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Abstract

Despite their high degree of genomic similarity, different Salmonella enterica serovars are
often associated with very different clinical presentations. In humans, for example, the
typhoidal S. enterica serovar Typhi causes typhoid fever, a life-threatening systemic dis-
ease. In contrast, the non-typhoidal S. enterica serovar Typhimurium causes self-limiting
gastroenteritis. The molecular bases for these different clinical presentations are incom-
pletely understood. The ability to re-program gene expression in host cells is an essential
virulence factor for typhoidal and non-typhoidal S. enterica serovars. Here, we have com-
pared the transcriptional profile of cultured epithelial cells infected with S. Typhimurium or S.
Typhi. We found that both serovars stimulated distinct transcriptional responses in infected
cells that are associated with the stimulation of specific signal transduction pathways. These
specific responses were associated with the presence of a distinct repertoire of type IlI
secretion effector proteins. These observations provide major insight into the molecular
bases for potential differences in the pathogenic mechanisms of typhoidal and non-typhoidal
S. enterica serovars.

Author summary

Salmonella Typhimurium and Salmonella Typhi are associated with very different clinical
presentations. While S. Typhimurium causes self-limiting gastroenteritis (i. e. “food poi-
soning”), S. Typhi causes typhoid fever, a systemic, life-threatening disease. The bases for
these major differences are not fully understood but are likely to involve many factors. We
have compared the transcriptional responses of cultured cells infected with S. Typhimur-
ium or S. Typhi. We found that these Salmonella serovars stimulated distinct transcrip-
tional responses, which could be correlated with their ability to stimulate serovar-specific
signal transduction pathways. Importantly, the ability to stimulate these cellular responses
was correlated with the presence or absence of specific type III secretion effector proteins.
These observations provide major insight into the molecular bases for the differences in
the pathogenic mechanisms of typhoidal and non-typhoidal S. enterica serovars.
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Introduction

Salmonella enterica encompasses multiple serovars that are associated with distinct pathogenic
features and host specificities [1, 2]. Salmonella enterica serovar Typhi (S. Typhi), for example,
is the cause of typhoid fever, a systemic disease of humans that leads to an estimated 200,000
deaths worldwide [3-6]. In contrast, the broad host Salmonella Typhimurium causes limited
gastroenteritis (i. e. “food poisoning”) and is one of the most common causes of food-borne ill-
nesses in the industrialized world [1, 2]. The molecular bases for these differences are incom-
pletely understood but they are expected to involve multiple virulence factors that are unique
to each serovar. Unique factors to S. Typhi include typhoid toxin, which is thought to be
responsible for much of the acute specific symptoms associated with typhoid fever [7], and the
Vi capsular polysaccharide, which is thought to modulate the inflammatory response to this
pathogen [8]. Furthermore, through the process of host adaptation, S. Typhi has lost a number
of genes that are present in non-typhoidal Salmonella serovars [9]. Despite the different clinical
presentations, however, S. Typhi and S. Typhimurium share a substantial portion of their
genomes and consequently many pathogenic traits [10-12]. For example, both serovars
encode two type III protein secretion systems (TTSSs) within their pathogenicity islands 1
(SPI-1) and 2 (SPI-2), which mediate their close interactions with host cells [13, 14]. Through
the activity of the several effector proteins they deliver, these T3SSs mediate bacterial entry,
intracellular replication, and the transcriptional reprogramming of the target cells by subvert-
ing the cellular machineries that control actin cytoskeleton dynamics, vesicle trafficking, and
signal transduction. Despite the highly conserved nature of these T3SSs, the composite of
effector protein that they deliver differs among S. enterica serovars [12]. We have recently
shown that even small differences in the T3SS effector protein repertoire translate into pro-
found differences in the biology of different Salmonella enterica serovars. For example, the
absence of two effector proteins, GtgE and SopD2, which target Rab32, an essential component
of a cell-autonomous pathogen restriction pathway, prevents S. Typhi replication in non-
human hosts [15, 16].

The ability to stimulate transcriptional responses in infected cells is emerging as a central
strategy in the pathogenesis of S. enterica serovars [17-21]. S. Typhimurium, for example,
stimulates transcriptional responses in intestinal epithelial cells that lead to the production of
pro-inflammatory cytokines that initiate the inflammatory response that is central for its path-
ogenesis [17-21]. Furthermore, this transcriptional re-programming renders the infected cells
more permissive for bacterial replication [19]. S. Typhi has also been shown to stimulate tran-
scriptional responses in infected cells [22] and infected individuals [20, 23]. Here we have
compared the transcriptional responses of cultured epithelial cells infected with S. Typhi and
S. Typhimurium. We have identified serovar specific transcriptional fingerprints that were
correlated with the stimulation of specific signal transduction pathways and with the presence
or absence of serovar-specific TTSS effector proteins. These findings provide major insight
into the molecular bases for the differences in the pathogenic mechanisms of these S. enterica
serovars.

Results

Salmonella typhimurium and Salmonella typhi stimulate specific gene
expression patterns in cultured epithelial cells
Using RNAseq, we compared the transcriptional responses of cultured epithelial cells infected

with wild-type S. Typhi, S. Typhimurium, or their specific isogenic mutants carrying a deletion
in invA, which encodes an essential component of the SPI-1 TTSS [24]. We found that cells
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infected with the wild type strains exhibited distinct transcriptional responses relative to the
responses to infection with their respective invA mutant strains, which have been previously
shown to be similar to mock-infected cells [18, 19]. Four hours after infection, cells infected
with S. Typhi showed a significant increase (3 fold or higher) in the expression of 107 genes,
while 61 genes showed increased expression in cells infected with S. Typhimurium. The
expression pattern was distinct for each serovar in that only 22 upregulated genes were com-
mon to both serovars (Fig 1A and 1B, and S1 Table). The pattern of gene expression in infected
cells 10 hs after infection was also distinct for each serovar. At this time point, cells infected
with S. Typhimurium showed a larger number (264) of upregulated genes than cells infected
with S. Typhi (107) (Fig 1A and 1B, and S1 Table), with 61 of the upregulated genes being
common to both serovars.

We verified these findings by two alternative approaches. We selected genes whose expres-
sion varied in a serotype-specific manner and that previous studies have shown them to be
consistently and significantly upregulated after S. Typhimurium infection [18, 19] and exam-
ined their expression by real time PCR at different times after infection with S. Typhimurium
or S. Typhi. In agreement with the RNA-Seq results, we observed serotype-specific induction
of expression of the different genes in infected cells (Fig 1C). For example, genes encoding Ser-
pinB3 or TTP were more highly expressed in S. Typhimurium- than in S. Typhi-infected cells,
while the mRNA levels of IL-8 and EGR1 showed the reverse pattern (Fig 1C). We also exam-
ined whether the observed increase in gene expression was reflected in an increase in the
respective protein levels by examining the levels of SerpinB3 or TTP in whole cell lysates of S.
Typhi- or S. Typhimruium-infected cells. In line with the expression at the mRNA level, we
observed increased levels of TTP during the early course of infection with both serovars (Fig
1D). However, late in infection the TTP levels dropped in S. Typhi-infected cells but were
maintained in cells infected with S. Typhimurium (Fig 1D). Also, consistent with mRNA mea-
surements, SerpinB3 was detectable in S. Typhimurium-infected cells late (20 hs) in infection,
but was undetectable in cells infected with S. Typhi at any time after infection (Fig 1D). These
findings were confirmed using immunofluorescence microscopy (Fig 1E). Taken together,
these results describe a serovar-specific reprogramming of gene expression in culture epithelial
cells after infection with typhoidal (S. Typhi) or non-typhoidal (S. Typhimurium) Salmonella
enterica serovars.

