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France; fInstitute of Medical Microbiology and Hospital Epidemiology, Hannover Medical School and German Center for Infection Research 
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ABSTRACT
Salmonella enterica subspecies enterica serovar Typhimurium is an intracellular pathogen that 
invades and colonizes the intestinal epithelium. Following bacterial invasion, Salmonella is 
enclosed within a membrane-bound vacuole known as a Salmonella-containing vacuole (SCV). 
However, a subset of Salmonella has the capability to prematurely rupture the SCV and escape, 
resulting in Salmonella hyper-replication within the cytosol of epithelial cells. A recently published 
RNA-seq study provides an overview of cytosolic and vacuolar upregulated genes and highlights 
pagN vacuolar upregulation. Here, using transcription kinetics, protein production profile, and 
immunofluorescence microscopy, we showed that PagN is exclusively produced by Salmonella in 
SCV. Gentamicin protection and chloroquine resistance assays were performed to demonstrate 
that deletion of pagN affects Salmonella replication by affecting the cytosolic bacterial population. 
This study presents the first example of a Salmonella virulence factor expressed within the 
endocytic compartment, which has a significant impact on the dynamics of Salmonella cytosolic 
hyper-replication.
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Introduction

Salmonella is a facultative intracellular entero-pathogen 
that has a broad host spectrum depending on its serotype 
and represents a risk to public health worldwide. Non- 
typhoidal Salmonella as Salmonella enterica subspecies 
enterica serovar Typhimurium (STm) induces asympto
matic infections in livestock, which makes it difficult to 
control large shedding, resulting in the contamination of 
water or food. Ninety-five million consumers exposed to 
these products developed gastroenteritis, resulting in 
59,100 deaths in 2017 [1]. After ingestion, Salmonella 
survives gastric acidity and reaches the intestinal epithe
lium. An essential feature of Salmonella pathogenicity is 
its ability to interact with and colonize the host intestinal 
epithelium. This step requires invasion and intracellular 
replication in non-phagocytic cells, which are crucial for 
bacterial survival and establishment of disease in a host.

Salmonella cell invasion is dependent on the Type Three 
Secretion System-1 (T3SS-1) encoded by Salmonella 
Pathogenicity Island 1 (SPI-1) [2] and on two invasins, 
Rck [3] and PagN [4]. After internalization into host cells, 

Salmonella is contained in a unique host endocytic com
partment called Salmonella-containing vacuole (SCV) [5]. 
The close cooperation of different T3SS–1 effector activities 
promotes SCV membrane dynamics by fusion with early 
endosomes and modification of lipid composition, which 
delays its fusion with late endosomes/lysosomes [6]. 
Subsequently, the migration of SCV from perinuclear loca
lization occurs with SCV maturation into a permissive- 
replicative membrane-bound niche through the action of 
effectors secreted by the SPI-2 T3SS [7]. In the last decade, 
it has been established that a subset of Salmonella ruptures 
the SCV and escapes and survives in the cytosol of epithe
lial cells. Salmonella exhibits different replication rates 
depending on its subcellular localization. In fact, 
Salmonella undergoes hyper-replication in the cytosol, 
while most Salmonella remain within the SCV, replicating 
at moderate rates [8]. Remarkably, intravacuolar and cyto
solic lifestyles co-exist in the same infected cells. Cytosolic 
hyper-replication leads to extrusion from the intestinal 
epithelium of host cells, allowing faecal shedding of 
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Salmonella [9,10]. Deciphering the mechanisms that deter
mine whether the internalized bacterium follows the cyto
solic or intravacuolar pathway has become increasingly 
crucial.

The outer membrane protein PagN is encoded by the 
pagN gene, which is widely distributed and well conserved 
among different species and subspecies of Salmonella 
[11]. Several studies investigating Salmonella pathogen
esis in mouse models have shown that Salmonella pagN 
invalidated exhibits reduced virulence in a mouse model 
of typhoid fever [12,13]. In vitro studies have demon
strated the role of PagN in bacterial adhesion and cellular 
invasion [4] and the requirement of heparan sulphate 
proteoglycan (HSPG) and β1 integrin (ITGB1) for these 
mechanisms [11,14]. pagN transcription is regulated by 
the two-component transcriptional regulatory PhoP/ 
PhoQ system and is induced under mildly acidic pH 
conditions and low divalent cation concentration envir
onments [15], conditions close to those found in the SCV. 
Moreover, pagN was upregulated in the vacuolar com
partment in an infected epithelial cell model [16]. The 
intravacuolar expression of pagN along with its role in 
adhesion and invasion suggests that Salmonella prepares 
the vacuole to enhance its ability to reinfect other cells 
[11]. However, in a recent study, Galeev et al. [17] demon
strated a crucial role of proteoglycans in SCV maturation, 
which affects the intracellular behaviour of Salmonella in 
CHO cells [17]. Given our understanding of the relation
ship between HSPG and PagN, we hypothesize that PagN 
may have a role not only extracellularly but also intracel
lularly, and even more so in the SCV.

In this study, we precisely determined the localiza
tion of PagN produced by STm and investigated its role 
in Salmonella behaviour within cells. We found that 
PagN production mainly occurs in the SCV, and both 
deletion and overexpression of pagN significantly influ
enced the amount of cytosolic Salmonella. Our data 
provide strong evidence of the involvement of PagN 
as a precursor of cytosolic hyper-replication.

Methods

Cell lines

The Chinese Hamster ovarian cells originate from the 
American Type Culture Collection (CHO; ATCC: CCL- 
61) were cultured in DMEM (Dulbecco’s modified Eagle’s 
medium; Gibco) containing 4.5 g/L glucose supplemented 
with 5% foetal bovine serum (FBS; Sigma), 2 mM 
L-glutamine (Gibco) at 37°C and 5% CO2 in a humidified 
atmosphere.

