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ABSTRACT

The eukaryotic transcriptional regulator Nuclear Factor kappa B (NF-«B) plays a central role in
the defense to pathogens. Despite this, few studies have analyzed NF-«B activity in single cells
during infection. Here, we investigated at the single cell level how NF-«B nuclear localization - a
proxy for NF-«xB activity — oscillates in infected and uninfected fibroblasts co-existing in cultures
exposed to Salmonella enterica serovar Typhimurium. Fibroblasts were used due to the capacity
of S. Typhimurium to persist in this cell type. Real-time dynamics of NF-«xB was examined in
microfluidics, which prevents cytokine accumulation. In this condition, infected (ST+) cells
translocate NF-«B to the nucleus at higher rate than the uninfected (ST-) cells. Surprisingly, in
non-flow (static) culture conditions, ST- fibroblasts exhibited higher NF-«B nuclear translocation
than the ST+ population, with these latter cells turning refractory to external stimuli such as
TNF-a or a second infection. Sorting of ST+ and ST- cell populations confirmed enhanced
expression of NF-«xB target genes such as IL1B, NFKBIA, TNFAIP3, and TRAFT in uninfected (ST-)
fibroblasts. These observations proved that S. Typhimurium dampens the NF-«<B response in the
infected fibroblast. Higher expression of SOCS3, encoding a “suppressor of cytokine signaling,”
was also observed in the ST+ population. Intracellular S. Typhimurium subverts NF-«B activity
using protein effectors translocated by the secretion systems encoded by pathogenicity islands
1 (T1) and 2 (T2). T1 is required for regulating expression of SOCS3 and all NF-«B target genes
analyzed whereas T2 displayed no role in the control of SOCS3 and IL1B expression. Collectively,
these data demonstrate that S. Typhimurium attenuates NF-«B signaling in fibroblasts, an effect
only perceptible when ST+ and ST- populations are analyzed separately. This tune-down in a
central host defense might be instrumental for S. Typhimurium to establish intracellular
persistent infections.
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Introduction
The interaction between host and the pathogen nor-

Salmonella enterica is an intracellular bacterial pathogen
that causes gastrointestinal and systemic diseases in
human and livestock." Studies in diverse animal models
show the ability of this food-borne pathogen to interact
with varied host cell types as the infection progresses
including macrophages, dendritic cells, M cells, epithelial
cells, and fibroblasts.”* The pathogen resolves the inter-
action with these distinct cell types following different
strategies, ranging from induction of apoptosis to the
establishment of long-lasting infections.” The molecular
bases of such diverse outcomes are though to rely on a
distinct crosstalk occurring between the intracellular bac-
teria and the infected cell.” Many of these unique host
cell-specific processes remain to be characterized.

mally initiates via the recognition of pathogen-associated
molecular patterns (PAMP) by PAMP-recognition
receptors (PRR).® Extensively studied PRRs include the
Toll-like (TLR) and Nod-like (NLR) receptor families.”'’
Both types of PRR activate signaling pathways that con-
verge to regulators of the NF-«B (Nuclear Factor «B)
family, among others. The NF-«B family includes dis-
tinct transcription factors composed of 2 subunits, which
can be homo- or heterodimers. Regardless of their exact
subunit composition, the diverse NF-xB members share
the control of genes related to inflammatory processes.'!
S. enterica serovar Typhimurium (S. Typhimurium)
activates NF-«kB by different mechanisms. This pathogen
activates PRR such as TLR4 or TLR5 by lipopolysaccharide
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(LPS) or flagellin, respectively; or NOD1 and NOD2 by
peptidoglycan fragments.'>'* Protein effectors translocated
by S. Typhimurium into the infected cell also modulate
NF-«B activity. These proteins are substrates of 2 special-
ized type III protein secretion systems encoded in the
Salmonella pathogenicity islands 1 and 2, SPI-1 and SPI-2,"*
hereinafter refereed as T1 and T2, respectively. T1 is
required for invasion of host cells whereas T2 is used
by the pathogen to adapt to the intracellular environ-
ment of the infected cell. Contribution of secreted effec-
tor proteins to the stimulation of NF-«B activity was
shown for the T1 effectors SopE, SopE2, SopB, and
SipA.">"'” S. Typhimurium also uses protein effectors to
inhibit NF-«B activity. This is the case of the T1 effec-
tors AvrA and S.ptP,lg’19 and the T2 effectors GogB,
SseL and SspH1.>°** Another study however described
no effect of SseL on NF«B activity.”” The type-III effec-
tors GogA, GtgA and PipA have been recently reported
to dampen the NF-«B response in epithelial cells.*
Whether these effectors with opposite effects over
NF-«B act coordinately during the infection process is
at present unknown.

NF-«B functions as a transcriptional regulator in the
form of a homo- or heterodimer built by any of the 5
subunit proteins known to fulfill this role: RelA (p65),
cRel, RelB, p50 and p52."" The most predominant heter-
odimer is formed by p65 and p50. In basal conditions,
inhibitory I«B proteins (IxBe, I«kBS or IxBg) sequester
the NF-«B dimers in the cell cytoplasm. In response to
external stimuli, proper signaling pathways activate the
IkB kinase complex that, in turn, phosphorylates and
leads to ubiquitination and proteolysis of the inhibitory
I«B protein. When I«B proteins are degraded the NF-«B
dimers translocate to the nucleus where they function as
transcription factors. Genes encoding IxBa and I«Be are
themselves NF-«B targets.25 When activated, NF-«B
shows a dynamic behavior of cytosolic-nuclear transloca-
tion that is influenced by several factors, including: i) dif-
ferent phosphorylation state in several residues of the
heterodimer; ii) the cell type; and, iii) the NF-xB subunit
to which IxB is bound. These distinct activation patterns
lead to different oscillatory behaviors that influence tran-
scriptional activity.”**” Single-cell studies show that NF-
kB presents a rich dynamics, including oscillations of the
nuclear concentration.”>*** This type of dynamics has
been observed for a number of transcription factors.”'

Most in vitro studies involving host-pathogen interac-
tions have been performed using pooled cell cultures.
This approach does not take into account probable vari-
able responses between infected and uninfected cells, and
few studies have addressed this aspect at the single-cell
level. An exception is a study in Legionella pneumophila
that showed a biphasic activation of NF-«B by

intracellular bacteria when looking at single cell level.*

Similarly, let-7 microRNA levels in infected and unin-
fected macrophages were reported to be different after
exposure to S. Typhimurium.”> More recently, dual
RNA-seq applied to S. Typhimurium-infected epithelial
cells revealed higher expression of some immunity genes
positively regulated by NF-«B in infected versus unin-
fected cells.”*

Despite the evidence linking S. Typhimurium infec-
tion to NF-«B activation,”*** no study has yet character-
ized the NF-«B response at the single-cell level.
Considering NF-«B as a dynamic and oscillatory tran-
scription factor, we used time-lapse microscopy to cap-
ture these properties in fibroblasts persistently infected
with S. Typhimurium. Our data revealed distinct intensi-
ties of the NF-«B response in infected and bystander
uninfected fibroblasts.

Results

Single-cell analysis of NF-xB dynamics in infected
(ST+) and uninfected (ST-) fibroblasts in presence
of S. Typhimurium

To analyze NF-«B activity at the single cell level in cul-
tures challenged with S. Typhimurium, we combined live
cell imaging and time-lapse microscopy with “auto-
mated” quantification of NF-«B dynamics. Mouse
embryonic fibroblasts (MEF) obtained from GFP-p65
knock-in mice expressing physiological levels of GFP-
p65°° were used to this aim. GFP-p65 MEF were incu-
bated with DsRed-expressing S. Typhimurium for
10 min, a condition in which an average of ~50% of
fibroblasts harbor red intracellular bacteria. Nuclei of
live cells were stained with a Hoechst derivative, which
allowed automatic cell segmentation and tracking by our
software, designed to quantify NF-«B nuclear transloca-
tion®>*” (Fig. 1A, upper panel). Fluorescence intensities
in the GFP channel were used to quantify the NF-«B sig-
nal both inside the nuclei and in the cytoplasm (Fig. 1A,
middle panel). Intracellular bacteria were visualized in
the DsRed channel (Fig. 1A, lower panel). NF-«B
dynamics was determined by the “Nuclear to Cyto-
plasmic ratio of the Intensities” (NCI). This NCI value
has been used in a number of previous studies as direct
measurement of NF-«B activation.”*>*"**