Salmonella enterica Stimulates serovar-specific signaling pathways in
cultured epithelial cells

The analysis of the pattern of gene expression in cells infected with S. Typhi or S. Typhimur-
ium for functional associations using the Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING) (http://string-db.org) detected serovar-specific networks. Early (4 hs) in
infection, the STRING analysis revealed that both S. Typhimurium and S. Typhi stimulated
transcriptional responses associated with the transcription factor NF-kB, as well as those asso-
ciated with AP1, which is linked to the activation of mitogen-activated protein kinase (MAPK)
Erk, Jnk, and p38 signaling (Fig 2) [25-27]. Notably, these responses were more robust in the
case of S. Typhi-infected cells, resulting in the increased expression of a larger number of host-
cell genes associated with these pathways. Later in infection, the STRING analysis indicated a
shift in the response to S. Typhimurium infection to gene expression patterns associated with
STATS3 activation (Fig 2). Importantly, such shift was not apparent in S. Typhi-infected cells,
which exhibited a more restricted response with a pattern of gene expression more consistent
with the activation of NF-«B signaling pathways (Fig 2). The distinct pattern of gene expres-
sion observed in cells infected with the different S. enterica serovars suggested that S. Typhi
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Fig 1. Salmonellatyphimurium and Salmonellatyphi stimulate specific gene expression patterns in cultured
epithelial cells. (A) Venn diagram depicting the number of unique and common genes whose expression changed at least 3
fold at the indicated times after infection with S. Typhimurium (Tm) or S. Typhi (Ty). (B) Heat map of genes whose expression
changed at least 8 fold at the indicated times after infection with wild type S. Typhimurium (Tm) or S. Typhi (Ty). The data are
presented as row-normalized heat maps as indicated in the color scale. * p < 0.04, Student t test. (C) Expression of selected
genes in infected Henle-407 cells at the indicated times after infection. Values (mean + SD of 3 replicates) represent the
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GAPDH normalized transcript levels of selected genes in S. Typhimurium (Tm) or S. Typhi (Ty) infected cultured Henle-407
cells relative to levels of uninfected cells. (D) Western blot detection of selected proteins (SerpinB3 and TTP) in infected Henle
407 cells at the indicated time after infection with S. Typhimurium (Tm) or S. Typhi (Ty). Levels of tubulin in the different
samples served as loading controls. (E) Immunofluorescence staining of endogenous SerpinB3 in Henle-407 cells after
infection with S. Typhimurium (Tm) or S. Typhi (Ty). Cells were stained at the indicated times after infection with antibodies
directed to SerpingB3 (green) or bacterial LPS (red), and DAPI (blue) to detect DNA.

https://doi.org/10.1371/journal.ppat.1006532.g001

and S. Typhimruium stimulate distinct signaling pathways. Previous studies in our laboratory
have shown that S. Typhimurium stimulates MAPK, NF-kB, and STAT3 signaling pathways in
cultured epithelial cells [17-19, 28]. However, equivalent studies have not been carried out
with S. Typhi. To gain insight into the mechanisms underlying the distinct transcriptional
responses observed after infection with S. Typhimurium and S. Typhi, we examined the stimu-
lation of MAPK, NF-kB, and STAT3 signaling pathways in cultured epithelial cells. Consistent
with previous studies [17, 18, 28], infection with S. Typhimurium resulted in increased phos-
phorylation of the MAPKs Erk, Jnk, and p38 as well as in the activation of NF-xB as indicated
by the degradation of I-kB, an inhibitor of NF-xB, and the activation of a luciferase reporter
(Fig 3A-3G). In addition and also consistent with previous observations [19], S. Typhimurium
infected cells, particularly later in infection, showed potent activation of STAT3 as monitored
by the phosphorylation of STAT3Y7°* (Fig 3H and 3I). In contrast, STAT3 phosphorylation
was not detected in S. Typhi-infected cells throughout infection (Fig 3H and 3I). Furthermore,
relative to S. Typhimurium-infected cells, S. Typhi-infected cells showed a more robust activa-
tion of NF-kB and MAPK signaling (Fig 3A-3G). These results are consistent with the
STRING analysis of the pattern of gene expression, which showed an enrichment of genes
associated with the stimulation of these signaling pathways in S. Typhi-infected cells. Taken
together these findings indicate that S. Typhi and S. Typhimurium stimulate distinct signaling
pathways that lead to a distinct pattern of host cell gene expression.

Type lll secretion effector proteins impart specificity to the cellular
responses to S. enterica serovars typhi and typhimurium

As shown above, cells infected with different Salmonella enterica serovars exhibited distinct
signaling responses that resulted in distinct patterns of gene expression. To gain insight into
the molecular bases for the observed differences, we sought to identify serovar-specific genes
that might be correlated with the different responses. It is well established that the ability of
Salmonella to interact with host cells is strictly dependent on the activity of effector proteins
delivered through its SPI-1 and SPI-2-encoded type III secretion systems [13]. Furthermore,
our analysis revealed that the transcriptional and signaling responses to both, S. Typhi and S.
Typhimurium were dependent on a functional type III secretion system (Figs 1 and 3).
Although the components of these systems are highly conserved across all Salmonella serovars,
the effector proteins they deliver are not, and different Salmonella serovars encode a specific
composite of effectors [12]. Notably, in comparison to S. Typhimurium, S. Typhi encodes a
reduced number of effectors, which is consistent with the genome reduction driven by its
adaptation to the human host [29]. We therefore reasoned that at least some of the differences
observed in the signaling capacity of these two Salmonella serovars might be due to differences
in the effector protein repertoire. To test this hypothesis, we constructed a series of S. Typhi
strains encoding each one of the specific effectors that are present in S. Typhimurium but that
are absent from S. Typhi. We then examined the capacity of these different S. Typhi strains to
activate Jnk, Erk, or STAT3 signaling. We found that expression of the S. Typhimurium effec-
tor proteins AvrA or SpvC reduced the ability of S. Typhi to activate the MAPKs Jnk and Erk
to levels that were equivalent with those observed in S. Typhimurium-infected cells (Fig 4A).
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These findings are consistent with previous studies that have shown that AvrA negatively mod-

ulates the ability of S.