Intestinal 3D and 2D organoids derived from small 
intestine mice

Ileal crypts were isolated from C57 BL/6 mice and cultured 
as 3D organoids, as described by Suwandi et al. [18]. Five 
hundred ileal crypts embedded in 50 µL Matrigel® 
(Corning) in well of 24 well plate were incubated in 
a humidified atmosphere at 5% CO2 and 37°C in presence 
of the following medium: Advanced DMEM/F12 (Gibco) 
supplemented with 2 mM GlutaMax (Gibco), 10 mM 
HEPES (Gibco), B27 1X (Gibco), 50 ng/mL mouse EGF 
(Sigma Aldrich), 500 nM A83–01 (Tocris), 10 μM 
SB202190 (Sigma Aldrich), 10 nM gastrin I (Tocris), 1  
mM N-acetylcysteine (Sigma Aldrich), 10 µM Y27632 
(Sigma Aldrich), and 50% supernatant of L-WRN cells 
(ATCC CRL-3276), containing Wnt3a, R-spondin, and 
Noggin as described in [19,19].

To perform infection, 2D organoid monolayers were 
formed from 3D organoids, as described by Suwandi 
et al. [18]. About 300–400 enteroids were dissociated 
and seeded onto Transwell® permeable supports (polye
ster membrane; 6.5 mm insert; 0.4 μm pore size; 
Corning) previously coated with Transwell® (diluted 
1:40 in PBS) in monolayer medium containing 
Advanced DMEM/F-12, 2 mM GlutaMax (Gibco), 
50% L-WRN-Supernatant, 20% foetal bovine serum 
(FBS), 50 ng/mL mouse EGF, and 10 μM dihydrochlor
ide. The monolayer barrier integrity was estimated by 
measuring the transepithelial electrical resistance using 
Millicell-ERS (Millipore). To induce differentiation, the 
medium was replaced with medium containing 
Advanced DMEM/F-12, 2 mM GlutaMax, 5% L-WRN- 
Supernatant, 20% FBS, 5 μM DAPT (Tocris), and 50  
ng/mL mouse EGF, and changed daily for the next 2 d.

Construction of Salmonella strains
The bacterial strains used in the present study are listed 
in Table 2. Chromosomal deletion of pagN was per
formed in S. Typhimurium ATCC 14028 STm WT 
strain by the λ-Red recombinant method using primers 
P1-PagN and P2-PagN (Table 1), as previously 
described [24]. The deletion mutant was verified by 
PCR using primers outside the deletion site.

Chromosomal gene epitope tagging by 3×FLAG epitope 
at the 3′ end of pagN gene of STm was carried out as 
previously described [21]. Briefly, a pair of primers was 
designed to amplify the 3×FLAG sequence and kanamycin 
resistance gene using the template plasmid pSUB11 (Tables 
1 and 2). The tagged strains were then constructed using the 
λ-Red recombinase method [24]. The PCR product was 
electroporated into Salmonella strains carrying plasmid 
pKD46, and transformants were selected in the presence 
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of kanamycin. The strains were verified using DNA 
sequencing.

For plasmid construction and validation of transcrip
tional fusion PpagN::eqFP650, the plasmid pOGv2 
(Supplementary Figure S1) was derived from the dual 
fluorescence reporter p4889 (generous gift from 
M. Hensel, Universität Osnabrück, Germany) by intro
ducing a transcriptional fusion PpagN::eqFP650. A 410 
bp promoter region of pagN including C-ter of 
STM14_0362 and N-ter of pagN was amplified with 
specific primers P1-PpagN-XhoI and P2- PpagN- 
BamHI (Table 1). The eqFP650 gene was amplified 
from plasmid pFPV-Turbo FP650 [25] using primers 
P1-TurboFP-START-NotI and P2-TurboFP-STOP- 
NotI (Table 1). After fragment amplification and inter
mediary subcloning in E coli MC1061, transcriptional 
fusion in p4889 was obtained and electroporated into 
STm WT. The plasmid was verified by sequencing and 
the strain was validated in vitro. Overnight pre-cultures 
in tryptic soy broth medium (TSB) of STm WT, STm 
WT p4889 and STm WT pOGv2 were diluted to 1/100 in 
low phosphate magnesium medium (LPM) containing 
MgCl2 8 µM (Merck), KCl 5 mM (Sigma Aldrich), NH4 

SO4 7.5 mM (UCB), K2SO4 0.5 mM (Merck), Glycerol 
0.3% v/v (Carlo Erba), casamino acid 0.1% (Difco), H3 
PO4 337 μM (Sigma Aldrich), and 2-(N-morpholino) 
ethanesulfonic acid 80 mM (Sigma Aldrich) at pH 5.8 
[26], or in control medium named normal phosphate 
magnesium medium (NPM) containing MgCl2 (2 mM), 

KCl (5 mM), NH4SO4 (7.5 mM), K2SO4 (0.5 mM), 
Glycerol (0.3%), casamino-acid (0.1%), H3PO4 (25  
mM), 2-(N-morpholino) ethanesulfonic acid (80 mM) 
at pH: 7.3, and used to inoculate a 96-well black plate 
(Corning). Optical density (600 nm) and fluorescence 
intensity analyses were performed at 15 min intervals 
on these cultures using a Spark Microplate Reader 
(TECAN) at the appropriate wavelengths to visualize 
eqFP650 production by incubating the plates at 37°C 
with shaking overnight.

The growth curve of strains STm WT, ST ΔpagN and 
STm ΔpagN + PagN was carried out to ensure comparable 
growth for all strains used. All strains were sensitive to 100  
µg/mL of gentamicin (data not shown). The expression 
profile of PagN was evaluated for all strains in Table 2 in 
LB and LPM medium by Western blot (data not shown)

Bacterial infection of cells and organoid-derived 
monolayer
Strains were routinely grown in lysogeny broth medium 
(LB) at 37°C with agitation. When necessary, antibiotics 
were added to the culture medium at concentration of 
carbenicillin 100 μg/mL, kanamycin 50 μg/mL, chloram
phenicol 20 μg/mL chloramphenicol. Cells were infected 
with bacterial strains at a multiplicity of infection (MOI) 
of 10 or 50, depending on experiment, for 1 h at 37°C 
and 5% CO2. Time zero post-infection (p.i.) was set at 
the beginning of the infection.