To distinguish infected (ST+) and uninfected (ST-)
cells in our time-lapse experiment, we calibrated an auto-
matic detection method. For each cell, we determined the
number of red pixels in the DsRed channel located in the
cytoplasmic region. By fixing a threshold for the average
value of pixels detected for each cell in a period of
60 min (necessary to rule out transient contacts of cells
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Figure 1. Single-cell analysis of the p65 nuclear/cytosol dynamics in S. Typhimurium-infected fibroblasts. (A) Mouse embryonic fibro-
blasts (MEF) isolated from knock-in GFP-p65 transgenic mice were infected with DsRed-expressing S. Typhimurium. Nuclei of live cells
were stained with Hoechst (HOE) and visualized by confocal microscopy. GFP-p65 signal was quantified in the nucleus and cytoplasmic
region of infected (ST+) and uninfected (ST-) fibroblasts. A representative snapshot of the different channels used is shown. Top panel:
nuclei boundaries are highlighted with a yellow dashed line. Middle panel: cytoplasm boundaries (GFP channel) defined by a white
dashed line. Bottom panel: DsRed signal; arrows indicate intracellular DsRed S. Typhimurium. (B) Snapshots showing examples of ST+
(white arrows pointing to intracellular bacteria) and ST- fibroblasts. The bottom panel represents average number of pixels quantified in
the DsRed channel for individual cells (n = 257) up to 6 hpi. An average pixel value per cell higher than 7 discriminated ST+ from ST-
fibroblasts (*, P < 0.05). (C) Example of a ST+ and a ST- fibroblast for which GFP-p65 nuclear to cytosolic ratio (NCI, on the Y-axis) was
calculated along time (X-axis). Both, the ST+ and the ST- fibroblast show p65 nuclear translocation at the beginning of the experiment.
At later post-infection times, oscillations in the NCI value occur with different intensities in the ST+ and ST- fibroblasts. (D) NCI values
along time obtained for ST+ (n = 63), ST- (n = 90) and naive uninfected (n = 125) cell populations. The left panel shows p65 dynamics
in the total population of ST+ plus ST- MEF. Each green line corresponds to a single fibroblast cell. The black line indicates the average
NCI value for the entire population. In the left-middle panel, pink lines represent individual ST+ fibroblasts discriminated using the 7-
pixel threshold described in panel (B) and the thick red line the NCI average value for this population. In the right-middle panel, cyan
lines represent NCI values of individual ST- fibroblasts and the thick dark blue line the NCI average value for this population. The right
panels show the behavior of naive uninfected fibroblasts with very few oscillations noted.
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with bacteria), we discriminated between infected and
uninfected cells in subsequent experiments (Fig. 1B, see
also Methods). The tool allowed us to determine NF-«B
dynamics separately in ST+ and ST- fibroblasts.
Figure 1C shows the NCI dynamics of 2 representative
cells: one classified as infected (ST+) (Fig. 1C, top left
panel) and the other as uninfected (ST-) (Fig. 1C, top
right panel).

Time-lapse microscopy on live cells and the tracking
system allowed to follow NF-«B dynamics for hundreds
of cells during prolonged periods of time. Control assays
discarded putative side effects in the fibroblast-bacteria
interaction due to DsRed expression by the pathogen,
nuclear staining in the host cell or the lasers used for exci-
tation of fluorescent proteins in confocal microscopy
(Fig. S1). The advantage of our tracking system is denoted
in Fig. 1D, which shows an experiment in which MEFs
were incubated with bacteria for 10 min, washed with
fresh medium containing gentamicin and imaged from 1
to 7 h post infection (hpi). Single-cell dynamics presented
complex oscillations that are damped at a population level
(Fig 1D, left panel). NF-«B dynamics in ST+ and ST-
fibroblasts (Fig. 1D, medium panels) clearly differentiate
from that detected in naive fibroblasts not exposed to bac-
teria, in which very few oscillations were observed
(Fig. 1D, right panel). Taken together, these data indicated
that our tool was suitable to: i) characterize NF-«B
dynamics in both infected (ST+) and uninfected (ST-)
cells to assess contribution of external and internal stimuli;
and, ii) discern whether infection affects the response to
external stimuli and how successive rounds of infection
might alter the NF-«B response.

Intracellular S. typhimurium augments p65 nuclear
translocation in infected (ST+) fibroblasts not
exposed to extracellular signals

S. Typhimurium constantly release PAMPs like LPS and
flagellin to the extracellular medium. These molecules acti-
vate NF-«B from outside the eukaryotic cell following their
binding to TLR.">'*> NF-«B can be also activated from the
“inside” by intracellular bacteria that secrete effector pro-
teins or release peptidoglycan fragments.”"” These latter
studies examined NF-«B stimulation based on average
read-outs obtained from infected and bystander uninfected
cells that co-exist in the culture. Under these conditions,
autocrine and paracrine signaling may occur.

To minimize the effect of paracrine signaling, we
infected GFP-p65 MEF with DsRed-S. Typhimurium in
a microfluidics device (see Methods). After 10 min of
fibroblast-bacteria co-incubation, MEF were subjected to
continuous flow with fresh medium containing gentami-
cin (Fig. 2A). This procedure ensured washout of the

noninternalized bacteria and cytokines released to the
culture medium (Movie S1). Our quantification software
calculated NF-«B activation dynamics in ST+ and ST-
fibroblasts (see Methods).”” Mean NCI values denoted
high translocation rate of p65 during the first hour of the
experiment (Fig. 2B). This early NF-«B activation wave
was more pronounced in ST+ fibroblasts (Fig. 2B). The
NF-«B activation detected in ST- fibroblasts was inter-
preted as a consequence of bacterial products such as
LPS or flagellin stimulating TLR located in the fibroblast
plasma membrane during the 10 min of fibroblast-bacte-
ria incubation. The initial higher NF-«B activation found
in the ST+ fibroblasts could result from both signaling
due to intracellular S. Typhimurium and bacterial prod-
ucts present in the extracellular milieu. The contribution
of extracellular signaling to NF-«B activity was con-
firmed by control assays showing decrease in the relative
levels of the IkBe inhibitor in wild type but not in
MYD88 '~ MEF exposed to S. Typhimurium (Fig. S2).
Infection in the microfluidics device showed that after
the initial NF-xB activation wave, the ST+ population
maintained higher mean NCI values than the ST- fibro-
blasts (Fig. 2B). Differences in the mean NCI values were
statistically significant up to 5 hpi (P < 0.05, Kolmo-
gorov-Smirnov (KS) test, Fig. S3). The quantification of
red pixels (bacterial DsRed signal) in individual cells
along the experiment evidenced uniformity in both the
ST+ and ST- populations (Fig. S4). Thus, although at
early infection times some cells of the “ST+ population”
had less than the 7 red pixels established as threshold,
>95-99% of these ST+ cells showed a substantially
higher number of pixels at later infection times, 4-6 hpi
(Fig. S4). This analysis allowed us to contrast the dynam-
ics of the NCI value in individual cells vs. the “mean”
NCI values calculated for the entire ST+ and ST- popu-
lations (Figs. 1B, 2B). A distinct parameter, consisting in
the fraction of cells of each population reaching a defined
NCI value, further evidenced higher NCI values in ST+
than in ST- fibroblasts (Fig. 2C). Percentage of infected
and uninfected cells reaching a defined NCI value at dis-
tinct post-infection times in the experiment also con-
firmed higher NF-«B activity in the ST+ fibroblasts
(Fig. S5). Altogether, the data obtained at both the popu-
lation and single cell level demonstrated that S. Typhi-
murium modulates positively the NF-xB response inside
fibroblasts, independently of extracellular signaling.

Intracellular S. typhimurium attenuates p65 nuclear
translocation in fibroblasts exposed to extracellular
signals

Cytokines and chemokines are immunomodulatory
molecules secreted in response to infection or
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Figure 2. S. Typhimurium stimulates p65 nuclear translocation from inside the fibroblast. (A) Data were obtained in microfluidic cell cul-
ture chambers in which GFP-p65 expressing MEF were incubated for 10 min with DsRed-S. Typhimurium. This infection was followed by
a continuous flow of medium containing 25 pg/ml gentamicin for 7 h. The continuous flow prevented extracellular signaling by cyto-
kines secreted by the MEF and removes bacteria that could eventually be released from the host cells. (B) Average NCl values are plotted
for the ST+ (n = 39, red line) and the ST- (n = 145, blue line) MEF populations. Data show a higher nuclear concentration of p65 in the
infected MEF (red line) (*, P < 0.05, see also Fig. S3). (C) Fraction of cells that reached a specific NCl value at any post-infection time.
This parameter was monitored for every single-cell during the experiment and the plot shows a significant (P < 0.001) higher propor-

tion of ST+ cells reaching high NCl values.

inflammation. When these molecules are present in
the tissue culture medium they can elicit paracrine
and autocrine effects on cells irrespective of whether
the cells are infected or not. We sought to determine
the extent of these effects in the fibroblast culture
exposed to S. Typhimurium. To this aim, we analyzed
NF-«B activation in non-flow (static) infection condi-
tions and following stimulation of the cells with
TNF-« at 2 h post-infection. The initial experimental
set-up consisted in a single replacement of the culture
medium at 10 min post-infection, which allowed the
accumulation of secreted molecules in the milieu.
Image acquisition was performed from 1 to 8 hpi. At
early times, 1 to 3 hpi, NF-«B activation was higher
in the ST+ fibroblasts (Fig. 3A, middle panel), which
agreed with the data obtained at early infection times
in fibroblasts maintained in the microfluidics chamber
(Fig. 2B). However, this trend, higher NF-«B activity
in ST+ population, was not observed from 3 to 4 hpi
regarding the fraction of cells reaching a defined NCI
value at this window time (Fig. 3A, middle, right pan-
els). Surprisingly, the uninfected (ST-) fibroblasts
showed significantly more nuclear NF-«B than the
ST+ cells at 4-5 hpi (Fig. 3A, middle panel;

Fig. S6A). These results suggested that extracellular
signaling due to soluble molecules could impact dif-
ferently ST+ and ST- fibroblasts. This idea led us to
hypothesize that S. Typhimurium could interfere NF-
kB activation when the infected (ST+) fibroblast was
exposed to extracellular stimuli.