Typhimurium to activate Jnk by inhibiting its activating kinase MKK7

[30]. Likewise, these findings are also consistent with previous reports indicating that SpvCis a
threonine lyase that directly targets and inhibits Erk kinases [31]. These results therefore
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Fig 3. Salmonella enterica stimulates serovar-specific signaling pathways in cultured epithelial cells. (A-F) Stimulation of MAPK
and NF-kB signaling after infection with S. Typhimurium or S. Typhi. Henle-407 cells were infected with S. Typhimurium (Ty) or S. Typhi
(Ty), wild type (WT) or TTSS-deficient (AinvA) strains for the indicated times and the activation of JNK, Erk, or p38 was assessed by
Western blot analysis using antibodies directed to the phosphorylated (activated) forms of these kinases (A). Cell lysates were also probed
for the levels of I-kB, a measure of NF-kB activation (E). Levels of tubulin in the different samples served as loading controls (A and E). Fold
MAPK or NF-kB activation (relative to uninfected cells) was determined by quantifying the signal in the blots with a LI-COR Odyssey imaging
system standardizing the signals with the tubulin loading controls. Values are the means (+ SD) of at least three independent experiments. *:
indicate statistical significance (Students t-test; p < 0.01) (B-D and F). Alternatively, the activation of NF-kB was measured in HEK-293T
cells transfected with a NF-kB luciferase reporter construct as indicated above (G). Values shown are relative to the activity of the reporter in
uninfected control cells and represent the mean + standard deviation of three independent measurements. (H and I) Stimulation of STAT3
activation after infection with S. Typhimurium or S. Typhi. Henle-407 cells were infected as indicated above and the activation of STAT3 was
assessed by Western blot analysis using antibodies directed to the phosphorylated (activated) forms of this kinase (H). Fold activation
(relative to uninfected cells) was determined by quantifying the signal in the blots as indicated above (I). Values are the means (+ SD) of at
least three independent experiments. *: indicate statistical significance (Students t-test; p < 0.0001)

https://doi.org/10.1371/journal.ppat.1006532.9003
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Typhimurium. (A and B) Stimulation of MAPK, STAT3 and NF-kB activation after infection with S. Typhi (Ty) strains expressing the
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mean + standard deviation of three independent measurements. *: indicate statistical significance (Students t-test; p < 0.0001) (C)
Stimulation of MAPK, STAT3 and NF-kB activation after infection with different mutant strains of S. Typhi (Ty). Henle-407 cells were infected
with the indicated S. Typhi (Ty) deletion mutants and the activation of JNK, Erk, p38, or STAT3 kinases was assessed by Western blot
analysis using antibodies directed to the phosphorylated (activated) forms of these kinases. Cell lysates were also probed for the levels of |-
kB, a measure of NF-kB activation.

https://doi.org/10.1371/journal.ppat.1006532.9004

indicate that the absence of AvrA and SpvC in S. Typhi results in a heightened ability to stimu-
late MAPK signaling.

To gain insight into the mechanisms underlying the increased ability of S. Typhi to stimu-
late NF-kB activation, we investigated the effect of expressing S. Typhimurium T3SS-effector
proteins that have been previously shown to have the capacity to modulate this signaling path-
way. Expression of spvD, which encodes a cysteine protease that has been reported to nega-
tively regulate nuclear transport of NF-xB components [32, 33], did not affect the ability of S.
Typhi to stimulate NF-kB signaling (Fig 4B). Similarly, expression of ssek3, sseL, or sspH1,
which have been reported to modulate NF-kB signaling [34-36], had no effect on the ability of
S. Typhi to stimulate the expression of a NF-xB dependent reporter (Fig 4B). Recent studies
from our laboratory identified a family of highly related effector proteins, GtgA, GogA and

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006532  July 24, 2017 8/17


https://doi.org/10.1371/journal.ppat.1006532.g004
https://doi.org/10.1371/journal.ppat.1006532

@'PLOS | PATHOGENS

Serovar-specific transcriptional reprogramming of Salmonella infected cells

PipA, which redundantly inhibit NF-kB by proteolytically targeting the RelA and RelB tran-
scription factors [37]. S. Typhi does not encode homologs of GtgA or GogA although it
encodes a homolog of PipA. However, we were unable to detect expression of pipA suggesting
that at least under the experimental conditions used here, this gene is not expressed in S.
Typhi. We expressed GtgA, one of the members of this family of effectors, and examined its
effect on the ability of S. Typhi to stimulate NF-«B signaling. Consistent with previous studies
in S. Typhimurium, expression of GtgA markedly diminished the ability of S. Typhi to stimu-
late the expression of an NF-kB reporter (Fig 4B). These results therefore indicate that, similar
to MAPK signaling, the absence in S. Typhi of specific effectors with inhibitory activity results
in a heightened ability to stimulate NF-«B.

Previous studies have shown that the ability of S. Typhimurium to stimulate MAPK, NF-«B,
and STATS3 signaling pathways is dependent on the functionally redundant activities of the SPI-
1 T3SS effectors proteins SopE, SopE2 and SopB [18, 19, 38]. While sopE and sopB are highly
conserved, in S. Typhi sopE2 has a frame-shifting mutation that leads to a non-functional poly-
peptide [29]. The absence of one of the effectors responsible for the activation of STAT3 sug-
gested the possibility that such a loss could account for the inability of S. Typhi to activate this
signaling pathway. However we found that the expression of sopE2 in S. Typhi did not confer
the ability to stimulate STAT3 activation (Fig 4A). In fact, there was no detectable effect on the
ability of S. Typhi to stimulate STAT3 phosphorylation after heterologous expression of any of
the S. Typhimurium effectors that are absent from this serovar (Fig 4A). Given the conservation
of the effectors responsible for STAT3 activation, we hypothesized that S. Typhi may encode an
as yet unidentified effector protein, absent from S. Typhimurium, that inhibits STAT3 activa-
tion. We therefore searched the S. Typhi genome for genes encoding putative TTSS effector
proteins that are absent from S. Typhimurium. We identified three open reading frames,
sty1423, sty1360, and sty1076, which encode homologs of the E. coli type III secreted effectors
EspN [39], OspB [40], and NleG [39], respectively. We found that the deletion of any of these
genes had no impact in the ability of S. Typhi to stimulate signal transduction pathways, and
more specifically, none of the S. Typhi deletion mutants were able to stimulate STAT3 activa-
tion (Fig 4C). While S. Typhimurium and S. Typhi share their core genome, there are a number
of virulence factors that are uniquely present in S. Typhi [11]. One of the virulence factors
unique to S. Typhi is the Vi antigen, a capsular polysaccharide encoded within its SPI-7 patho-
genicity island that has been proposed to interfere with Toll receptor agonists [8]. However,
deletion of viaA and viaB, which encode essential enzymes for the synthesis of Vi antigen, had
no effect on the ability of S. Typhi to stimulate STAT3 signaling although it had a small but
measurable enhancement of its ability to stimulate NF-«B signaling (Fig 4C). Similarly, removal
of typhoid toxin, a critical S. Typhi virulence factor [7], had no effect on its ability to stimulate
any of these signaling pathways including STAT3 (Fig 4C). These results indicate that an as yet
unidentified factor may inhibit the ability of S. Typhi to stimulate STAT3 signaling.

In summary, we have identified specific effector proteins that provide mechanistic explana-
tions for some of the differences in the signalling pathways stimulated by S. Typhimurium and
S. Typhi, which lead to distinct host cell transcriptional responses to these two pathogens. The
absence of these effector proteins from S. Typhi suggest that the process of host-adaptation
may have driven differences in the ability of these serovars to stimulate specific transcriptional
responses, which may impact disease.