Table 1. Primers used in this study.
Primer name Sequence (5′ to 3′)
P1-3×FLAG pagN ACACAAAGGCTGCCTCCAATGACTTCATGCTCGGCATTACTTACGCCTTTGACTACAAAGACCATGACGG
P2-3×FLAG pagN TCCATTGCGCCTTCGGGAACCCACAGGACCAGCTATTTTACCGATAGTGTCATATGAATATCCTCCTTAG
P1-pagN GAAACTTGTCTTTTAGCCCAATATTAAGGCAGGTTCTGAAATGAAAAACTGTGTAGGCTGGAGCTGCTTC
P2-pagN CCTTCGGGAACCCACAGGACCAGCTATTTTACCGATAGTGTTTAAAAGGCCATATGAATATCCTCCTTAG
P1-PpagN-XhoI CTCCTCGAGGCGTCAACAGGTACAACAAGATC
P2-PpagN-BamHI CTCGGATCCCAAGGGGAATGATGCAGACTGCG
P1-TurboFP-START-Not1 CTCGCGGCCGCTTTAAGAAGGAGATATACATATGGGAGAG
P2-TurboFP-STOP-Not1 CTCGCGGCCGCTTAGCTGTGCCCCAGTTTGCTAGG

Table 2. Bacterial strains and plasmids used in this study.
Strain or plasmid Relevant characteristic(s) Source or reference

Strains
STm WT S. enterica subsp. enterica ser. Typhimurium ATCC 14028 wild-type strain American Type Culture 

Collection
STm ΔpagN 14028 isogenic mutant with the pagN deletion (Cmr) This study
STm ΔpagN + PagN 14028 isogenic mutant with the pagN deletion (Cmr) + pSUP202 containing ST 14028 pagN gene and 

its RBS (Cbr, Tcr)
This study

STm PagN x3FLAG 3×FLAG tag inserted at the 3′ end of the pagN gene of strain 14028 (Kmr) This study
Plasmids
pCP20 Expression of FLP recombinase and temperature-sensitive replication (Cbr) [20]
pSUB11 Template for construction of 3×FLAG-tagged genes (Cbr, Kmr) [21]
pSUP202 Cloning vector (Cbr, Cmr, Tcr) [22]
pSUP-PagN pSUP202 containing ST 14028 pagN gene and its RBS (Cbr, Tcr) [11]
p4889 PEM7::DsRed; P uhpT::sfGFP (Cbr) [23]
pOGV2 PEM7::DsRed; P uhpT::sfGFP; PpagN::eqFP650 (Cbr) This study
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2D organoid monolayers were infected 2 days after 
differentiation with 2 x 105 STm strains using 
Transwell® in differentiation medium and incubated 
for 1 h at 37°C.

Gentamicin protection assay
For quantification of cell-associated bacteria at 1 h p.i., 
cells were washed four times for cells or 2 times for 2D 
organoid monolayers and then lysed in cold distilled H2 
O for 20 min at 4°C. Finally, the number of cell- 
associated bacteria was determined by plating appro
priate dilutions on Tryptic Soy Agar (TSA, Difco) and 
counting after overnight growth period at 37°C. For 
later time points, upon washing, medium was replaced 
by cell culture medium containing gentamicin (100 µg/ 
mL, Gibco) for 1.5 h at 37°C to kill extracellular bac
teria. The number of internalized bacteria was deter
mined by plating cell lysates at 2.5 h p.i. To determine 
the intracellular replication level of Salmonella or the 
intracellular PagN production level in infected cells, 
and the intracellular localization of STm in infected 
cells, the cell culture medium containing gentamicin 
at 100 µg/mL was replaced with cell culture medium 
containing gentamicin at 10 µg/mL for the remaining 
incubation time.

Chloroquine resistance assay
To determine the number of cytosolic Salmonella 
within the cells and 2D organoid monolayers, 
a chloroquine (CHQ, Sigma-Aldrich) resistance assay 
was performed as previously described [17,27]. Briefly, 
the cells and 2D organoid monolayers were infected as 
described above. At 1.5 h and 23 h p.i., the cells were 
treated with CHQ (400 μM) and gentamicin (cytosolic 
bacteria) or with gentamicin only (total intracellular 
bacteria) for 1 h at 37°C. The cells were then lysed 
and serial dilutions were plated on TSA plates to quan
tify bacteria. The percentage of cytosolic bacteria cor
responds to the number of live bacteria at 2.5 h or 24 
h after chloroquine + gentamicin treatment compared 
with the number of live bacteria without chloroquine 
treatment at the same times expressed as a percentage.

Quantification of cells infected and cell sorting using 
cytometry
CHO cells were infected with STm WT p4889 strain or 
with STm ΔpagN p4889 strain at 37°C for 1 h at MOI 
10:1, followed by the addition of gentamicin (100 μg/mL) 
for 1.5 h then followed by a further 21.5 h with gentamicin 
(10 µg/mL). After trypsinization, cells at 2.5 h and 24 h 
were analysed by flow cytometry using LSR fortessa X-20 
(BD Bioscience) gated for only vacuolar bacteria (DsRed) 
or cytosolic bacteria (DsRed + sfGFP). Data were analysed 

using Kaluza software (Beckman Coulter) and the he 
gating strategy is illustrated (Supplementary Figure S3). 
The percentages of cells with cytosolic bacteria at 2.5 h p.i. 
and 24 h p.i. were calculated and compared between STm 
WT and STm ΔpagN.