To test this hypothesis, we added TNF-«, a potent
cytokine commonly used in p65 translocation assays, to
a fibroblast culture previously infected with S. Typhimu-
rium (Fig. 3B). Following TNF-« challenge at 2 hpi, the
NF-«B response in the ST+ fibroblasts was significantly
lower than that of ST- fibroblasts (Fig. 3B, middle panel;
Fig. S6B). The difference between ST+ and ST- fibro-
blasts was statistically significant when analyzing the
fraction of cells reaching a defined NCI value in the
period of 2-3.5 hpi (Fig. 3B, medium and right panels).
These data demonstrated that intracellular S. Typhimurium
rendered the fibroblast refractory to the TNF-« treatment,
probably associated to attenuation of the NF-«B response.

Considering this inhibitory effect, we next determined
whether the infected (ST+) fibroblasts with attenuated
NF-«B activity could react to other extracellular stimuli
such as a second infection. To test this possibility, the
fibroblast culture containing ST+ and ST-cells was
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challenged with DsRed-expressing S. Typhimurium
(Fig. 3C). In this particular case, we used the microflui-
dics setup to exclude the autocrine/paracrine effect and
to evaluate mainly the response to the second pathogen
challenge. As noted before for TNF-«, the strong NF-«B
activation wave following the initial infection was signifi-
cantly higher in the ST+ fibroblasts (Fig. 3C). The time
interval to determine which fibroblasts were infected or
uninfected was restricted to the time before this second
infection. Strikingly, the second bacterial infection

induced a stronger NF-«B response in the ST- cells,
which was statistically significant (Fig. 3C, Fig. S6).
Additional parameters calculated in these types of
experiments included the number of red pixels per indi-
vidual cell along the experiment (Fig. S7A-C) and the
NCI value estimated for ST+ and ST- fibroblasts at
distinct post-infection times (Fig. S8A-C). Collectively,
these data indicated that intracellular S. Typhimurium
contributes to the unresponsiveness of the infected
(ST+) fibroblast to extracellular stimuli.
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Figure 3. (For figure legend, see page 725.)



Uninfected (ST-) fibroblasts respond to extracellular
stimuli by expressing NF-«B target genes

So far, our data were consistent with a different behavior
of ST+ and ST- fibroblasts regarding translocation of the
NF-«B subunit p65 to the nucleus. We reasoned that
these 2 cell populations could show different expression
profiles of NF-«B target genes. To test this, we monitored
genome-wide expression in sorted cell populations.
Human BJ-5ta fibroblasts were infected with GFP-
expressing S. Typhimurium and separated in ST+ and
ST- populations by fluorescent activated cell sorting
(FACS). A dual color gene expression microarray repre-
senting a total of 35,377 human genes, was used (see
Materials and Methods). A total of 1,644 differentially
expressed genes were detected using a 1.5 fold change
threshold: 1,127 genes overexpressed in the ST+ fibro-
blasts and 517 genes displaying increased expression in
the ST- fibroblasts. When the threshold was set to more
stringent values (>1.9 or <—1.9 fold change), 29 genes
displayed increased expression in ST+ fibroblasts and 16
in the ST- cells (Fig. 4A). Only seven out of the 29
(24.1%) genes induced in ST+ fibroblasts are known NF-
kB targets whereas 10 out of 16 (62.5%) genes overex-
pressed in ST- cells are in this category.”®** This
supported the idea of S. Typhimurium down-regulating
NF-«B activity upon infection. Genome-wide expression
data were further analyzed for NF-«B target genes using
Gene Set Enrichment Analysis (GSEA) (Fig. 4B). 42
GSEA compared as input files a list of known NF-«B tar-
get genes “>** and our transcriptomic data. GSEA showed
among the genes with altered expression in ST- fibro-
blasts an enrichment of NF-«B target genes. This enrich-
ment was statistically significant (P < 0.001, FDR <
0.05). GSEA and GeneCodis were also used to determine
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which gene groups classified in GeneOntology (Biological
Processes) were enriched in ST+ and ST- fibroblasts.
Several gene groups were enriched with high statistical
significance (P < 0.001 and FDR < 0.05) in each of the 2
cell populations (Tables S1, S2 and Fig. S9). ST+ fibro-
blasts showed increased expression of genes belonging to
anti-apoptotic processes, including anti-apoptotic Bcl
family members and apoptosis or cell proliferation inhib-
itory proteins (Tables S1, Fig. $9).** Conversely, many of
the genes highly expressed in ST- fibroblasts relate to
pro-inflammatory response and immune defenses
(Table S2, Fig. S9). Some examples include TNFA, IL1B,
ICAM1, SOD2, and TNFAIP3 (see also microarray data
deposited in GEO database, entry GSE71727).

To validate the transcriptomic data, we monitored
individually the expression of genes regulated by NF-«B
in ST+ and ST- fibroblasts. Among these, we tested
TNFAIP3, encoding the A20 protein, a TNF-induced
protein; TRAFI, encoding an adaptor protein of the
TNF-receptor; IL1B, encoding cytokine IL-18; NFKBIA,
which encodes the IkBe inhibitor; and, BCL3, encoding
the B-cell lymphoma 3 protein (Fig. 4C, Fig. S10). As
control genes non-regulated by NF-«B, we examined
SOCS1 and SOCS3, encoding suppressors of cytokine sig-
naling 1 and 3, respectively (Fig. 4C and Fig. $10).* To
exclude putative alterations in gene expression inherent
to the sorting procedure to separate ST+ and ST- cells,
naive fibroblasts—used as comparator in all assays—
were also subjected to FACS. RT-qPCR assays confirmed
altered expression of some NF-«B target genes in ST-
fibroblasts when compared to both ST+ and naive cells
(Fig. 4C). It is worth to note the augmented IL1B expres-
sion in ST- fibroblasts exposed to bacteria, ca. 150-400
fold, compared to naive cells (Fig. 4C). ST- fibroblasts
also exhibited 3-10 fold-higher ILIB expression

Figure 3. (see previous page) Intracellular S. Typhimurium impairs p65 nuclear translocation induced by extracellular signals. (A) p65
translocation analysis in MEF grown in standard static culture conditions (no continuous flow). In this condition, both paracrine and
autocrine signaling occur. The experimental design, involving GFP-p65-expressing MEF and DsRed S. Typhimurium, is shown in left
panel. The middle panel shows average NCl values along distinct post-infection times for ST+ (n = 189, red line) and ST- (n = 308,
blue line) populations. ST- fibroblasts show a statistically significant increase in p65 nuclear translocation at 4-5 hpi (*, P < 0.05, KS test
on the values of each population for each time point, see also Fig. S6A). Right panel indicates fractions of cells reaching a specific NCI
value in the 1-8 hpi window time, with no statistically significant differences between ST+ and ST- cells (P = 0.18, KS test on the maxi-
mum values); (B) p65 translocation analysis in response to extracellular stimuli (10 ng/ml TNF-«). The cytokine was added at 2 hpi to a
previously-infected culture of GFP-p65 expressing MEF. Average NCI values plotted in the middle panel show different behaviors in
ST+ (n = 129) and ST- (n = 48) cells in response to the cytokine. TNF-« induces significantly higher nuclear localization of GFP-p65 in
ST- fibroblasts (*, P < 0.05, see also Fig. S6B). Right panel shows fractions of cells reaching a specific NCI value in the 2-3.5 hpi time win-
dow. The difference of the maxima in this time period is statistically significant (P < 0.001, KS test); (C) p65 translocation analysis in
response to a second S. Typhimurium infection. In these experiments, p65GFP expressing MEFs were seeded in microfluidic chambers
and exposed to 2 rounds of infection at 0 and 3.5 h respectively. Average NCI values plotted in the lower left panel show an intense
p65 nuclear localization in ST+ (n = 37) and ST- (n = 83) cells during the first hour. The second incubation with bacteria at 3.5 h has a
stronger effect on p65 nuclear localization in the ST- population, which is statistically significant at 4 hpi (%, P < 0.05, see also Fig. S6C).
Lower right panel shows the fraction of cells reaching specific NCl values after the second infection (time window 3.5-4.5 hpi), with sta-
tistically significant differences in the ST+ and ST- cells (P < 0.05, KS test on the NCI maxima computed in this time window for each
population).
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Figure 4. Genome-wide expression analysis in sorted ST+ and ST- populations shows up-regulation of NF-«B targets in ST- fibroblasts.
(A) Human BJ-5ta fibroblasts were infected with GFP-expressing S. Typhimurium and sorted by FACS to obtain ST+ and ST- cells. Total
RNA obtained from these populations at 6 hpi was used in microarray experiments to compare gene expression. Expression fold change
is shown as the ST+ / ST- ratio. Genes in the upper panel (green) showed a fold change ratio lower than —1.9, therefore over-expressed
in ST- fibroblasts. Genes in the lower panel (red) had a fold change higher than 1.9, therefore overexpressed in ST+ fibroblasts. Note the
higher proportion of NF-«B targets (indicated with asterisk) within the genes upregulated in ST- fibroblasts. Numbers 1, 2 and 3 indicate
biological replicates. (B) Gene Set Enrichment Analysis (GSEA) of known NF-«B targets in ST+ and ST- fibroblasts. NF-«B targets (vertical
black lines) are more abundant in the blue side of the red-to-blue scale, which corresponds to genes upregulated in ST- fibroblasts. The
red-to-blue scale denotes positive to negative log,, ratio values in the ST+ / ST- ratio. These GSEA data showed statistical significance
(P < 0.001). (C) RT-qPCR data confirm different gene expression profiles in ST+ and ST- fibroblasts. Naive uninfected fibroblasts, also
subjected to FACS, were used to relativize the values. Expression levels of NFKBIA, encoding lxBe, IL1B, and TRAFT (NF-«B targets) were
higher in ST- fibroblasts. SOCS3, which the microarray experiment showed upregulated in ST+ fibroblasts, displays the same behavior
by RT-qPCR. Data correspond to average values and standard error of the mean (SEM) of a total of 3 independent experiments. (**, P <
0.01; ***, P < 0.001) (D) Relative levels of IxBa detected by Western blotting in naive, ST+ and ST- populations obtained from mouse
(MEF) and human (BJ-5ta) fibroblasts. Tubulin and GAPDH were used as loading controls. Data are representative of a total of 3 indepen-
dent experiments.