Discussion

The ability to stimulate transcriptional responses is thought to be central for the pathogenesis
of many microbial pathogens [26]. In the case of S. Typhimurium, transcriptional responses in
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intestinal epithelial cells are central to its capacity to stimulate inflammation in the gut epithe-
lium [17, 18, 28, 41, 42], which is instrumental for its ability to acquire essential nutrients and
compete with the resident microbiota [43, 44]. Furthermore, previous work from our labora-
tory has shown that the ability of S. Typhimurium to re-program gene expression is also
important for its replication within epithelial cells [19]. S. Typhi has also been shown to re-pro-
gram gene expression in cultured cells [22] and in infected individuals [20, 23], although the
significance of these observations for its pathogenic mechanisms remains to be established.
The stimulation of transcriptional responses in infected cells by Salmonella is strictly depen-
dent on the presence of the SPI-1-encoded TTSS, which through the delivery of specific effec-
tors stimulate signal transduction pathways leading to re-programming of gene expression
[17, 28]. More specifically, the delivery of the effector proteins SopE, SopE2, and SopB, results
in the direct activation of Rho-family GTPases and the subsequent stimulation of downstream
signaling, which ultimately results in host-cell transcriptional reprogramming [18, 38] (Fig 5).
In this study, we have compared the transcriptional response of cultured epithelial cells after
infection with S. Typhimurium and S. Typhi. We found that each serovar stimulates a distinct
pattern of gene expression associated with specific signaling events. The transcriptional profile
of cells infected with S. Typhi is consistent with the activation of MAPK and NF-«B signaling
pathways, both early and late in infection. The transcriptional profile of cells infected with S.
Typhimurium was also consistent with the activation of MAPK and NF-«B signaling path-
ways, particularly early in infection. However, late in infection and in sharp contrast to cells
infected with S. Typhi, cells infected with S. Typhimurium showed a pattern of gene expression
associated with the activation of STAT3 signaling. We found that these transcriptional
responses were entirely consistent with the signaling pathways stimulated by these pathogens.
Both S. Typhi and S. Typhimurium-infected cells showed activation of NF-xB and MAPK sig-
naling pathways, particularly early in infection. However, the level of activation was clearly
more robust in the case of cells infected with S. Typhi. Cells infected with S. Typhimurium
showed a marked activation of STAT3, particularly late in infection. In contrast, cells infected
with S. Typhi showed no detectable activation of this signaling pathway. The pattern of signal-
ing responses in S. Typhi-infected cells with a heightened activation of NF-xB and MAPK sig-
naling pathways, traditionally associated with inflammatory responses, is surprising
considering that S. Typhi infections are known to result in less intestinal inflammation that
infections with S. Typhimurium [1-6]. However, S. Typhi infections (i. e. typhoid fever) do
results in higher fever, another marker of an inflammatory response. Furthermore, it is well
established that transcriptional responses are profoundly affected not only by the nature of the
signaling pathways but also by the strength and duration of signaling [45, 46]. In this context,
the substantially different pattern of gene expression observed in cells infected with S. Typhi
and S. Typhimurium is entirely consistent with the difference in the nature, strength, and
duration of the signaling responses stimulated by these pathogens. Nevertheless, more

studies will be required to determine how and if the different transcriptional and signaling
responses stimulated by these pathogens contribute to the differences observed in their clinical
presentations.

The ability of Salmonella to stimulate signaling pathways is dependent on the functionally
redundant activity of the TTSS effector proteins SopE, SopE2, and SopB. Given the conserva-
tion of these effector proteins across Salmonella serovars, it was surprising to observe differ-
ences in the signaling responses to S. Typhi and S. Typhimurium in infected cells. Our results
indicate that the heightened MAPK and NF-«B activation observed in S. Typhi infected cells
is most likely not due to differences in the agonistic capacity of these two Salmonella serovars
but rather to differences in their ability to down-modulate those responses after their stimula-
tion (Fig 5). Indeed, we found that the absence in S. Typhi of effector proteins that in S.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006532  July 24, 2017 10/17


https://doi.org/10.1371/journal.ppat.1006532

@'PLOS | PATHOGENS

Serovar-specific transcriptional reprogramming of Salmonella infected cells

Salmonella

Typhimurium

SopB
SopE

AvrA  —

SpvC

GtgA
GogA

‘X\\k ////
a X
Cdc42
Racl
RhoG
PAK 1/2/3

JNK NF-xkB
P38 | |
Erk | |
I :
| | :
| I :
| | :
| | |
' I
\ | |
AP-1 v STAT3

GogB

Salmonella
Typhi

SopB
SopE

///’ SopE2

STAT3 |—— 7

Fig 5. Model for the mechanism of stimulation of transcriptional responses by S. Typhimurium and S. Typhi.
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Typhimurium antagonize MAPK and NF-«B signaling pathways account at least in part for
the unique responses that follow infection with each one of these pathogens. More specifically,
we found that expression of AvrA, SpvC, and GtgA, which target the MAPK and NF-«B sig-
naling pathways, reduced the level of activation of these pathways to a level comparable to that
observed in cells infected with S. Typhimurium. In contrast, no S. Typhimurium effector pro-
tein was able to confer upon S. Typhi the ability to stimulate STAT3 signaling. Since the stimu-
lation of STAT3 signaling by S. Typhimurium is strictly dependent on the effectors proteins
SopE and SopB [19], which are highly conserved in S. Typhi, these observations suggest the
presence of an as yet unidentified factor in S. Typhi that may inhibit STAT3 signaling.

It is becoming increasingly clear that even small differences in the repertoire of TTSS effec-
tor proteins in different Salmonella enterica serovars can have a profound effect in the manner
in which these pathogens interact with their hosts. For example, the absence of just two effec-
tor proteins, GtgE and SopD2, can have a very significant impact on the ability of the human-
adapted S. Typhi to explore other hosts [15, 16]. These two effectors target Rab32, which coor-
dinates the activity of a cell-autonomous pathogen restriction mechanism. We have shown
here another example in which differences in the composite of T3SS effector proteins in S.
Typhi and S. Typhimurium can have a significant impact in their ability to reprogram gene
expression in infected epithelial cells. How these differences may affect disease is not clear but
it is known that S. Typhi and S. Typhimurium interaction with the gut epithelium leads to
markedly different outcomes. While S. Typhimurium stimulates an acute, though self-limiting,
inflammatory response leading to diarrhea, S. Typhi intestinal infection leads to the invasion
of deeper tissue with little to no diarrhea. It is possible that the differences in the ability of
these pathogens to stimulate signaling pathways leading to different patterns of gene expres-
sion in intestinal epithelial cells may account for some of the observed differences in the patho-
genesis of these two Salmonella serovars.