To estimate which vacuolar or cytosolic bacteria 
expressed PagN, after 24 h p.i., CHO cells infected with 
STm PagN 3×FLAG p4889 were scraped and resuspended 
in cold distilled H2O. To ensure perfect lysis, cells were 
passed through a 20-gauge needle 10 times on ice. The 
suspension was centrifuged at 200g 5 min at 4°C. The 
supernatant was collected and centrifuged again. A final 
centrifugation at 11,000g 10 min at 4°C was performed, 
and the pellet was resuspended in PBS 1X. Bacteria were 
sorted with a MoFlo Astrios EQ high-speed cell sorter 
(Beckman Coulter Inc., Brea, CA, USA) using morpholo
gical criteria (forward scatter and side scatter) based on 
the green and red fluorescence produced by bacteria.

Immunoblotting
Total protein lysates from 7.5 x 106 STm PagN 3×FLAG 
bacteria and 1.5 x 106 cells infected with STm PagN 
3×FLAG were denatured in Laemmli sample buffer 
(Biorad) at the indicated time p.i. Separation of the pro
teins was performed using 4–15% SDS-polyacrylamide 
gels (Bio-rad) and transferred onto a nitrocellulose mem
brane (BioRad) using Trans-Blot Turbo system (BioRad). 
The sheets were blocked for 1 h with PBS 5% non-fat dry 
milk at room temperature. Detection of Hsp60 and BamB 
(loading control), and PagN 3×FLAG proteins was per
formed using respectively a polyclonal mouse anti-Hsp60 
serum (Assaydesigns-Stressgen) diluted 1:6000 in PBS- 
Tween20 0.025% containing 0.2% non-fat dry milk; 
a polyclonal rabbit anti-BamB serum [28] diluted 
1:6000; and monoclonal anti-FLAG M2 F1804 antibody 
(Sigma Aldrich) diluted 1:1000 in TBS-Tween20 0.05% 
plus 2% non-fat dry milk, respectively. Horseradish per
oxidase (HRP)-conjugated anti-rabbit IgG (Pierce) 
diluted 1:25000; and anti-mouse IgG (Dako) diluted 
1:5000; were used as secondary antibodies respectively 
in TBS-Tw20 or PBS-Tw20 plus 3% non-fat dry milk. 
Detection was performed by chemiluminescence using 
the Super Signal West Dura Extended Duration 
Substrate (Thermo Scientific) and Fusion FX imaging 
system (Vilber Lourmat).

Immunofluorescence microscopy
For subcellular Salmonella localisation, CHO cells were 
cultured on coverslips and infected with STm pOGv2 at 
an MOI of 50:1. Then, they were fixed at 16 h p.i. for 15 min 
with paraformaldehyde 4% (PFA) and stained with anti 
LAMP2 H4B4 (DSHB) diluted 1:40, followed by goat anti- 
mouse Alexa Fluor® 405 (Life Technologies) diluted 1:400. 
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Finally, the coverslips were mounted in a fluorescence 
mounting medium (Dako) ready to be imaged using con
focal microscopy with a 100 × oil immersion objective 
(Leica TCS SP8, Germany). For quantification of cytosolic 
or vacuolar bacteria expressing DsRed, sfGFP and/or 
eqFP650. Several cells were imaged using a SP8 confocal 
microscope (Leica, Germany) with a water-immersion 63× 
objective. Bacteria characterization was performed blindly 
using a semi-automated macro with the Fiji software (ver
sion 1.54f, ref 1). First, all bacteria were individually seg
mented manually in the imaged cells. After thresholding 
the different fluorescent signals, these regions of interest 
were used to classify the cells [29]. Statistical analysis was 
performed using GraphPad Prism.

Infected 2D organoid monolayers were washed once 
time with PBS without Ca2+/Mg2+ and fixed with PFA 4% 
for 20 min at room temperature. After permeabilization 
with PBS without Ca2+/Mg2+ containing Triton 100X 
0.5% (Sigma Aldrich), the bacteria labelling was performed 
with anti-Salmonella (Clinisciences) diluted at 1:200 in 
labelling buffer containing PBS with 5% goat serum 
(Gibco) and 3% bovine serum albumin (Sigma Aldrich) 
for 1 h, followed by goat-anti-rabbit Alexa Fluor® 568 (Life 
Technologies) diluted 1:200 in labelling buffer for 1 h to 
label all bacteria. Between each labelling, 2D organoid 
monolayers were washed three times with labelling buffer. 
Cytosolic bacteria were labeled with anti-GFP Alexa Fluor® 
488 (Life Technologies) diluted 1:200 in labelling buffer for 
1 h. Finally, nuclei were stained with DAPI (Dako) diluted 
1:1000 and actin with Phalloïdin Alexa Fluor® 647 (Life 
Technologies) for 20 min. Images were acquired using 
a Leica SP8 confocal laser-scanning microscope (Leica 
TCS SP8, Germany).

Statistical analysis
Data were analysed using GraphPad Prism6 software 
(GraphPad). Statistical analysis was performed using the 
Mann–Whitney test, and differences among three or more 

groups were analysed using one-way ANOVA followed by 
the Kruskal–Wallis test.

Results

S. Typhimurium inside the SCV produces PagN

A tagging technique described by Uzzau et al. 2001 [21] 
was used to monitor PagN production under a defined 
set of culture conditions. We fused 3×FLAG epitope to 
the pagN gene present on the chromosome of S. 
Typhimurium 14028. Bacteria were grown in LB and 
LPM, the latter of which has been shown to mimic the 
SCV environment, that is, mild acidic pH and low 
divalent cation concentrations [26]. At different times 
of incubation, bacteria were harvested, and immuno
blotting analysis was performed using specific anti- 
FLAG and anti-Hsp60 antibodies, a bacterial mem
brane protein as a protein loading control. As depicted 
in Figure 1, Salmonella maintained basal PagN produc
tion throughout the kinetics in the LB medium. 
However, in LPM medium, PagN production was 
increased compared to that in LB medium as early as 
3 h in culture. This shows that Salmonella maximally 
produced PagN under acidic conditions and low con
centrations of divalent cations, suggesting its produc
tion in the SCV. To verify this hypothesis, the 
intracellular kinetics of PagN production were moni
tored by immunoblotting in cells infected with STm 
PagN 3×FLAG. CHO cells were chosen as they were 
previously used to study the role of PagN in Salmonella 
invasion mechanism [4]. The bacteria in LB medium, as 
shown in Figure 1, as well as the inoculum and non- 
internalized bacteria, did not produce PagN (Figure 2). 
On the other hand, from 2.5 h and up to 24 h, intracel
lular Salmonella produced increasing amounts of PagN 
(Figure 2). Based on the previously described plasmid 
p4889 (Röder 2020) [23], which allows discrimination 
between vacuolar and cytosolic Salmonella, the 