compared to infected (ST+) cells (Fig. 4C). This expres-
sion pattern was also reproduced in human fibroblasts
(Fig. S10). Of interest, SOCS3 was induced exclusively in
ST+ cells (Fig. 4C, Fig. S10), which agreed with the
microarray data (Fig. 4A).

We next verified at the protein level the NF-«B
response in ST+ and ST- cell populations. Western blot
assays showed that the relative amount of IkBa was
lower in ST+ than in ST- fibroblasts (Fig. 4D). These
western data agreed with the relative transcript levels
inferred from the microarray and RT-qPCR assays

(Fig. 4C, D). The striking low levels observed for I«Bax in
ST+ fibroblasts (Fig. 4D) is reminiscent of the I«Ba deg-
radation that follows NF-«B activation. However, this
phenomenon contrasts with the lower expression of
NF-«B-positively regulated genes in ST+ compared to
ST- fibroblasts (Fig. 4C, Fig. S10). The basis for this
apparent discrepancy is difficult to infer due to the
extreme cell heterogeneity in NF-«B activation found at
6 hpi (Fig. 1D). Such heterogeneity might affect both the
average activation state and the transcription rates in the
ST+ and ST- populations. We cannot exclude that a yet



unknown post-transcriptional and/or post-translational
regulation event occurring in ST+ fibroblasts might be
responsible for both the low IkBa content and the
deregulated transcription profile. Overall, our results
suggest that S. Typhimurium hampers NF-«B-regulated
transcription during a persistent infection making the
colonized fibroblast unresponsive to external stimuli.

Intracellular S. typhimurium uses the type-Ill
secretion systems encoded by SPI1 (T1) and SPI2 (T2)
to attenuate NF-«B activity in the infected fibroblast

To determine how intracellular S. Typhimurium attenu-
ates the NF-«B response in fibroblasts, we examined the
chronology of the phenomenon along the infection. At
early post-infection times, 1 hpi, the relative levels of IxBx
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inhibitory protein diminished at the same extent in ST+
and ST- cells relative to naive fibroblasts (Fig. 5A), consis-
tent with the early wave of NF-«B activation detected by
real-time imaging microscopy (Fig. 2). At later infection
times, 3-6 hpi, IkBa levels were more elevated in ST-
than in ST+ cells (Fig. 5A). This variation could be conse-
quence of the positive feedback on NFKBIA expression
that follows NF-«B activation. Of interest, we also
detected less p65 in the ST+ fibroblast population from 3
hpi (Fig. 5B). The lower p65 levels in the ST+ cells could
also be responsible for the drop of IxBo levels in this cell
population. Thus, IkBa stability is compromised if not
bound to p65.*” RT-qPCR assays confirmed the variable
expression of NFKBIA, IL1B, TRAFI and SOCS3 along
the infection, with the most prominent differences in
NF-«B target genes noted at 6 hpi (Fig. 5C).
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Figure 5. Sorting of ST- and ST+ fibroblasts uncovers distinct cellular responses from 3 h post-infection. MEF were infected with GFP-
expressing S. Typhimurium using non-flow static culture conditions. ST+ and ST- cell populations were sorted by FACS at 1, 3, and 6
hpi. Naive cells were subjected to the same sorting protocol. (A) lkBw relative levels in total protein extracts obtained from ST+ and ST-
fibroblasts at the indicated post-infection times. Tubulin was used as loading control. Data are representative of a total of 2 independent
experiments. (B) Relative levels of p65 (RelA) in total protein extracts obtained from ST+ and ST- fibroblasts at the indicated post-infec-
tion times. GAPDH was used as loading control. Data are representative of a total of 2 independent experiments. Numbers between the
2 blots indicate the p65:GAPDH ratios relative to the ration obtained in naive cells, which was normalized to one. Data are representative
of a total of 2 independent experiments. (C) RT-qPCR was used to relativize transcript levels of NFKBIA, IL1B, TRAFT and SOCS3 in ST+
and ST- cells respect naive fibroblasts. Compared to naive fibroblasts, NFKBIA, encoding the inhibitor IxBe, showed upregulation from 1
hpi whereas the rest of genes are expressed at higher levels at later infection times (3, 6 hpi). Note also the differences in expression of
NFKBIA, IL1B, TRAFT and SOCS3 between ST+ and ST- fibroblasts at late infection times (3, 6 hpi). Data correspond to average values
and standard error of the mean (SEM) of 2 independent experiments (*, P < 0.05).
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Based on these data, 6 hpi was used to decipher the
mechanism(s) used by intracellular S. Typhimurium to
subvert NF-«B activity. We measured NF-«B target gene
expression in ST+ and ST- fibroblasts exposed to
S. Typhimurium mutants having no functional type-III
secretion systems encoded by pathogenicity islands
SPI-1 and SPI-2, hereinafter referred as T1 and T2,
respectively. Fibroblasts incubated with T1- and T2-

defective mutants (ASPI1 and AssaV) were sorted by
FACS to obtain ST+ and ST- populations, which were
compared to those of fibroblasts exposed to wild type
bacteria. Different gene expression profiles were
observed between ST+ and ST- fibroblasts obtained
from cultures exposed to wild type or AssaV bacteria
(Fig. 6). The T1-defective mutant (ASPI1) did not atten-
uate expression of all NF-xB target genes tested
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Figure 6. S. Typhimurium uses the type Ill secretion systems encoded in SPI1 (T1) and SPI2 (T2) to alter fibroblast gene expression. MEF
were infected with GFP-expressing S. Typhimurium wild type (WT), ASPI1, or AssaV isogenic strains, these latter with no functional T1
and T2 type lll-secretion systems, respectively. At 6 hpi, the infected cultures were sorted in ST+ and ST- cell populations. Control naive
cells were also subjected to the same sorting protocol. Expression levels of NFKBIA, IL1B, TRAF1 and SOCS3 were monitored and normal-
ized to the values detected in naive cells, which were set to one. Note the similar trends in IL71B and SOCS3 expression observed in fibro-
blasts infected with WT and the T2 null mutant (AssaV). Conversely, NFKBIA and TRAFT expression was increased in the ST+ population
of the T2 null mutant (AssaV) respect ST+ cells harboring wild type bacteria. Note that ST+ fibroblasts harboring the T1 null mutant
(ASPI1) exhibited altered expression for all genes tested. Data correspond to average values and SEM of a total of 3 independent experi-

ments. (*, P < 0.05; **, P < 0.01; ™ P < 0.001).



(NFKBIA, IL1B and TRAFI), which was evident after
comparing the respective ST+ populations (Fig. 6).
SOCS3 induction by intracellular S. Typhimurium was
also dependent on T1 (Fig. 6). Strikingly, we observed
that the T2-defective mutant AssaV attenuated expres-
sion of some, but not all, NF-«B target genes. Thus, IL1B
was strongly attenuated in the ST+ population of this
T2-defective mutant (similar to the ST+ wild type popu-
lation) whereas this was not the case for NFKBIA and
TRAF1I, which showed about 2-fold increased expression
respect ST+ cells harboring wild-type bacteria (Fig. 6).
SOCS3 was upregulated in the ST+ population of this T2
mutant (Fig. 6), inferring that SOCS3 expression is con-
trolled exclusively by T1. Taken together, these data
pointed to a concerted action of T1 and T2 effectors to
attenuate NF-«B activity in the infected fibroblast.

Contribution of S. typhimurium T1 and T2 effectors
to the attenuation of the NF-«B response in
fibroblasts

Based on the data obtained in ST4- and ST- fibroblasts of
cultures incubated with T1- and T2-defective mutants
(Fig. 6), we reasoned that these 2 type-III systems could
operate inside fibroblasts. Western blot assays of fibro-
blasts exposed to wild type bacteria demonstrated the
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presence in intracellular bacteria of the T1 effector protein
SopB until 3 h post infection, time from which it was
detectable a T2 translocon protein such as SseB (Fig. S11).
Therefore, as reported in other cell types,*** . Typhimu-
rium might use the T1 system inside the fibroblast long
after invasion. Our data also indicate that intracellular
bacteria could use concomitantly T1 and T2.