Materials and methods

Bacterial strains, growth conditions, cDNA constructs, and other
reagents

All bacterial strains used in this study were derived from the Salmonella enterica serovar Typhi-
murium strain SL1344 [47] or Salmonella enterica serovar Typhi strain ISP2825 [48] and are
listed in S2 Table. Plasmids used in this study are listed in S3 Table and have either been
described before or were constructed as part of this study using standard recombinant DNA
techniques. S. Typhimurium and S. Typhi were grown under conditions that increase expres-
sion of the SPI-1 T3SS [49]. Briefly, a 1:20 dilution of a bacterial overnight cultures were grown
at 37°C in L-broth containing 0.3 M NaCl until an ODgg = 0.9 prior to their use in infections.
Antibodies and other reagents were purchased from the indicated companies: rabbit-anti-TTP
(Abcam); rabbit-anti-Salmonella O Group B Antiserum (Becton Dickson); rabbit-anti- Phos-
pho-STAT3 (Ser727), rabbit-anti-Phospho-STAT3 (Tyr705), Erk (Thr202, Tyr204), JNK
(Thr183, Tyr185), P38 (Thr202, Tyr204) and I-kBo. (Cell Signaling Technology); mouse-anti-
SerpinB3 (Santa Cruz Biotechnology); mouse-anti-tubulin (Sigma-Aldrich); secondary anti-
bodies (Molecular Probes); 49,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich).

Cell culture, transfections, bacterial infections and luciferase reporter
assay measurments

The human embryonic kidney epithelial HEK 293T (ATCC) and and epithelial Henle-407
(Roy Curtiss laboratory collection) cell lines were cultured in antibiotic free Dulbecco’s
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Modified Eagle Medium (DMEM, Gibco) supplemented with 10% bovine calf (Henle-407) or
bovine fetal (HEK-293T) sera. For bacterial infections, serum-starved (DMEM without serum)
Henle-407 cells at a confluency of 80% were washed with pre-warmed Hank’s buffered salt
solution (HBSS) and allowed to equilibrate in HBSS for 15 min at 37°C. Cells were then
infected for 1 h with S. Typhimurium or S. Typhi strains at an adjusted multiplicities of infec-
tion (MOI) so as to insure equal number of internalized bacteria as indicated in the figure leg-
ends. Thus due to the slightly reduced infection rate of S. Typhi, infections were done with a
5-fold excess relative to S. Typhimurium (S1 Fig). In all S. Typhimurium infections an MOI of
20 was used except for experiments involving measurement of gene expression by PCR (MOI
of 30), immunofluorescence (MOI = 5) or Luciferase measurements (MOI of 10). Infected
cells were washed once with pre-warmed PBS and incubated for 1 h in pre-warmed DMEM
containing 50 pg/ml gentamicin. Cells were washed again with PBS and further incubated in
pre-warmed DMEM containing 10 pg/ml gentamicin for the indicated times. Similarly, HEK-
293T cells were seeded in a 24-well plate and transfected with the NF«B reporter plasmid as
previously described [37]. Transfected cells were serum-starved 18 hs prior to infection with
the different S. Typhimurium or S. Typhi strains as described above and harvested 7 hs post
infection for measurement of luciferase activity using a Dual luciferase reporter assay
(Promega).

Statistical analysis

Statistical significance was calculated by a two-tailed distributed paired Student’s t-test with
equal variance. Resulting p values of less than 0.05 were considered significantly different.

Western blotting

Cells were washed once with PBS, lysed in 2 x SDS Laemmli buffer and boiled for 10 min. Pro-
teins in cell lysates were separated by SDS-PAGE, transferred to nitrocellulose membranes.
Membranes were washed once with Tris buffered saline (TBS), blocked in a buffer containing
3% BSA or 5% milk in TBS for 30 min at room temperature and probed with the respective
primary and secondary antibodies in blocking solution supplemented with 0.02% SDS and
0.1% Tween 20. Blots were visualized and analyzed using the Odyssey LI-COR system and the
LI-COR Odyssey application software. Alternatively, blots were visualized by enhanced chemi-
luminescence (ECL).

Immunofluorescence microscopy

Human epithelial cells grown on glass coverslips were infected with S. Typhimurium or S.
Typhi strains as described above, washed once with HBSS and fixed in 4% PFA/PBS for 15
min at RT. Cells were treated with blocking solution (3% BSA, 0.1% Saponin, 50 mM NH4Cl
in PBS) for 20 min at RT, probed with primary antibody overnight at 4°C in a wet chamber,
washed three times in blocking solution and subsequently probed with secondary antibody in
combination with 4,6-Diamidino-2-phenylindole, dihydrochloride (DAPI) for 30 min at RT.
Finally, glass coverslips were washed twice with blocking solution, PBS and water before they
were mounted on glass slides and examined by epifluorescence microscopy (Nikon Diaphot)
and the Micro-Manager software [50].

Quantitative real-time PCR

RNA isolation, in vitro transcription and quantitative real-time PCR were carried out as
described elsewhere [18]. Briefly, total RNA from serum starved and infected Henle-407 cells
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was isolated using the “RNeasy Mini Kit” (QIAGEN). Following DNAse treatment, RNA was
transcribed using the iScript reverse transcriptase (BIO RAD). Transcript levels were deter-
mined in an iCycler real time PCR machine (BIO RAD) using gene specific primer sets (S4
Table), which have been designed by PrimerBank (http://pga.mgh.harvard.edu/primerbank/).

RNA-Seq

Total RNA was isolated from infected, serum starved Henle-407 cells at the indicated time
points as described for quantitative real-time PCR. Samples were submitted to the Yale Uni-
versity’s Center for Genomic Analsysis on an Illumina HiSeq 2500 system. The sequencing
data was analyzed using the Galaxy platform [51] (http://www.usegalaxy.org) with the TopHat
package for alignment of cDNA fragments in combination with mapping to the human Hg19
reference genome and the Cufflinks package to estimate differential transcript abundance
applying a false discovery rate (FDR) of 0.05 [http://www.nature.com/nprot/journal/v7/n3/
full/nprot.2012.016.html]. For further analysis, only genes above 150 nucleotides were consid-
ered and the fold differences in transcript abundance calculated.

Supporting information

S1 Fig. Equivalent S. Typhimurium and S. Typhi internalization into cultured epithelial cell
after infection with adjusted multiplicity of infection. Cultured Henle-407 epithelial cells
were infected with wild type S. Typhimurium or S. Typhi or its type III secretion deficient iso-
genic invA mutants at a multiplicity of infection of 20 (for S. Typhimurium strains) or 100 (for
S. Typh strains). Bacterial internalization was measured by the gentamicin-protection assay.
(DOCX)

S1 Table. List of genes whose expression changed at least 3 fold after infection with either
S. Typhimurium or S. Typhi.
(PDF)

$2 Table. List of strains used in this study.
(PDF)

$3 Table. List of plasmids used in this study.
(PDF)

$4 Table. qQRT-PCR primers used in this study.
(PDF)

Acknowledgments

We thank Hui Sun for discussions and assistance with the NF-«B reporter assay, Miler Lee,
Ariel Bazzini and Jana Kamanova for advice with the RNA-Seq analysis, and members of the
Galan laboratory for critical reading of the manuscript.

Author Contributions

Conceptualization: Sebastian Hannemann, Jorge E. Galan.
Data curation: Sebastian Hannemann.

Formal analysis: Sebastian Hannemann, Jorge E. Galan.