Figure 1. PagN production is induced under culture conditions mimicking the intravacuolar lifestyle of Salmonella. Production of 
PagN 3×FLAG in STm WT after culture (a) in LB or (b) in LPM was estimated. 2 x 108 bacteria were denatured and the protein level 
and the production of PagN was verified by Western blotting as described in Methods. The images are representative of two 
independent experiments.
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construction of the plasmid pOGv2 (Supplementary 
Figure S1) allows the assessment of the conditions of 
pagN transcription by production of fluorescent protein 
eqFP650 under the control of the PpagN promoter in 
synthetic NPM and LPM medium (Figure 3a) and in 
CHO cells (Figure 3b). NPM was developed from LPM 
and used instead of LB because LB induces weak auto
fluorescence that interferes with fluorochrome analysis 
(data not shown). To estimate pagN transcription 
kinetics, the relative intensity of eqFP650 fluorescence 
of measured OD600 nm liquid culture of STm WT, 
STm WT p4889, and STm WT pOGv2 were recorded 
using a Tecan Fluorescence microplate reader 
(Figure 3a). Transcription of pagN was observed only 
in LPM medium. In CHO cells, pagN transcription 
confirmed by eqFP650 production was only induced 
by bacteria embedded in LAMP2 positive SCV unlike 
free cytosolic bacteria that transcribed uhpT allowing 
GFP production (Figure 3b,c). To ensure that the intra
vacuolar transcription of pagN leads to PagN produc
tion, cell sorting of bacteria from CHO cells infected 
with STm PagN 3×FLAG p4889 was performed on the 
basis of their fluorescence: i) bacteria only red were 
vacuolar and ii) bacteria red and green were cytosolic. 
Bacteria were harvested and immunoblotting analysis 
was performed using specific anti-FLAG and anti- 
BamB antibodies. The results shown in Figure 4 con
firm that PagN production by Salmonella is highly 

increased in SCV, with residual production by cytosolic 
bacteria. Altogether, our results demonstrate that PagN 
is produced mainly by STm when bacteria reside in 
the SCV.

PagN impacts the intracellular replication of 
Salmonella, by facilitating hyper-replication

Currently, three distinct survival states have been 
described for Salmonella: dormancy within vesicular 
compartments, replication within the SCV, and 
hyper-replication in the cytosol, as described in pre
vious studies [27,30,31]. To facilitate replication, 
Salmonella hijacks its host cell machinery. Key fac
tors in maintaining replication within vacuoles 
include the T3SS–1 and T3SS–2 effectors. Notably, 
the vacuolar production of PagN under conditions 
similar to those of T3SS–2 led us to investigate its 
role in Salmonella’s intracellular replication. To 
assess intracellular replication, a ΔpagN mutant 
(STm ΔpagN) and complemented strain (STm 
ΔpagN + PagN) were constructed. Before exploring 
the potential role of PagN in replication and consid
ering that PagN has been characterized as an inva
sion factor for specific cells, we assessed the ability of 
Salmonella wild-type and mutant strains to adhere to 
and invade CHO cells (Supplementary Figure S2). 
Adhesion assays showed that pagN deletion did not 
affect bacterial adhesion (Supplementary Figure 
S2A). These results could be related to the fact that 
PagN was produced at a low level under our in vitro 
LB culture conditions (Figure 1). However, the fact 
that the complemented strain with a plasmid carry
ing pagN has higher adhesion and internalization 
ability than the STm ΔpagN mutant strain confirms 
the contribution of PagN in S. Typhimurium adhe
sion and internalization (Supplementary Figure S2 
A-B). In this context, we examined whether PagN 
influences the replication of intracellular Salmonella. 
A combination of gentamicin and chloroquine resis
tance assays was performed in CHO cells infected 
with STm WT, STm ΔpagN and complemented 
ΔpagN + PagN strains at 2.5 h and 24 h p.i. As chlor
oquine, together with gentamicin, is known to kill 
Salmonella only inside the SCV [27], this assay 
allows quantification of the percentage of cytosolic 
bacteria in the total intracellular bacterial population. 
At 2.5 h p.i., infection of CHO cells with the ST 
ΔpagN mutant had no impact on the cytosolic 
share compared with the ST WT (Figure 5a). 
However, overexpression of pagN induced 
a significant increase in the proportion of cytosolic 
bacteria from 2.5 h p.i. (Figure 5a). At 24 h p.i., the 