Next, we developed a functional assay to screen
NF-«B activity in fibroblasts infected with S. Typhimurium
mutants lacking defined type III protein effectors. To this
aim, we monitored surface levels of the immunoglobulin
(Ig)-like cell adhesion molecule-1, ICAM-1.>° NF-«B regu-
lates positively ICAM1 and our transcriptomic data
showed increased expression of this gene in ST- fibroblasts
(Fig. 4A). Cytometry assays with non-permeabilized cells,
in which ST+ and ST- fibroblasts were differentiated using
DsRed-expressing S. Typhimurium, showed higher
ICAM-1 surface levels in ST+ and ST- fibroblasts com-
pared to naive cells (Figs. 7A, B). The induction of surface
ICAM-1 was also significantly higher in ST- cells, which
was confirmed by epifluorescence microscopy of nonper-
meabilized fibroblasts (Fig. 7C). Control assays involving
quantification of surface and total ICAM-1 levels showed
that S. Typhimurium alters ICAM1 expression but not the
transport to the cell surface of this adhesion molecule
(Fig. S12).
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Figure 7. Intracellular S. Typhimurium reduces surface expression of the NF-«B target ICAM-1 in infected (ST+) fibroblasts. (A) Human
BJ-5ta fibroblasts were infected with DsRed-expressing S. Typhimurium and analyzed by flow cytometry for surface ICAM-1 in non-per-
meabilized cells. Naive cells were used as control. Note the lower ICAM-1 signal in the ST+ cells (high DsRed signal). Black line in each
plot shows the threshold established to differentiate ST+ and ST- cells. (B) Quantification of mean fluorescence intensity (MFI) obtained
by flow cytometry. Data correspond to average values and SEM of 5 independent experiments. (**, P < 0.01). (C) Surface ICAM-1 protein
in ST+ and ST- cells shown by epifluorescence microscopy of non-permeabilized cells. DsRed-expressing S. Typhimurium indicated by
arrowheads. Right panel shows merged fluorescence signal from ICAM-1 (green) and DsRed-S. Typhimurium (red). Bar = 10 pem.
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The cytometry assays provided a robust read-out for
NF-«B activity, so we next examined ICAM-1 surface
expression in fibroblasts infected with S. Typhimurium
mutants lacking T1 and T2 effectors, including AvrA
and Sp‘cP,18’19’21 and the T2 effectors GogB and Ssel..2%%2
We did not analyze SspH1 since the S. Typhimurium
strain used in this study (SL1344 genetic background)
lacks the sspHI gene. T1- and T2-null mutants, ASPI-1
and AssaV, respectively, were also included. These
cytometry assays demonstrated that S. Typhimurium
uses the T1 secretion system to reduce ICAM-1 surface
expression (Figs. 8A, B). However, none of the 2 TI
effectors tested, AvrA or SptP, were required for this
effect (Fig. 8A).

A recent study by Sun et al.** implicated a new set of
S. Typhimurium type III effectors, GtgA, GogA and
PipA, in the attenuation of NF-«B activity in epithelial
cells. These authors claimed a redundant function of
these 3 effectors in dampening NF-«B signaling via pro-
teolysis of p65 (RelA) and RelB. Considering this study,
we tested mutants lacking each of these effectors as well
as the triple mutant AgrgAAgogAApipA. All these
mutants retained the capacity to reduce the surface levels
of ICAM-1 (Figs. 8C, D). Likewise, we observed no effect
when using a double mutant AavrAAsptP (Fig. 8D),
which confirmed the dispensability of these 2 T1 effec-
tors for regulation of ICAM-1 surface expression.

Despite not observing effect on ICAM-1, we sought to
determine whether the lack of GtgA, GogA and PipA
could modify NF-«B activity regarding expression of
other NF«B target genes. To this purpose, we sorted
ST+ and ST- populations after incubation of MEF with
the triple mutant AgtgAAgogAApipA. Expression data
showed that these effectors are required to attenuate
expression of NFKBIA and TRAFI by the ST+ cells
(Fig. 9A, compare to wild type infection in Fig. 6). Of
interest, the triple mutant AgtgAAgogAApipA was capa-
ble of attenuating ILIB expression and up-regulating
SOCS3 in the ST+ population (Fig. 9A) in a similar fash-
ion as wild type bacteria did (see Fig. 6). We also tested
whether p65 (RelA) levels in fibroblasts could be affected
as a result of S. Typhimuirum infection, similarly to
what has been reported in epithelial cells.** Cytosol and
nuclear cell fractionation of ST+ and ST- populations
showed that GtgA, GogA and PipA could be required
to decrease p65 levels in both the cytosol and the
nucleus (Fig. 9B). Collectively, these data proved that
S. Typhimurium uses T1 effectors to control certain pro-
cesses regulated by NF-«B such as the expression of
ICAM1 and ILIB. Modulation of NF-«B-independent
genes, as SOCS3, could also require contribution of T1
effectors. On the other hand, attenuation of other NF-«B
targets as TRAFI and NFKBIA is apparently subjected to

a more complex regulatory network in which T1 and T2
effectors could be involved, and in which GtgA, GogA
and PipA might play a role.

Discussion

It is widely known that only a fraction of eukaryotic cells
exposed to bacteria in in vitro infection models become
infected. Here, we aimed to decipher how infected (ST+)
and bystander uninfected (ST-) cell populations respond
to S. Typhimurium using a fibroblast infection model.
Single-cell studies performed by time-lapse video
microscopy and analysis of sorted cell populations
showed distinct phenotypes and variable gene expression
in ST+ and ST- cells. These differences were noticeable
in the susceptibility to external stimulatory molecules
and the intensity of the NF-«B response. It is worth to
note that such distinct NF-«B signaling registered in
ST+ and ST- fibroblasts was not a generalized phenome-
non affecting other host cell responses. Whereas GSEA
analyses of our transcriptomic data showed that genes
grouped in the response to interferon gamma (IFN-y)
were differentially expressed in ST+ and ST- cells, other
gene groups such as those involved in the response to
insulin, were not (Fig. S13). We also observed by annexin
V labeling that ST+ and ST- cells trigger apoptosis at the
same rate following a challenge with 1 M sorbitol
(Fig. S14). These evidences support the idea of intracellu-
lar S. Typhimurium specifically attenuating NF-«B sig-
naling as a strategy to hamper innate immune responses.

A critical parameter in the NF-«B response is the
subcellular location of this transcriptional regulator.
S. Typhimurium modulates the dynamics of NF-«B
nuclear translocation in fibroblasts in well-defined
modes, involving extracellular molecules and the action
of intracellular bacteria. We observed a strong activating
wave at early infection times (~1 hpi), probably due to
products such as flagellin or LPS, which signal TLR.”
This peak of NF-«B activity was followed by a progres-
sive attenuation in the response. Similarly, it was
reported that L. pneumophila activates NF-«B in 2
sequential phases using flagellin and proteins effectors
of the Dot/Icm secretion system, respectively.’” Unlike
S. Typhimurium, Neisseria gonorrhoeae induces mild
activation of NF-«B at the initial contact with the host
cell that subsequently increases over time.”' These stud-
ies in L. pneumophila and N. gonorrhoeae used fixed
cells, which hindered the analysis of NF-«B dynamics at
the single cell level. Single-cell analysis was reported in a
study involving Helicobacter pylori, in which authors
performed live-cell imaging to analyze NF-«B cytosol-
nuclear oscillations during infection.> However, this
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Figure 8. S. Typhimurium uses T1 effectors to reduce ICAM-1 surface levels in the ST+ fibroblast. MEF were infected with S. Typhimu-
rium wild type (WT); isogenic null mutants lacking functional T1 or T2 secretion systems (ASPI-1, AssaV); or, mutants lacking defined T1
or T2 effectors involved in down-regulating NF-«B activity: AvrA, SptP (T1); GogB, Ssel (T2); and, GtgA, GogA and PipA. These strains are
listed in Table S3. At 6 hpi, the fibroblasts were stained for ICAM-1 and subsequently fixed. Double positive cells, ST+ cells expressing
ICAM-1 in the membrane, were quantified and normalized to the total number of ST+ cells. (A) Percentage of ST+ cells positive for sur-
face ICAM-1 versus total number of ST+ cells in MEF cultures incubated with T1, T2 null mutants and AavrA, AgogB, Assel, AsptP
strains. Whereas reduction of surface ICAM-1 requires a functional T1 system, the phenomenon is independent of the T1 effectors AvrA
and SptP. The results discarded a contribution for T2 to this effect on surface ICAM-1. Data correspond to average values and SEM of a
total of 3 independent experiments. (***, P < 0.001). (B) Representative dot plots showing the distribution of events in experiments
involving MEF infected with wild type strain or ASPI-1 mutant strains. In this experiment, MEF were permeabilized and stained for LPS
to discriminate between ST+ and ST- cells. Note the higher proportion of ICAM1-positive cells in ST+ cell harboring ASPI-1 [12.15 % vs.
(12.15 + 8.18 %)] relative to ST+ cells harboring wild type bacteria [15.39 % versus (15.39 + 39.08 %)]. (C) Percentage of ST+ cells pos-
itive for surface ICAM-1 vs. total number of ST+ cells in MEF cultures incubated with AgtgA, AgogA, and ApipA single mutants. (D) Same
as in (C) with the multiple mutants AavrAAsptP and AgtgAAgogAApipA. Note that all these mutants retain the capacity to down-regu-
late ICAM-1 expression in the ST+ fibroblast. Data correspond to average values and SEM of a total of 3 independent experiments. (*, P
< 0.05).