Funding acquisition: Jorge E. Galan.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006532  July 24, 2017 14/17


http://pga.mgh.harvard.edu/primerbank/
http://www.usegalaxy.org
http://www.nature.com/nprot/journal/v7/n3/full/nprot.2012.016.html
http://www.nature.com/nprot/journal/v7/n3/full/nprot.2012.016.html
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006532.s001
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006532.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006532.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006532.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006532.s005
https://doi.org/10.1371/journal.ppat.1006532

@’PLOS | PATHOGENS

Serovar-specific transcriptional reprogramming of Salmonella infected cells

Investigation: Sebastian Hannemann, Jorge E. Galan.

Methodology: Sebastian Hannemann.

Project administration: Jorge E. Galan.

Resources: Jorge E. Galan.

Supervision: Jorge E. Galan.

Validation: Sebastian Hannemann.

Writing - original draft: Sebastian Hannemann, Jorge E. Galan.

Writing - review & editing: Sebastian Hannemann, Jorge E. Galan.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Ohl ME, Miller SI. Salmonella: a model for bacterial pathogenesis. Annu Rev Med. 2001; 52:259-74.
https://doi.org/10.1146/annurev.med.52.1.259 PMID: 11160778

Grassl G, Finlay B. Pathogenesis of enteric Salmonella infections. Curr Opin Gastroenterol. 2008;
24:22-6 https://doi.org/10.1097/MOG.0b013e3282f21388 PMID: 18043228

Parry C, Hien TT, Dougan G, White N, Farrar J. Typhoid fever. N Engl J Med. 2002; 347:1770-82.
https://doi.org/10.1056/NEJMra020201 PMID: 12456854

Crump J, Mintz E. Global trends in typhoid and paratyphoid Fever. Clin Infect Dis. 2010 50:241-6.
https://doi.org/10.1086/649541 PMID: 20014951

Raffatellu M, Wilson R, Winter S, Baumler A. Clinical pathogenesis of typhoid fever. J Infect Dev Ctries.
2008; 2:260—6. PMID: 19741286

Dougan G, Baker S. Salmonella enterica serovar Typhi and the pathogenesis of typhoid fever. Annu
Rev Microbiol. 2014; 68:317-36. https://doi.org/10.1146/annurev-micro-091313-103739 PMID:
25208300

Galan J. Typhoid toxin provides a window into typhoid fever and the biology of Salmonella Typhi. Proc
Natl Acad Sci U S A 2016; 113:6338—44. https://doi.org/10.1073/pnas.1606335113 PMID: 27222578

Raffatellu M, Chessa D, Wilson R, Dusold R, Rubino S, Baumler A. The Vi capsular antigen of Salmo-
nella enterica serotype Typhi reduces Toll-like receptor-dependent interleukin-8 expression in the intes-
tinal mucosa. Infect Immun. 2005; 73:3367—74. https://doi.org/10.1128/IAl1.73.6.3367-3374.2005 PMID:
15908363

Parkhill J, Wren BW, Mungall K, Ketley JM, Churcher C, Basham D, et al. The genome sequence of the
food-borne pathogen Campylobacter jejuni reveals hypervariable sequences. Nature. 2000; 403
(6770):665-8. https://doi.org/10.1038/35001088 PMID: 10688204

Sabbagh S, Forest C, Lepage C, Leclerc J, Daigle F. So similar, yet so different: uncovering distinctive
features in the genomes of Salmonella enterica serovars Typhimurium and Typhi. FEMS Microbiol Lett.
2010; 305:1-13. https://doi.org/10.1111/j.1574-6968.2010.01904.x PMID: 20146749

Baker S, Dougan G. The genome of Salmonella enterica serovar Typhi. Clin Infect Dis. 2007; 45:Suppl
1:529-33.

Desai P, Porwollik S, Long F, Cheng P, Wollam A, Bhonagiri-Palsikar V, et al. Evolutionary Genomics
of Salmonella enterica Subspecies. MBio. 2013; 4:e00579—-12.

Galan JE. Salmonella interactions with host cells: type |l secretion at work. Annu Rev Cell Dev Biol.
2001; 17:53-86. Epub 2001/11/01. hitps://doi.org/10.1146/annurev.cellbio.17.1.53 PMID: 11687484.

Figueira R, Holden D. Functions of the Salmonella pathogenicity island 2 (SPI-2) type Il secretion sys-
tem effectors. Microbiology. 2012; 158:1147-61. https://doi.org/10.1099/mic.0.058115-0 PMID:
22422755

Spanod S, Galan J. A Rab32-dependent pathway contributes to Salmonella typhi host restriction. Sci-
ence. 2012; 338:960-3. https://doi.org/10.1126/science.1229224 PMID: 23162001

Spano S, Gao X, Hannemann S, Lara-Tejero M, Galan J. A Bacterial Pathogen Targets a Host Rab-
Family GTPase Defense Pathway with a GAP. Cell Host Microbe. 2016; 19:216—-26. https://doi.org/10.
1016/j.chom.2016.01.004 PMID: 26867180

Hobbie S, Chen LM, Davis R, Galan JE. Involvement of the mitogen-activated protein kinase pathways
in the nuclear responses and cytokine production induced by Salmonella typhimuriumin cultured intesti-
nal cells. J Immunol. 1997; 159:5550-9. PMID: 9548496

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006532  July 24, 2017 15/17


https://doi.org/10.1146/annurev.med.52.1.259
http://www.ncbi.nlm.nih.gov/pubmed/11160778
https://doi.org/10.1097/MOG.0b013e3282f21388
http://www.ncbi.nlm.nih.gov/pubmed/18043228
https://doi.org/10.1056/NEJMra020201
http://www.ncbi.nlm.nih.gov/pubmed/12456854
https://doi.org/10.1086/649541
http://www.ncbi.nlm.nih.gov/pubmed/20014951
http://www.ncbi.nlm.nih.gov/pubmed/19741286
https://doi.org/10.1146/annurev-micro-091313-103739
http://www.ncbi.nlm.nih.gov/pubmed/25208300
https://doi.org/10.1073/pnas.1606335113
http://www.ncbi.nlm.nih.gov/pubmed/27222578
https://doi.org/10.1128/IAI.73.6.3367-3374.2005
http://www.ncbi.nlm.nih.gov/pubmed/15908363
https://doi.org/10.1038/35001088
http://www.ncbi.nlm.nih.gov/pubmed/10688204
https://doi.org/10.1111/j.1574-6968.2010.01904.x
http://www.ncbi.nlm.nih.gov/pubmed/20146749
https://doi.org/10.1146/annurev.cellbio.17.1.53
http://www.ncbi.nlm.nih.gov/pubmed/11687484
https://doi.org/10.1099/mic.0.058115-0
http://www.ncbi.nlm.nih.gov/pubmed/22422755
https://doi.org/10.1126/science.1229224
http://www.ncbi.nlm.nih.gov/pubmed/23162001
https://doi.org/10.1016/j.chom.2016.01.004
https://doi.org/10.1016/j.chom.2016.01.004
http://www.ncbi.nlm.nih.gov/pubmed/26867180
http://www.ncbi.nlm.nih.gov/pubmed/9548496
https://doi.org/10.1371/journal.ppat.1006532

