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ABSTRACT

Salmonella-infected cells are characterized by the presence of intra-cellular membranous tubules that
emerge from bacterial vacuoles and extend along microtubules. The formation of Salmonella-
induced tubules depends on the Salmonella pathogenicity island 2-encoded type Il secretion system
(T3SS-2) that translocates bacterial effector proteins inside host cells. Effector proteins have
enzymatic activities or allow for hijacking of cellular functions. The role of Salmonella-induced tubules
in virulence remains unclear but their absence is correlated with virulence defects. This study
describes the presence of inter-cellular tubules that arise between daughter cells during cytokinesis.
Inter-cellular tubules connect bacterial vacuoles originally present in the parent cell and that have
been apportioned between daughters. Their formation requires a functional T3SS-2 and effector
proteins. Our data establish a correlation between the formation of inter-cellular tubules and the
asymmetric distribution of bacterial vacuoles in daughters. Thus, by manipulating the distribution of
bacteria in cytokinetic cells, Salmonella T3SS-2 effector proteins may increase bacterial spreading and
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the systemic character of the infection.

Introduction

Salmonella Typhimurium (Salmonella enterica subsp.
enterica serovar Typhimurium) is a Gram-negative bac-
terial pathogen and a prominent cause of human gastro-
enteritis and systemic infection in immunocompromised
individuals. This is an intracellular bacterium that sur-
vives in a variety of tissues and cells." The capacity to
replicate intracellularly is essential for Salmonella viru-
lence. Intracellular Salmonella resides in a membrane
bound compartment named the Salmonella-containing
vacuole (SCV). It also replicates in the cytosol of epithe-
lial cells® but the physiological relevance of the presence
of fast replicating cytosolic Salmonella in epithelia is not
understood.

Growing within a SCV presents important challenges
that are supported by Salmonella type 3 secretion sys-
tems (T3SS). T3SSs direct the secretion and translocation
of effector proteins (effectors) from the bacterial to the
eukaryotic cytosol. Effectors are capable of influencing
host functions. T3SS-1 effectors manipulate the cortical
actin cytoskeleton, trigger the formation of membrane
ruffles and facilitate the uptake of bacteria by non-
phagocytic cells. T3SS-2 translocates more than 20

effectors that are collectively required for intracellular
replication and virulence in mice (for review see ref.).

Salmonella vacuoles have several unique morphological
characteristics. A SCV contains a single bacterium and
divides when the bacterium undergoes cell division.* This
trait requires the function of host proteins. Abnormal
vacuoles enclosing several bacteria have been observed
upon inhibition of dynein function® or in the absence
Plekhm1l, a host protein that interacts with the T3SS-2
effector SifA.> The SCVs are connected to each other by
membrane tubules that elongate with the mechanical sup-
port of the microtubule cytoskeleton and motors. Tubules
were originally described in infected epithelial cells® but
also form in macrophages’” though they are more diffi-
cult to observe. Different kinds of tubules have been
described'® and are together referred to as Salmonella-
induced tubules (SIT). At least 6 T3SS-2 effectors are
involved in the formation (SifA, SopD2, SteA),''™ elon-
gation (PipB2)"* or structure (SseF, SseG)'" of SITs. The
precise functions of SITs remain elusive but their absence
is associated with a virulence defect.

We observed that Salmonella-infected cells, like non-
infected cells, enter mitosis and apportion bacteria between
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Figure 1. Observation of inter-cellular tubules (ICT). (A) Hela cells were infected with wild-type Salmonella expressing CFP and PipB2-
2HA. Cells were fixed at 16 h p.i., immunostained for LAMP-1 and HA, and imaged by confocal microscopy for CFP (blue), LAMP1 (green),
HA (red) and nuclei (white). White and yellow dotted lines delineate 2 neighboring Salmonella-infected cells. Magnified insets in 4 colors
or showing grayscale images for LAMP1 and PipB2 are presented. A LAMP1- and PipB2-positive Salmonella-induced tubule emerges
from one cell and is in continuity with a similar tubule present in the adjacent cell. Arrows point Salmonella-induced tubules. Bar, 20
um or 10 um for the magnified insets. (B) Influence of the cell density on the formation of ICTs. Hela cells were seeded at various sur-
face ratio and infected 24 h later with GFP-expressing wild-type Salmonella at a MOI of 100:1. Cells were fixed at 16 h p.i. (C) Influence
of the multiplicity of infection (MOI) on the formation of ICTs. Hela cells were seeded at a surface ratio of 1:10 and infected 24 h later
with various MOI of GFP-expressing wild-type Salmonella. Cells were fixed at 16 h p.i. (D) Kinetics of formation of ICTs. Hela cells were
seeded at a surface ratio of 1:10 and infected 24 h later with GFP-expressing wild-type Salmonella at a MOI of 100:1. Cells were fixed at
different times p.i. (B - D) Infected cells presenting ICTs were enumerated by fluorescence microscopy. Data are the mean =+ SD or repre-

sentative (D) of 3 independent experiments. (B & C) Multiple t-tests were used to compare the mean values.

daughter cells. During the process of cytokinesis the clusters
of bacterial vacuoles destined to one or the other daughter
cell remain connected by a membrane tubule that passes
through the midbody. The present study investigates the
mechanism of formation and the function of these tubules in
relation with the host cell division and bacterial spreading.