732 E. RAMOS-MARQUES ET AL.

ke

A dedkk e ——
5 8 58 " § 4000 % . § % .
% g 6 L tﬂﬂ 6 m (5:! 3000 " 7] g 20
Xg4 =24 I 2 2000 8310
> 12 5 2 T 1000 035
=) =3 2 0 e 0
Naive ST +ST - Naive ST +ST - Naive ST +ST - Naive ST +ST -
B AgogA AgogA
AgigA AgtgA
©  WT  ApipA ©  WT  ApipA
2 2
Z ST+ ST- ST+ ST- Z ST+ ST- ST+ ST-

‘ --—-——‘ p65

‘ - ——— G5

1.0 07 11 13 14

Cytosol 1.0 122139 182 13.0 Nucleus
|-:---m H3

| B Tubulin |

‘ w— = s | Tubulin

Figure 9. S. Typhimurium uses the type Ill effectors GtgA, GogA and PipA to attenuate expression of defined NF-«B targets such as
NFKBIA and TRAF1. (A) MEF were infected with the S. Typhimurium triple mutant AgtgAAgogAApipA and sorted at 6 hpi to obtain ST+
and ST- cell populations for expression analyses of NFKBIA, TRAF1, IL1B and SOCS3 by RT-qPCR using naive cells as control. Compared to
ST+ cells harboring wild type bacteria (Fig. 6), ST+ cells harboring the AgtgAAgogAApipA mutant displays increased expression of the
NF-«B targets NFKBIA and TRAF1. No changes in the effects elicited by wild type bacteria (Fig. 6) were seen for IL1B and SOCS3. Data cor-
respond to average values and SEM of a total of 3 independent experiments. (*, P < 0.05; **, P < 0.01; *** P < 0.001). (B) relative values
of p65 (RelA) in cytosolic and nuclear fractions of MEF that were incubated with wild type or the AgtgAAgogAApipA mutant. Numbers
indicate the p65/Tubulin (cytosol) or p65/H3 (nuclear) ratios, which were normalized to those of naive cells. Note the lower ratio of p65
in both cytosol and nucleus of fibroblasts exposed to wild type, an effect not seen in those cells infected with the AgtgAAgogAApipA tri-
ple mutant. Tubulin and the histone H3 were used as loading controls and markers of the cytosol and nuclear fractions, respectively.
Data are representative of a total of 3 independent experiments.

study examined only few cells and lacked a robust statis-  the ASPI-1 and AssaV mutants unequivocally demon-
tical analysis. strated that effectors translocated by the T1 and T2 sys-

Our time-lapse microscopy performed in hundreds of ~ tems contributes to hamper the NF-«B response. We
cells uncovered a different behavior of ST+ and ST-  tested T1 effectors reported to be linked to subversion of
fibroblasts in experimental settings that differed by the =~ NF-«B in macrophages and epithelial cells such as AvrA
absence/presence of extracellular stimulatory molecules. ~ and SptP.'®'**' However, none of these T1 effectors
In our opinion, a relevant discovery was the refractori- proved to be essential for this effect in fibroblasts, at least

ness shown by the ST+ cells to external stimuli suchasa  at the level of ICAM-1 surface expression. It is possible
TNF-«a challenge or a secondary infection. These results  that a yet unknown T1 effector(s) is responsible for ham-
might challenge studies in non-flow (static) infection  pering NF-«B signaling in fibroblasts. Alternatively, we
conditions, in which average data are obtained from cul-  could speculate on AvrA and SptP playing partially
ture extracts derived from mixtures of infected and unin-  redundant functions in the fibroblast, a phenomenon
fected cells. Based on our observations, it is tempting to ~ not reported or analyzed in other cell types. Studies with
speculate that some of the reported responses could not ~ the double mutant AavrAAsptP discarded this
be directly attributable to the cells harboring the  possibility.
pathogen. The effects on host gene expression data obtained
Our data revealing attenuation of the NF-«B response ~ with the AssaV mutant pointed to a selective role of
by S. Typhimurium are, however, difficult to reconcile  some T2 effectors, which could also contribute to “fine-
with previous studies showing that defined T2 effectors,  tuning” of the NF-«B response. Remarkably, these T2
as SseL and GogB, inhibit IkBa degradation and as a  effectors seem to control expression of some NF-«B tar-
result, impair NF-«B activation.”>** We observed less  gets, such as NFKBIA and TRAFI, but not others, like
IkBa protein in ST+ cells, which led us not to discard ~ ILIB or the non-target gene SOCS3, which conversely,
alternate mechanisms exploited by S. Typhimurium to  are fully dependent on T1 (see Fig. 6). Of major interest
attenuate NF-«B in fibroblasts. The data obtained with is the fact that GtgA, GogA and PipA, recently shown to



attenuate NF-«B signaling,** also influence NFKBIA and
TRAFI expression but not that of ILIB or SOCS3
(Fig. 9). These findings could be consistent with translo-
cation of these 3 effectors by the T2 system, which to our
knowledge, it has not been yet shown. We cannot discard
the possibility that other yet unknown T2 effectors, dis-
tinct from GogB and SseL, might also contribute to
dampen NF-«B activity in fibroblasts. We could also
speculate that this selective control by S. Typhimurium
in the expression of some, but not all NF-«B target genes,
could associate to distinct affinity of NF-«B for the target
genes tested. Activation of NF-«B at different extent by a
defined effector could potentially result in distinct
degrees of saturation of the promoters normally recog-
nized by this transcriptional regulator. This tempting
idea could be tested in future investigations.

It is also important to recall in the capacity of
S. Typhimurium to “activate” NF-«B using the same
T1 and T2 secretion systems. Thus, the T1 effectors
SopE, SopE2 and SopB signal positively to Rho-family
GTPases, which leads to an enhanced NF-«B
response.'®!” Another T1 effector, SipA, also activates
NF-«B via NOD2." It is also known that peptidogly-
can fragments signal in the host cell by activating
NODI and NOD2 that, in turn, activate NF-«B.'?
S. Typhimurium could release muropeptides that acti-
vate NOD1 and NOD2 from inside the host cell, a
phenomenon not yet investigated. This putative
mechanism could explain the positive NF-«B regula-
tion coming from “inside” and observed when ST+
fibroblasts were maintained in the microfluidics
device in the absence of stimulatory molecules. A
challenge for future studies will be to understand how
intracellular S. Typhimurium coordinates these
opposing effects on NF-«B, on one side stimulatory
and in the other down-regulating such activation. The
fact that a plethora of T1 and T2 effectors converge
in altering NF-«B activity in opposite directions is
fascinating, since it demands temporal and/or spatial
regulation regarding their translocation into the
infected host cell as well as target accessibility.

The physiological state adopted by intracellular bacte-
ria may also contribute to modulate NF-«B activity in dif-
ferent ways. For instance, S. Typhimurium enters into a
state of limited proliferation inside fibroblasts,” an infec-
tion model in which NF-xB dynamics was not known so
far. L. pneumophila mutants that display low intracellular
proliferation rates are impaired for NF-«B activation.>
Future studies could assess whether the limited growth
exhibited by S. Typhimurium inside fibroblasts could
explain the lower NF-«B activity observed in ST+ cells.
Alternatively, it is possible that the pathogen dampen NF-
kB signaling in this host cell type to establish a persistent
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infection, a condition that may require the impairment of
signaling events attracting host immune defenses.

To our knowledge, the study reported here provides
another novel concept not reported before: the
enhanced expression of some genes responding to bac-
terial infection, like IL1B, TRAFI or ICAM1," in the
uninfected ST- cells. Other genes responding to infec-
tion, such as BCL3 or SOCS3, showed increased expres-
sion in the ST+ fibroblast population. Of much interest
is the fact that SOCS3 inhibits the function of TRAF6
and TAK1,”* which are necessary for TLR and IL-18
signaling. SOCS3 induction is in line with our model
involving refractoriness to extracellular stimuli in the
ST+ fibroblast, shown in the experiments involving
TNF-a or a second round of infection. Our gene
expression data partly agree with recent RNA-seq data
obtained from sorted ST+ and ST- epithelial cells incu-
bated with S. Typhimuirum.** This study showed up-
regulation of SOCS3 in infected HeLa-S3 cells although
it also claimed upregulation of NF-«B target genes in
ST+ compared to ST- cells (see Fig. 1d of ref. **).
Intriguingly, the study did not report comparable
enhanced expression in ST+ cells of bona fide NF-«B
targets such as NFKBIA, TRAFI, or IL1B. In control
assays, we analyzed in a comparative basis NFKBIA,
TRAFI, and ILIB expression in fibroblasts and HeLa
epithelial cells. These assays showed that these NF-«B
target genes are expressed at higher level in the ST-
than in the ST+ cell population (Fig. S15). Our assays
also uncovered a slight induction ILIB in HeLa cells
(maximum of ~10 fold in ST- cells) relative to fibro-
blasts (~150-400 fold in ST- cells). Altogether, our
observations support responses to S. Typhimurium in the
fibroblast that do not take place at the same extent in epi-
thelial cells. Such difference in the pathogen-host cell
crosstalk might sustain the distinct lifestyle reported for S.
Typhimurium in these 2 non-phagocytic cell types.