Figure 2. PagN is produced during CHO cells infection. CHO 
cells were infected with STm PagN x3FLAG at MOI 50:1 for 1 h 
at 37 °C followed by 1 h with gentamicin 100 µg/mL and extra 
time with gentamicin 10 µg/mL corresponding to 2.5, 6 and 24  
h p.i. At the indicated time, Laemmli buffer resuspension of the 
bacterial inoculum (representing 1.5 x 106 bacteria in 10 µL), of 
the uninfected or of cell culture supernatant containing extra
cellular bacteria 1 h p.i. Or of the infected cells were loaded as 
described in Methods. The bacterial protein level BamB and the 
production of PagN have been verified by immunoblotting. The 
image is representative of three independent experiments.
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infection of CHO cells with the STm ΔpagN mutant 
resulted in a smaller cytosolic bacterial population 
than that of the wild-type strain. In addition, the 
observation made with the strain overexpressing 
pagN at 2.5 h p.i. was confirmed by a very significant 
increase in the proportion of cytosolic bacteria at 24  
h p.i (Figure 5b). The ratio of the number of inter
nalized bacteria at 24 h p.i. and 2.5 h p.i. allows the 
calculation of the bacterial replication rate. As shown 
in Figure 5c, the STm ΔpagN had a significantly 
lower bacterial replication rate (approximately 40%) 
compared to the wild-type strain. The complemented 

strain restored its replication rate to that of the wild- 
type strain. Another way to estimate the impact of 
PagN on the intracellular localization of Salmonella 
is to use flow cytometry and the p4889 tool to 
quantify infected cells harbouring cytosolic bacteria, 
that is, cells that are both red and green. At 2.5 h p.i., 
no difference was observed between STm WT and 
STm ΔpagN in cells harbouring cytosolic bacteria 
(Figure 6a). At 24 h p.i., the STm ΔpagN strain 
showed a decrease in the percentage of cytosolic 
bacteria compared to the percentage obtained with 
the STm WT (Figure 6b).

Figure 3. PagN is produced in the SCV. (a) STm WT, STm WT p4889 and STm WT pOGv2 were cultured in (blue marks) medium with 
normal concentration of phosphate and magnesium and neutral pH named NPM or were cultured in (red marks) LPM medium with 
low concentration of phosphate and magnesium and acidic pH (5.8). To estimate pagN transcription at the indicated time (hours) 
relative intensity of eqFP650 fluorescence of measured OD600nm liquid cultured of (dot) STm WT, (square) STm WT p4889 and 
(triangle) STm WT pOGv2 were recorded with Tecan Fluorescence microplates reader. (b) CHO cells were infected with STm WT 
pOGv2 at MOI 50:1 for 1 h at 37°C followed by 1 h with gentamicin 100 µg/mL and extra time with gentamicin 10 µg/mL correspond 
to 24 h p.i. then fixed and stained with mouse LAMP2 antibody, then revealed with anti-mouse Alexa Fluor 405 (blue). Imaging was 
performed using confocal microscopy with a 100 × oil immersion objective (Leica TCS SP8, Germany). Vacuolar spaces were LAMP2 
positive (blue) vacuolar Salmonella were visualized in yellow (DsRed constitutive: yellow), hyper replicative cytosolic Salmonella were 
observed red and weakly yellow (sfGFP inducible: green and DsRed constitutive: weakly yellow due to hyper replication), and 
Salmonella PpagN transcriptionnaly active were red (PpagN::eqFP650: red). Continuous white square named Z1 representing vacuolar 
bacteria or dashed white square named Z2 representing cytosolic bacteria were oversized 2.4 times and 5 times for merged images. 
Scale bars 10 µm. (c) Quantification of vacuolar or cytosolic Salmonella with PpagN transcriptionnaly active from CHO cells infected 
with STm WT pOGv2 at MOI 50:1 for 1 h at 37°C followed by 1 h with gentamicin 100 µg/mL and extra time with gentamicin 10 µg/ 
mL correspond to 24 h p.i. then fixed. Images obtained using confocal microscopy with a water-immersion 63× objective (Leica TCS 
SP8, Germany) were analyzed with a script described in Methods.
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PagN influences S. Typhimurium intracellular 
behavior in organoid-derived intestinal epithelial 
monolayer

To further investigate whether PagN influences STm 
intracellular behaviour in the intestinal epithelium, 
in vitro mouse intestinal organoids were derived 
from the ileal crypts and cultivated as 3D organoids. 
These 3D organoids were dissociated and seeded 
onto Transwell® permeable supports to form 2D 
organoid monolayers. Polarized 2D organoid mono
layers were infected with STm WT, ΔpagN mutant, or 
complemented ΔpagN + PagN strains to quantify the 
number of internalized bacteria after 1 h of infection, 
the bacterial replication rate, and the number of 
cytosolic bacteria after 24 h of infection. As shown 
in Figure 7, despite no significant difference in inter
nalization of STm WT and pagN mutant strains at 

2.5 h p.i., the pagN absence considerably reduces 
bacterial replication and the number of cytosolic 
bacterial load at 24 h p.i. In addition, pagN overex
pression in the STm-complemented ΔpagN + PagN 
strain significantly increased the levels of infection, 
bacterial replication, and cytosolic bacteria compared 
to the STm pagN mutant strain. Moreover, a 2D 
organoid monolayer infected with STm WT p4889 
allowed us to visualize the presence of vacuolar and 
cytosolic bacteria, as observed in CHO cell lines 
(Figure 8). Taken together, our data obtained with 
the CHO cell line were reproduced in in vitro intest
inal epithelium.

Collectively, these data allow us to conclude that, in 
addition to its role as an invasin, PagN contributes to 
Salmonella intracellular hyper-replication, suggesting 
a role in vacuolar escape of the bacterium to the host 
cytosol.

Discussion

Following STm invasion of epithelial cells, intracellular 
bacteria survive and replicate within two distinct 
niches, intravacuolar and cytosolic. Salmonella residing 
in the cytosolic niche replicates faster than in the intra
vacuolar niche [27,32]. The T3SS–1 and T3SS–2 effec
tors are implicated in intracellular survival. There is 
a chronology of events related to the temporal expres
sion of T3SS–1 and T3SS–2 in intracellular Salmonella. 
T3SS–1 and its effectors are key factors in the invasion 
process; immediately after invasion, they can be 
a source of very early instability. Indeed, translocon 
proteins and effectors of T3SS–1 are active in main
taining SCV integrity [33–35]. During SCV maturation, 
effectors of T3SS–2 play a role in SCV stability [36,37]. 
Indeed, the absence of specific T3SS–2 effectors leads to 
SCV destabilization. The action of T3SS–2 effectors 
favours the preservation of the integrity of the SCV, 
as illustrated by the complex action of SifA in 
Salmonella virulence [38]. SCV instability leading to 
hyper-replicative cytosolic Salmonella is rare, represent
ing less than 10% of infected cells [27]. However, T3SS– 
1 is substantially upregulated in hyper-replicating bac
teria [16] providing them with a significant advantage 
in the dynamics of intestinal dissemination [9]. 
Furthermore, host factors such as TBK1 kinase, guany
late-binding proteins or the COPII complex play cru
cial roles in maintaining vacuolar integrity [39–41]. The 
balance between Salmonella and its hosts is dynamic. 
An action by one partner triggers a response from the 
other, which, in turn, adapts. The events leading to 
vacuolar destabilization and escape from the intrava
cuolar niche still require further investigation. These 