@’PLOS | PATHOGENS

Serovar-specific transcriptional reprogramming of Salmonella infected cells

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Bruno VM, Hannemann S, Lara-Tejero M, Flavell RA, Kleinstein SH, Galan JE. Salmonella Typhimur-
ium type lll secretion effectors stimulate innate immune responses in cultured epithelial cells. PLoS
Pathog. 2009; 5(8):e1000538. Epub 2009/08/08. https://doi.org/10.1371/journal.ppat. 1000538 PMID:
19662166;

Hannemann S, Gao B, Galan J. Salmonella modulates host cell gene expression to promote its intracel-
lular growth. PLoS Pathog. 2013; 9:e1003668. https://doi.org/10.1371/journal.ppat. 1003668 PMID:
24098123

Thompson L, Dunstan S, Dolecek C, Perkins T, House D, Dougan G, et al. Transcriptional response in
the peripheral blood of patients infected with Salmonella enterica serovar Typhi. Proc Natl Acad SciU S
A 2009; 106:22433-8. https://doi.org/10.1073/pnas.0912386106 PMID: 20018727

Afonso-Grunz F, Hoffmeier K, Muller S, Westermann A, Rotter B, Vogel J, et al. Dual 3'Seq using deep-
SuperSAGE uncovers transcriptomes of interacting Salmonella enterica Typhimurium and human host
cells. BMC Genomics. 2015; 16:323. https://doi.org/10.1186/s12864-015-1489-1 PMID: 25927313

Takeda K, Schreiber F, Kay S, Frankel G, Clare S, Goulding D, et al. The Hd, Hj, and Hz66 flagella vari-
ants of Salmonella enterica serovar Typhi modify host responses and cellular interactions. Sci Rep
2015; 5:7947. https://doi.org/10.1038/srep07947 PMID: 25609312

Khoo S, Petillo D, Parida M, Tan A, Resau J, Obaro S. Host response transcriptional profiling reveals
extracellular components and ABC (ATP-binding cassette) transporters gene enrichment in typhoid
fever-infected Nigerian children. BMC Infect Dis 2011; 11:241. https://doi.org/10.1186/1471-2334-11-
241 PMID: 21914192

Galan JE, Ginocchio C, Costeas P. Molecular and functional characterization of the Salmonella inva-
sion gene invA: homology of InvA to members of a new protein family. J Bacteriol. 1992; 174(13):4338—
49. Epub 1992/07/01. PMID: 1624429;

Dev A, lyer S, Razani B, Cheng G. NF-kB and innate immunity. Curr Top Microbiol Immunol 2011;
349:115-43. https://doi.org/10.1007/82_2010_102 PMID: 20848362

Jenner R, Young R. Insights into host responses against pathogens from transcriptional profiling. Nat
Rev Microbiol. 2005; 3:281-94. https://doi.org/10.1038/nrmicro1126 PMID: 15806094

Shaulian E, Karin M. AP-1 as a regulator of cell life and death. Nat Cell Biol 2002; 4:E131—6 https://doi.
org/10.1038/ncb0502-e131 PMID: 11988758

Chen LM, Hobbie S, Galan JE. Requirement of CDC42 for Salmonella-induced cytoskeletal and nuclear
responses. Science. 1996; 274(5295):2115-8. Epub 1996/12/20. PMID: 8953049.

Parkhill J, Dougan G, James KD, Thomson NR, Pickard D, Wain J, et al. Complete genome sequence
of a multiple drug resistant Salmonella enterica serovar Typhi CT18. Nature. 2001; 413(6858):848-52.
https://doi.org/10.1038/35101607 PMID: 11677608.

Du F, Galan J. Selective inhibition of type Ill secretion activated signaling by the Salmonella effector
AvrA. (manuscript submitted). 2009.

LiH, Xu H, Zhou Y, Zhang J, Long C, Li S, et al. The phosphothreonine lyase activity of a bacterial type
11l effector family. Science. 2007;(315):1000-3

Rolhion N, Furniss R, Grabe G, Ryan A, Liu M, Matthews S, et al. Inhibition of Nuclear Transport of NF-
KB p65 by the Salmonella Type Il Secretion System Effector SpvD. PLoS Pathog 2016; 12:e1005653.
https://doi.org/10.1371/journal.ppat.1005653 PMID: 27232334

Grabe G, Zhang Y, Przydacz M, Rolhion N, Yang Y, Pruneda J, et al. The Salmonella Effector SpvD Is
a Cysteine Hydrolase with a Serovar-specific Polymorphism Influencing Catalytic Activity, Suppression
of Immune Responses, and Bacterial Virulence. J Biol Chem 2016 291:25853-63. https://doi.org/10.
1074/jbc.M116.752782 PMID: 27789710

Ginster R, Matthews S, Holden D, Thurston T. SseK1 and SseK3 Type Il Secretion System Effectors
Inhibit NF-kB Signaling and Necroptotic Cell Death in Salmonella-Infected Macrophages. Infect Immun
2017; 85:e00010-17. https://doi.org/10.1128/IA1.00010-17 PMID: 28069818

Le Negrate G, Faustin B, Welsh K, Loeffler M, Krajewska M, Hasegawa P, et al. Salmonella

secreted factor L deubiquitinase of Salmonella typhimurium inhibits NF-kappaB, suppresses IkappaBal-
pha ubiquitination and modulates innate immune responses. J Immunol. 2008 180:5045-56. PMID:
18354230

Haraga A, Miller SI. A Salmonella type IlI secretion effector interacts with the mammalian serine/threo-
nine protein kinase PKN1. Cell Microbiol. 2006; 8(5):837-46. https://doi.org/10.1111/j.1462-5822.2005.
00670.x PMID: 16611232

Sun H, Kamanova J, Lara-Tejero M, Galan J. A Family of Salmonella Type Ill Secretion Effector Pro-
teins Selectively Targets the NF-kB Signaling Pathway to Preserve Host Homeostasis. PLoS Pathog.
2016; 12:e1005484. https://doi.org/10.1371/journal.ppat. 1005484 PMID: 26933955