In summary, this work sheds new insights into the
anti-inflammatory effect of intracellular bacteria,
showing that intracellular S. Typhimurium attenuates
NF-«B signaling in fibroblasts. The transcriptional
profile obtained in ST+ and ST- fibroblasts reveals a
clear drift to anti-inflammatory pathways in the
infected cell, whereas uninfected cells respond to
cytokines and show a pro-inflammatory profile.
Future studies should also determine whether the
minimal reactiveness observed in the S. Typhimu-
rium-infected fibroblast is accompanied by impaired
production and release of immune-attracting mole-
cules. Such scenario might certainly facilitate the
establishment of long-lasting asymptomatic infections
by this pathogen in this host cell type, which remains
understudied in most infection models.
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Materials and methods
Bacterial strains and eukaryotic cells lines

The S. Typhimurium strains used in this study are listed in
Table S3. Mutant construction was carried out by one-step
inactivation using PCR products® and the oligonucleotide
primers described in Table S4. Transduction of the mutant
alleles to different genetic backgrounds was performed
with P22 HT105/1 int201 phage,™ as described.”” Phage-
free transductants were identified in green plates.”® Bacte-
ria were grown routinely in Luria broth (LB) at 37°C.
Ampicillin (50 pg/ml) or chloramphenicol (10 pg/ml)
were added to the growth media to maintain plasmid
expression. BJ-5ta human foreskin fibroblasts (ATCC
CRL-1004) and mouse embryonic fibroblasts (MEF) from
wild type C57BL/6 (Envigo S.A., Spain) and C57BL/6
MYD88 '~ mice (supplied by Carlos Ardavin, Centro
Nacional de Biotecnologia-CSIC, Madrid, Spain), were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum (FBS), as
described.” GFP-p65 knock-in MEFs (supplied by A.
Agresti) were cultured in phenol-red free DMEM supple-
mented with 10% fetal calf serum (FCS), 50 uM B-mer-
captoethanol, 1 % (w/v) L-glutamine, 1% (w/v) sodium
pyruvate and 1% non-essential amino acids. Cells were
propagated at 37°C with humidified 5% CO, atmosphere.

Bacterial infection of eukaryotic cells

For infection, bacteria were grown overnight in LB at
37°C in nonshaking conditions to a final optical density
at 600 nm [ODgqo] of ~1.0. One ml of bacterial culture
was centrifuged (4300 x g, 2 min, RT) and the bacteria
resuspended in 1 ml of complete phosphate-buffered
saline (PBS) pH 7.4. Fibroblast cultures were infected at
a multiplicity of infection (MOI) of 10:1 (bacteria to
eukaryotic cells). In the case of the T1- (ASPI-1) strain,
MOI was increased to 50:1. Confluence of the fibroblast
culture was maintained at 60-90% at the time of infec-
tion. Fibroblasts were exposed to bacteria for 10 min
(GFP-p65 knock-in MEFs) or 30 min (wild type and
MYD88'~ MEF and human BJ-5ta fibroblasts). Subse-
quent washing of infected cells was performed with com-
plete PBS pH 7.4 followed by addition of fresh tissue
culture medium containing 25 p1g/ml gentamicin.

Time-lapse microscopy experiments

For live cell imaging, GFP-p65 knock-in MEF were
seeded the day before the experiment either on cham-
bered cover glasses (Thermo Scientific. Nunc LabTek) or
on CellASIC ONIX M04S-03 Microfluidics Plates. In the
microfluidics experiments, the flow rates used were as

described.”” The volume of the chamber is approximately
equal to 1 ul and the pressure applied in the device (1 psi)
give flow rates of 10 pl / hr. Under these conditions, the
volume of the chamber is completely replaced in less than
10 min. Nuclei were stained with 50 ng/ml Hoechst 33342
(NuclBlue Live ReadyProbes, cat. no. R37605 Life Tech-
nologies), which was added 1 h before the infection.
When indicated, mouse recombinant TNF-« (R&D 535
Systems) was added to the cell culture medium to a final
concentration 10 ng/ml. The CellASIC microfluidics sys-
tem was used to perform transient exposure of fibroblasts
to bacteria followed by continuous wash out to eliminate
extracellular bacteria and cytokines. Visualization of live
GFP-p65 knock-in MEF was performed in a Leica TCS
SP5 confocal microscope with an incubation system
where the cells were stably maintained at 37°C in humidi-
fied 5% CO, atmosphere. Time-lapse images were
acquired at 6 min intervals. Microscope setting was
adjusted to obtain information on the whole cell thick-
ness: low magnification objective (20 x 0.5 NA) with an
open pinhole (Airy 3) and an image width of 10.7 pum.
GFP-p65 signal was imaged at 488 nm, Hoechst-stained
nuclei at 405 nm and DsRed-expressing S. Typhimurium
at 543 nm. Images were acquired as 16 bit, 1024 x 1024
TIFF files.

Imaging and quantification of NF-xB dynamics

To evaluate NF-«B cytosol-nuclear oscillations in a large
number of cells, we used our software >’ to calculate the
nuclear to cytoplasmic ratio of the intensity (NCI)
derived from GFP-p65 for hundreds of cells. This is an
internally-normalized measure since it is a ratio of inten-
sities calculated in different areas of the same cell and it
is not affected by experimental distortions such as varia-
tions in cell focus or laser intensity. NCI does not require
a perfect segmentation of the cytoplasm, as long as we
are only interested in the average intensity that can be
estimated from a smaller cytoplasmic area. The software
used was written on GNU-Octave as previously
described,”” and works as follows: from each time-lapse
experiment we retrieve images of the Hoechst, GFP and
DsRed channels. These images are 1024 x 1024 pixels.
With our 20X amplification, cells can be enclosed in a
box of 100 x 100 pixels. Nuclei were segmented and
used for cell tracking using the Hoechst channel. To esti-
mate the background for each cell, we take a box of
150 x 150 size around each cell nucleus, divide it in tiles
of 10 x 10 pixels and take the average intensity for each
of the tiles. The smaller average value is the estimation of
the background for the cell considered. The size of the
window, of the tiles, and the fact that we cultured cells
quite sparsely, guarantee that this is a good estimation of



the background as long as typically many of these tiles do
not overlap with any cell. To estimate the “average cyto-
plasmic intensity,” a bounding box of size 1.5 L around
each nucleus is taken, being L the largest side of the
bounding box enclosing each nucleus (taken as the maxi-
mum width in the x and y directions). In this box, the
cytoplasm is segmented considering that pixels above the
background belong to the cell cytoplasm and the average
cytoplasmic intensity is calculated. NCI is then com-
puted as the average nuclear intensity divided by the
average cytoplasmic intensity after subtracting the back-
ground. Dividing or apoptotic cells were identified by
their geometrical features (abrupt changes in size of the
nucleus and of the cytoplasmic ring) and were discarded
automatically. Unless otherwise stated, the experiments
were performed at least in 2 independent assays. The
trends in the relative levels of NF-xB activation in ST+
and ST- cells was reproduced in all repetitions.

Sorting of cell populations

Fibroblasts were seeded in 15 cm tissue culture dishes.
Infected cultured were rinsed twice with PBS and
detached with trypsin for 5 min at 37°C. Cells were col-
lected in ice cold sorting buffer (5 mM EDTA, 25 mM
HEPES, 0.5 % (v/v) BSA in PBS pH 7.4), centrifuged at
200 x g, 5 min, 4°C, and suspended in the same buffer
at a density of 5 x 10° cells/ml. Separation was per-
formed in either a SY3200 Cell Sorter system (Sony Bio-
technology Inc.) or in a FACSARIA III Sorter system
(Becton Dickinson). The cells were collected in PBS pH
7.4 containing 2 % BSA, further harvested by centrifuga-
tion (200 x g, 10 min, 4°C), washed once in ice cold PBS
pH 7.4, centrifuged (200 x g, 10 min, 4°C), and finally
resuspended in Trizol (Thermo Fisher Scientific) for
RNA and protein purification at a density of 10° cells/
ml. In experiments involving cell fractionation with non-
anionic detergents (Triton X-100), the sorted cells were
resupended in fractionation buffer [50 mM Tris-HCI
pH8, 0.5 % Triton X-100, 137.5 mM NaCl, protease
inhibitors (Roche), 1 mM sodium ortovanadate].