Figure 4. PagN is produced in SCV during CHO cells infection. 
CHO cells were infected with STm PagN x3FLAG p4889 at MOI 
50:1 for 1 h at 37°C followed by 1 h with gentamicin 100 µg/mL 
and extra time with gentamicin 10 µg/mL corresponding to 24  
h p.i. At the indicated time, cells were lysed and Salmonella 
were rescued and sorted by Fluorescence-activated cell sorting. 
Two populations were sorted Salmonella DsRed without sfGFP 
(vacuolar Salmonella) and DsRed with GFP (cytosolic 
Salmonella). Then, 15 µL over 100 µL of Laemmli buffer resus
pension (representing 3 x 105 bacteria) were loaded as 
described in Methods. The bacterial protein level BamB and 
the production of PagN have been verified by immunoblotting. 
These images are representative of two independent 
experiments.
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studies suggest that several players expressed by 
Salmonella in SCV or host factors contribute to the 
advent of a hyper-replicating cytosolic bacterial popu
lation. Can PagN be a bacterial factor?

Here, we explored the function of PagN in intracel
lular Salmonella behaviour. PagN is an outer mem
brane protein implicated in Salmonella adhesion and 
the invasion of non-phagocytic cells [4]. More specifi
cally, PagN requires HSPG associated with the ITGB1 
receptor, allowing PagN-mediated internalization in 
multiple cell lines such as CHO, HT29, RKO, and 
IPEC-J2 cells [4,11,14,42]. It contributes to the actin 
cytoskeleton and membrane rearrangement, which are 
required for bacterial invasion [11]. In this study, we 
confirmed that pagN expression and PagN production 
are favoured under vacuolar-like conditions in syn
thetic medium with mild acidic pH and low Mg2+ 

concentration, but also in cellular models that the 
pagN expression and PagN production are favoured in 
vacuolar-like conditions. The production of PagN at 
2.5 h was strongly increased at 6 h and even higher at 
24 h. After 6 h of infection, the SCV is considered 
mature, allowing intravacuolar Salmonella replication 
[43]. The increase in the bacterial population within 
the vacuole partly accounted for the increase in the 
quantity of PagN detected. Indeed, even if the produc
tion of PagN is mainly observed in vacuolar bacteria, 
the residual production of cytosolic bacteria remains. 

Moreover, pagN invalidation leads to fewer cytosolic 
bacteria at the late stage of infection, and the over
production of PagN induces a higher number of cyto
solic bacteria. Vacuolar production of PagN 
consequently influences its intracellular survival by 
promoting a hyper-replicating cytosolic population.

The composition of the inner membrane of the SCV 
contains molecules that are natively observed on the 
cell surface, among other proteoglycans and ITGB1 
[44]. Proteoglycans play a crucial role in the PIKfyve- 
dependent endolysosomal fusion process, which has 
been shown to impact intracellular Salmonella survival 
[17]. We propose that PagN production within the 
Salmonella-containing SCV leads to an increased reli
ance on HSPG. This reliance may disrupt the normal 
interaction between PIKfyve and proteoglycans, conse
quently dysregulating endolysosomal fusion. Such dys
regulation could facilitate the escape of Salmonella 
from the SCV. Another hypothesis can be proposed 
based on behaviour of Yersinia in its vacuole. Yersinia 
pseudotuberculosis produces a toxin known as cytotoxic 
necrotizing factor. This toxin gains access to the cytosol 
of target cells through its close interaction with HSPGs 
and a modification linked to acidification of the endo
some in which it resides [45]. The escape mechanism is 
not well understood, but it results in destabilization of 
the endosomal membrane. The production of PagN by 
Salmonella in SCV acidified in proximity to HSPG 

Figure 5. PagN leads to the cytosolic presence of Salmonella. CHO cells were infected (black bars) with STm WT or (empty bars) with 
STm ∆pagN strain or (grey bars) with STm ∆pagN + PagN complemented (pSUP202 pagN) at 37 °C for 1 h at MOI 10:1, (a) followed by 
the addition of gentamicin (100 μg/mL) added to chloroquine (400 µM) for 1.5 h or (b) followed by a further 21.5 h with gentamicin 
(10 µg/mL) added to chloroquine (400 µM) 1 h before the end of experiment. The percentage of cytosolic bacteria (a) at 2.5 h p.i. And 
(b) at 24 h p.i. and (c) the replication rate has been calculated as described in Methods. Data show mean values ± SEM acquired from 
three independent experiments with three infected wells per experiment. (****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, ns: 
non-significant).
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Figure 6. PagN acts on the late cytosolic fate of S. Typhimurium in CHO cells. CHO cells were infected with STm WT p4889 strain 
(black bars) or with STm ∆pagN p4889 strain (white bars) at 37 °C for 1 h at MOI 10:1 followed by the addition of gentamicin (100  
μg/mL) for 1.5 h then followed by a further 21.5 h with gentamicin (10 µg/mL). After trypsinization, cells at (a) 2.5 h and (b) 24 h p. 
i. were analysed by flow cytometry gated for only vacuolar bacteria (DsRed) or cytosolic bacteria (DsRed + sfGFP). The percentage of 
cells with cytosolic bacteria at 2.5 h p.i. and at 24 h p.i. has been calculated and compared between STm WT and STm ∆pagN. Data 
show mean values ± SEM acquired from three independent experiments with three infected wells per experiment. (**p < 0.01, ns: 
non-significant).

