
currently unrecognized pathogens that might play a role in
idiopathic intestinal inflammation such as occurs in
inflammatory bowel disease.
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