Flow cytometry

Human BJ-5ta fibroblasts were seeded the day before the
experiment in 6-well tissue culture plates (Falcon).
Fibroblasts were infected with DsRed-expressing
S. Typhimurium for 25 min. Subsequently, the infected
culture was rinsed 3 times with PBS pH 7.4 and the cells
detached with 0.25 % (w/v) trypsin 1 mM EDTA for
30 s. Trypsin was then inactivated with complete
medium and fibroblasts harvested by centrifugation
(300 x g, 10 min, 4°C). Cells were stained with FITC-

VIRULENCE (&) 735

conjugated mouse anti-human CD54 (ICAM-1) (Immu-
notech) in PBS pH 7.4 supplemented with 2 % (v/v) FBS
for 30 min at 4°C, washed in PBS pH 7.4, and fixed in
4% (w/v) paraformaldehyde. Cells were analyzed on a
Beckman Coulter Cytomics FC500 fitted with a 488 nm
Argon laser (Beckman Coulter) and further reviewed
with Kaluza software (Beckman Coulter). For experi-
ments involving MEF, the protocol was the same as for
human fibroblasts with slight modifications. After stain-
ing of surface ICAM-1 with phycoerythrin (PE)-conju-
gated anti-mouse CD54 (Pharmigen), fibroblasts were
fixed for 10 min in 3% (w/v) PFA. In experiments involv-
ing MEF infected with strains not producing fluorescent
proteins, the fibroblasts, previously stained with PE-anti
mouse CD54, were incubated with anti-S. Typhimuirum
LPS mouse antibody (1:250; gift of ].M. Slauch, Univer-
sity of Illinois, IL) in permeabilizing conditions [PBS,
0.2% saponin, 5 % goat serum] and further incubated
with goat anti-mouse antibody conjugated to Alexa647.
This procedure allowed to differentiate ST+ and ST-
populations. Cells were analyzed on a Beckman Coulter
Gallios cytometer fitted with a 488 nm Argon and HE-
NE 633 nm lasers. Results were further reviewed with
Kaluza software (Beckman Coulter). Data were analyzed
by one-way analysis of variance (ANOVA) with Bonfer-
roni’s Multiple Comparison Test using Prism version 5.0
(GraphPad Software, Inc.). Differences in values with
P < 0.05 were considered significant.

Annexin V assays in fibroblasts treated with
1 M sorbitol

MEF infected with DsRed-expressing S. Typhimurium
were incubated at 3 hpi in tissue culture media contain-
ing 1 M sorbitol during 1 h. Following this incubation,
fibroblasts were detached with 0.1 % (w/v) trypsin and
labeled with fluorescein isothiocyanate (FITC)-annexin
V (Southern, 10040-02). Annexin V binds to phosphati-
dyl serine (PS) on the plasma membrane allowing detec-
tion of membrane damage, which is characteristic of
early apoptosis. Fibroblasts were further analyzed on a
Beckman Coulter Gallios cytometer fitted with a 488 nm
Argon and HE-NE 633 nm lasers. Results were further
reviewed with Kaluza software (Beckman Coulter).

Epifluorescence microscopy

Human BJ-5ta fibroblasts were infected with DsRed-
expressing S. Typhimurium and processed for epifluores-
cence microscopy of non-permeabilized cells as
described.” Antibody used to detect surface ICAM-1
was FITC-conjugated mouse anti-human CD54
(ICAM-1) (Immunotech). Images were acquired using
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an inverted Leica DMI 6000B microscope with an auto-
mated CTR/7000 HS controller (Leica Microsystems)
and an Orca-R2 CCD camera (Hamamatsu Photonics).

RNA purification and protein extracts

Depending of the cell yield obtained in the sorting proce-
dure, 10°-10° fibroblasts were used to purify total RNA
and protein extracts following Trizol manufacturer rec-
ommendations. Total RNA obtained was resuspended in
RNase-free H,O. Samples were quantified with Nano-
Drop 1000 Spectrophotometer and the concentration
adjusted to 100 wg/ml. RNA integrity was assessed visu-
alizing 18S and 28S rRNAs in an agarose gel. For protein
purification, samples were resuspended in 200 ul PBS-
1% (wt/vol) SDS, incubated overnight at 50°C and soni-
cated 3 x 5 min (47 kHz). An appropriate volume of
Laemmli buffer was added to each sample.

Genome expression analyses

For microarray experiments, the concentration and integ-
rity of RNA were assessed in an Agilent 2100 bioanalyzer
(Agilent Technologies). Samples derived from ST+ and
ST- fibroblasts were labeled with Cy3 and Cy5, respec-
tively, and hybridized in a the commercially available
SurePrint G3 Unrestricted Gene expression 8 x 60 K
Microarray (Agilent Technologies, reference no. G4858A-
02800), representing a total of 35,377 human genes.
FIESTA viewer®® was used to graphically visualize the
results applying different statistical filters to the values.

Gene set enrichment analysis (GSEA)

The GSEA software, version v2.1.0,*"*? was used to ana-
lyze gene expression profiles and to define gene sets that
show significant differences in expression among sam-
ples in 2 experimental conditions. Gene identifiers in the
microarray were unified (to avoid duplicity of probes in
the array) and ranked by the highest absolute fold change
value. GESA determines whether genes belonging to a
gene set are randomly distributed in the ranked gene list
or, by contrast, they accumulate on the top or the bottom
of the ranked gene list. A negative GSEA enrichment
score associates to those gene sets enriched in the ST-
population whereas positive GSEA enrichment score was
to gene sets enriched in the ST+ population. To deter-
mine NF-«B target gene enrichment, we used a published
list of genes regulated by NF-«B.®" The GSEA algorithm
compared the NF-«B target genes and the ranked gene
list from the microarray, establishing the localization of
the NF-«B target genes in the ranked list. The Gene
Ontology (GO) database was used to determine which

GO groups from the Biological Processes (BP) sub-set
were enriched in infected or uninfected cell populations.

Antibodies and Western blotting

The following antibodies were used for Western blotting
assays: rabbit polyclonal anti-IkBa (Cell Signaling Tech-
nology, #9242), 1:1,000 dilution; Rabbit monoclonal
anti-histone H3 (Cell Signaling Technology, #4499),
dilution 1:1,000; mouse monoclonal anti-GAPDH (clone
6¢5; Abcam), 1:20,000 dilution; rabbit polyclonal anti-
IgaA,62 1:10,000 dilution; mouse monoclonal anti-FLAG
(clone M2; Sigma), 1:5,000 dilution; rabbit polyclonal
anti-SseB, 1:40,000 dilution; and, mouse monoclonal
anti-o-tubulin (clone DM1A; Sigma), 1:50,000 dilution.
Goat polyclonal anti-mouse or anti-rabbit IgG conju-
gated to horseradish peroxidase (Bio-Rad) were used as
secondary antibodies diluted 1:5000. ECL reagent (Bio-
Rad) was used to visualize proteins.

RT-qPCR assays

One microgram of total RNA was reverse transcribed to
cDNA using high capacity cDNA reverse transcription
kit (Applied Biosystems) following manufacturer
instructions. Oligonucleotides listed in Table S4 were
designed using the Primer-BLAST tool,” restricting
PCR product size from 50 to 100 nt and spanning exon-
exon regions when possible. Reactions were carried out
in an ABI Prism 7500 instrument using the Power
SYBR-green PCR master mix (Life Technologies) under
standard reaction conditions and establishing a melting
temperature of 60°C and an extension time of 1 min.
Expression levels of each gene in each condition tested
were normalized to the levels of hypoxanthine phosphor-
ibosyl transferase (HPRT) transcript.

Gene expression accession number

Genome expression data obtained in the sorted infected
and uninfected BJ-5ta fibroblast populations were depos-
ited in the GEO database ®* under accession number
GSE71727.

Phototoxicity test

Fibroblasts were incubated for 6 h in a 5% CO, atmo-
sphere either in a CO, incubator or inside a thermostated
microscope chamber. Photographs were taken every
6 min as described in section “Time lapse microscopy
experiments.” Four conditions were tested: i) GFP-p65
MEF infected with DsRed-expressing S. Typhimurium in
the presence of Hoechst 33342 derivative; ii) GFP-p65



MEF infected with DsRed-expressing S. Typhimurium
without Hoechst 33342 derivative; iii) GFP-p65 MEF
infected with wild type S. Typhimurium in the presence
of Hoechst 3342 derivative; and, iv) wild type MEF
infected with DsRed-expressing S. Typhimurium in the
presence of Hoechst 3342 derivative. Fibroblasts seeded
in 3 8-well plates (Ibidi) were infected as described in
section “Bacterial infection of eukaryotic cells.” Viable
intracellular bacteria were quantified at 1 and 6 hpi using
PBS, pH 7.4, 1 % Triton X-100, 0.1 % SDS to lyse the cul-
tures followed by plating appropriate dilutions of the
lysates onto LB agar plates.

Statistical analyses

To analyze the statistical difference between maximum NCI
values in infected and uninfected populations, or in their
values in each time point of our time-lapse experiments, a
2-sided Kolmogorov Smirnov test was used. Gene expres-
sion data were analyzed by one-way analysis of variance
(ANOVA) with Bonferroni’s Multiple Comparison Test
using Prism version 5.0 (GraphPad Software, Inc.). Differ-
ences in values with P < 0.05 were considered significant.

Abbreviations

GAPDH glyceraldehyde 6-phosphate dehydrogenase

GSEA gene set enrichment analysis software
ICAM-1 intracellular adhesion molecule-1
IxBa NF-«B inhibitor « (protein)

IL1B interleukin 18 (gene)

NCI nuclear to cytoplasmic ratio of the intensity

NF-«kB  nuclear factor kappa-B

NFKBIA NF-«B inhibitor « (gene)

PAMP  pathogen-associated molecular patterns
PRR PAMP-recognition receptor

SOCS3  suppressor of cytokine signaling 3

SPI-1 Salmonella pathogenicity island 1

SPI-2 Salmonella pathogenicity island 2

T1 type III secretion system encoded by SPI-1
T2 type III secretion system encoded by SPI-2
TLR Toll-like receptor

TNF« tumor necrosis factor o

TRAF1  TNF-receptor-associated protein 1
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