Figure 7. PagN production affects S. Typhimurium intracellular replication and localization within intestinal epithelium. 3D organoids 
were dissociated, seeded on Transwell® permeable supports and grown into a differentiated 2D organoid monolayer. 2D organoid 
monolayers were infected with STm WT, ΔpagN mutant or with the STm ∆pagN + PagN complemented (pSUP202 pagN) strains for 1  
h. Quantification of (a) the percentage of internalized bacteria at 2.5 h p.i., (b) the bacterial replication level and (c) the percentage of 
cytosolic bacteria at 24 h p.i. per Transwell®. Graphs show the mean ± SEM of at least two independent experiments with four 
Transwells® evaluated for each experiment (***p < 0.001, *p < 0.05, ns: non-significant).
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could trigger this process, leading to the presence of 
cytosolic bacteria. Concerning ITGB1, the adhesins 
Neisseria meningitidis NadA, Yersinia adhesin YadA, 
and invasin Inv, along with Salmonella PagN, rely on 
ITGB1 to fulfill their invasin functions [11,46,47]. 
Among the bacterial pathogens known to escape their 
vacuoles, integrins are not currently used for this pro
cess. However, in the same way as HSPG, ITGB1 is 
subjected through its endosomal pathway to recycling 
or to a lysosomal degradation. Sorting nexin 17 (SNX) 
interacts with the ITGB1 cytoplasmic tail, which con
tributes to its recycling. Several SNX proteins, such as 
SNX1 [48], SNX3 [49] and SNX18 [50] have been 
implicated in SCV maturation. Through an as-yet- 
undetermined mechanism, PagN may interfere with 
this signalling pathway, imposing a potential ITGB1- 
dependent influence on SCV maturation, which could 
lead to the presence of bacteria within the cytosol.

If we exclude Salmonella, the escape mechanism of 
which is yet to be deciphered, several pathogens are 
known to escape from their vacuole, such as Listeria 
monocytogenes, Shigella flexneri and Mycobacterium 
tuberculosis. Listeria monocytogenes destabilizes vacuole 
membranes using the pore-forming toxin listeriolysin 
O and two phospholipases, PlcA and PlcB [51–53]. 
Shigella flexneri translocates a T3SS effector, IpgD, 
that initiates a cascade of host phosphoinositide signal
ling, disrupting the endosomal process and ultimately 

causing vacuole disintegration (Chang 2020) [54]. 
Mycobacterium tuberculosis relies on the biosynthesis 
and transport of the cell wall lipid phthiocerol dimyco
cerosates to escape from vacuoles, the molecular 
mechanism of which requires further investigation 
[55]. PagN, an outer membrane protein, appears to 
have no apparent similarities with the previously men
tioned escape actor proteins. A search for homology in 
databases with proteins from other bacteria does not 
yield information regarding its function beyond its role 
as an adhesin. Current investigations aim to elucidate 
the molecular mechanisms triggered by PagN and its 
specific role in cytosolic replication.

Overall, our results allowed us to propose a new 
model of the intestinal infectious cycle for STm 
involving PagN. Salmonella invades the epithelium 
from the apical side and resides in the SCV. Once 
inside the host cell, there is considerable heteroge
neity in the outcome of infection. From 4 to 6 h p.i., 
some bacteria start replicating within the SCV fol
lowing a well-described process involving T3SS–2 
effectors [43] and a bacterial population is released 
into the cytosol and hyper-replicated [27]. How this 
vacuolar escape occurs remains to be clarified. 
Consequently of its intracellular survival, 
Salmonella may behave differently: (i) Salmonella 
can cross the intestinal barrier and exit on the baso
lateral side [56], and (ii) cells containing hyper- 

Figure 8. S. Typhimurium intracellular localization within intestinal epithelium. 3D organoids were dissociated, seeded on Transwell® 
permeable supports and grown into a differentiated 2D organoid monolayer. 2D ileum organoïds were infected with STm WT p4889 
for 1.5 h at 37 °C followed by 1.5 h with gentamicin 100 µg/mL and extra time with gentamicin 10 µg/mL correspond to 24 h p. 
i. then fixed and stained with DAPI for nucleus (blue), Phalloïdin Alexa Fluor 647 for actin (grey), Salmonella antibody detected with 
goat anti-rabbit Alexa Fluor 568 (red) and anti-GFP conjugated Alexa Fluor 488 (green). Imaging was performed using confocal 
microscopy with a water-immersion 63× objective (Leica TCS SP8, Germany). On three time enlarged window vacuolar Salmonella 
were visualized red targeted by white arrow head (DsRed constitutive: red) and hyper-replicative cytosolic Salmonella were observed 
mixed red/yellow targeted by white arrow (corresponding to colocalization of sfGFP inducible (green) and DsRed constitutive (red)). 
Scale bar 10 µm.

VIRULENCE 11



replicative cytosolic bacteria are extruded from the 
monolayer, releasing bacteria from the apical side 
[9]. Sloughing of enterocytes laden with Salmonella 
from villus tips has been observed in vivo and 
in vitro [10,57]. In addition, Knodler et al. showed 
that Salmonella released from these cells are inva
sion-primed [9,10]. It can, therefore, be assumed 
that Salmonella that emerges from epithelial cells 
could facilitate subsequent interactions with mam
malian cells that the bacteria encounter, facilitating 
Salmonella colonization. In this study, we observed 
cell extrusion of infected cells in the CHO model 
and 2D organoid monolayers, which we did not 
quantify. This oversight likely resulted in an under
estimation of the effect of PagN on vacuolar escape. 
However, we did not assess the direct impact of 
PagN on the inflammasome or cell viability. 
Ongoing and future studies will provide insights 
into the specific role of PagN and its interactions 
with cellular partners in epithelial destabilization 
and Salmonella shedding.
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