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006532  July 24, 2017 16/17


https://doi.org/10.1371/journal.ppat.1000538
http://www.ncbi.nlm.nih.gov/pubmed/19662166
https://doi.org/10.1371/journal.ppat.1003668
http://www.ncbi.nlm.nih.gov/pubmed/24098123
https://doi.org/10.1073/pnas.0912386106
http://www.ncbi.nlm.nih.gov/pubmed/20018727
https://doi.org/10.1186/s12864-015-1489-1
http://www.ncbi.nlm.nih.gov/pubmed/25927313
https://doi.org/10.1038/srep07947
http://www.ncbi.nlm.nih.gov/pubmed/25609312
https://doi.org/10.1186/1471-2334-11-241
https://doi.org/10.1186/1471-2334-11-241
http://www.ncbi.nlm.nih.gov/pubmed/21914192
http://www.ncbi.nlm.nih.gov/pubmed/1624429
https://doi.org/10.1007/82_2010_102
http://www.ncbi.nlm.nih.gov/pubmed/20848362
https://doi.org/10.1038/nrmicro1126
http://www.ncbi.nlm.nih.gov/pubmed/15806094
https://doi.org/10.1038/ncb0502-e131
https://doi.org/10.1038/ncb0502-e131
http://www.ncbi.nlm.nih.gov/pubmed/11988758
http://www.ncbi.nlm.nih.gov/pubmed/8953049
https://doi.org/10.1038/35101607
http://www.ncbi.nlm.nih.gov/pubmed/11677608
https://doi.org/10.1371/journal.ppat.1005653
http://www.ncbi.nlm.nih.gov/pubmed/27232334
https://doi.org/10.1074/jbc.M116.752782
https://doi.org/10.1074/jbc.M116.752782
http://www.ncbi.nlm.nih.gov/pubmed/27789710
https://doi.org/10.1128/IAI.00010-17
http://www.ncbi.nlm.nih.gov/pubmed/28069818
http://www.ncbi.nlm.nih.gov/pubmed/18354230
https://doi.org/10.1111/j.1462-5822.2005.00670.x
https://doi.org/10.1111/j.1462-5822.2005.00670.x
http://www.ncbi.nlm.nih.gov/pubmed/16611232
https://doi.org/10.1371/journal.ppat.1005484
http://www.ncbi.nlm.nih.gov/pubmed/26933955
https://doi.org/10.1371/journal.ppat.1006532

@’PLOS | PATHOGENS

Serovar-specific transcriptional reprogramming of Salmonella infected cells

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Patel JC, Galan JE. Differential activation and function of Rho GTPases during Salmonella-host cell
interactions. J Cell Biol. 2006; 175(3):453-63. Epub 2006/11/01. https://doi.org/10.1083/jcb.200605144
PMID: 170748883;

Tobe T, Beatson S, Taniguchi H, Abe H, Bailey C, Fivian A, et al. An extensive repertoire of type Il
secretion effectors in Escherichia coli 0157 and the role of lambdoid phages in their dissemination.
Proc Natl Acad Sci U S A 2006; 103:4941-6.

Kane C, Schuch R, Day WJ, Maurelli A. MxiE regulates intracellular expression of factors secreted by
the Shigella flexneri 2a type Il secretion system. J Bacteriol. 2002; 184:4409-19. https://doi.org/10.
1128/JB.184.16.4409-4419.2002 PMID: 12142411

Zhang S, Santos RL, Tsolis RM, Stender S, Hardt WD, Baumler AJ, et al. The Salmonella enterica sero-
type typhimurium effector proteins SipA, SopA, SopB, SopD, and SopE2 act in concert to induce diar-
rhea in calves. Infect Immun. 2002; 70(7):3843-55. https://doi.org/10.1128/1Al.70.7.3843-3855.2002
PMID: 12065528.

Hapfelmeier S, Ehrbar K, Stecher B, Barthel M, Kremer M, Hardt W. Role of the Salmonella pathogenic-
ity island 1 effector proteins SipA, SopB, SopE, and SopE2 in Salmonella enterica subspecies 1 serovar
Typhimurium colitis in streptomycin-pretreated mice. Infect Immun. 2004; 72:795-809. https://doi.org/
10.1128/1A1.72.2.795-809.2004 PMID: 14742523

Stecher B, Robbiani R, Walker A, Westendorf A, Barthel M, Kremer M, et al. Salmonella enterica sero-
var typhimurium exploits inflammation to compete with the intestinal microbiota. PLoS Biol. 2007;
5:2177-89. https://doi.org/10.1371/journal.pbio.0050244 PMID: 17760501

Winter S, Thiennimitr P, Winter M, Butler B, Huseby D, Crawford R, et al. Gut inflammation provides a
respiratory electron acceptor for Salmonella. Nature. 2010; 467:426-9. https://doi.org/10.1038/
nature09415 PMID: 20864996

Marshall C. Specificity of Receptor Tyrosine Kinase Signaling—Transient Versus Sustained Extracellu-
lar Signal-Regulated Kinase Activation. Cell. 1995; 80:179-85. PMID: 7834738

Murphy L, Blenis J. MAPK signal specificity: the right place at the right time. Trends in Biochemical Sci-
ences 2006; 31:268-75. https://doi.org/10.1016/).tibs.2006.03.009 PMID: 16603362

Hoiseth SK, Stocker BA. Aromatic-dependent Salmonella typhimurium are non-virulent and effective as
live vaccines. Nature. 1981; 291:238-9. PMID: 7015147

Galan JE, Curtiss R llI. Distribution of the invA, -B, -C, and -D genes of Salmonella typhimurium among
other Salmonella serovars: invA mutants of Salmonella typhi are deficient for entry into mammalian
cells. Infect Immun. 1991; 59:2901-8. PMID: 1879916

Eichelberg K, Galan JE. Differential regulation of Salmonella typhimurium type Il secreted proteins by
pathogenicity island 1 (SPI-1)-encoded transcriptional activators InvF and hilA. Infect Immun. 1999; 67
(8):4099-105. Epub 1999/07/23. PMID: 10417179;

Edelstein A, Tsuchida M, Amodaj N, Pinkard H, Vale R, Stuurman N. Advanced methods of microscope
control using uManager software. J Biol Methods 2014; 1:e10. https://doi.org/10.14440/jbm.2014.36
PMID: 25606571

Afgan E, B D, van den Beek M, Blankenberg D, Bouvier D, Cech M, et al. The Galaxy platform for
accessible, reproducible and collaborative biomedical analyses: 2016 update. Nucleic Acids Res. 2016;
4:W3-W10.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006532  July 24, 2017 17/17


https://doi.org/10.1083/jcb.200605144
http://www.ncbi.nlm.nih.gov/pubmed/17074883
https://doi.org/10.1128/JB.184.16.4409-4419.2002
https://doi.org/10.1128/JB.184.16.4409-4419.2002
http://www.ncbi.nlm.nih.gov/pubmed/12142411
https://doi.org/10.1128/IAI.70.7.3843-3855.2002
http://www.ncbi.nlm.nih.gov/pubmed/12065528
https://doi.org/10.1128/IAI.72.2.795-809.2004
https://doi.org/10.1128/IAI.72.2.795-809.2004
http://www.ncbi.nlm.nih.gov/pubmed/14742523
https://doi.org/10.1371/journal.pbio.0050244
http://www.ncbi.nlm.nih.gov/pubmed/17760501
https://doi.org/10.1038/nature09415
https://doi.org/10.1038/nature09415
http://www.ncbi.nlm.nih.gov/pubmed/20864996
http://www.ncbi.nlm.nih.gov/pubmed/7834738
https://doi.org/10.1016/j.tibs.2006.03.009
http://www.ncbi.nlm.nih.gov/pubmed/16603362
http://www.ncbi.nlm.nih.gov/pubmed/7015147
http://www.ncbi.nlm.nih.gov/pubmed/1879916
http://www.ncbi.nlm.nih.gov/pubmed/10417179
https://doi.org/10.14440/jbm.2014.36
http://www.ncbi.nlm.nih.gov/pubmed/25606571
https://doi.org/10.1371/journal.ppat.1006532