Results

Salmonella-infected cells are occasionally connected
by inter-cellular membrane tubules

SITs are intra-cellular tubules frequently seen in Salmonella-
infected epithelial cells.” We observed in HeLa cells the pres-
ence of membrane tubules emerging from one infected cell
and appearing in continuity with similar tubules present in
the adjacent infected cells (Fig. 1A). These tubules were com-
parable to SITs as they were 1) not observed in non-infected

cells nor in cells infected with a T3SS-2 deficient strain
(AssaV); 2) connected to SCVs; 3) enriched in lysosomal gly-
coproteins such as LAMP1 (Fig. 1A), in various T3SS-2
effectors (Fig. S1) and in SCAMP3 (Fig. S2). We examined
the cell culture and infection conditions favoring the forma-
tion of these inter-cellular tubules, which we will refer to as
ICTs, and analyzed the kinetics of their formation (Fig. 1B-
D). ICTs were first observed at 8 h post-infection (p.i.) and
in a maximum of 15-20 % infected HeLa cells at 14 h p.i..

ICTs do not form between independently infected
Hela cells

To define the conditions that lead to the formation of ICTs,
we examined if these tubules could arise upon encounter of
2 infected cells. For this, we trypsinized and then co-cultured
2 batches of HeLa cells previously infected for 3 h with Sal-
monella strains expressing either GFP or DsRed. ICT's were
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Figure 2. ICTs form between cytokinetic cells. (A) ICTs do not exist between cells that have been infected independently. Schematic
representation of the experiment. Hela cells were infected with GFP- or DsRed-expressing Salmonella. Cells of the 2 independent
groups were trypsinized at 3 h p.i., mixed and co-cultured. Cells were fixed at 14 h p.i. and immunostained for LAMP-1. ICTs (blue line)
were observed by fluorescence microscopy. ICTs were not observed between cells containing Salmonella not expressing the same color
protein (redcross) (B) Salmonella-infected cells continue their progression through the cell cycle. Hela cells were mock-infected (Ctrl) or
infected with Salmonella for 14 h, DNA stained with propidium iodide and analyzed by flow cytometry. Mock-infected cells and the 2
populations of infected (GFP positive) and non-infected (GFP negative) cells were analyzed for their DNA content. Results are the means
=+ SD of 3 independent experiments. Multiple t-tests were used to compare the mean values. (C) Nocodazole treatment arrests cells in
G2/M phase. Hela cells were treated with nocodazole (0.4 1.g / ml for 16 h) or left untreated, DNA stained with propidium iodide and
analyzed by flow cytometry. FlowJo 8.3 was used to delineate population (green curves) on histogram plots and to quantify the percent-
age of cells with 2N (G1), 2 to 4N (S), and 4N (G2/M) DNA content. (D) Formation of ICTs and entry in G1 phase are concomitant. Hela
cells were infected with wild-type Salmonella expressing GFP for 6.5 h and further treated with nocodazole (0.4 g / ml) for 12h. Cells
were fixed at different times post nocodazole washout and stained with propidium iodide for flow cytometry analysis or immunostained
for LAMP1. The percentages of infected cells in G1 phase (blue line) or with ICT (green line) are plotted function of time post-washout.
Results presented in (C, D) are representative of 3 independent experiments. (E) ICTs pass through the midbody of cytokinetic Salmo-
nella-infected cells. HeLa cells were infected with GFP-expressing Salmonella for 14 h, fixed, immunostained for AIM-1 and LAMP1. Cells
were imaged for GFP (yellow), LAMP1 (red), AIM-1 (green) and DAPI (blue) using confocal microscopy. Magnified insets showing single
labeling for LAMP1 and AIM-1 are presented on the right. White dotted lines delineate 2 Salmonella-infected daughter cells at the end
of the cytokinesis process. Bar, 20 um or 10 wm for the magnified insets.

almost exclusively observed between cells enclosing Salmo-
nella expressing the same color protein (Fig. 2A). ICTs con-
necting cells enclosing GFP and DsRed bacteria were very
rare (less than 1% of infected cells presenting ICTs) and, in
most cases, both cells contained the 2 types of bacteria,
strongly suggesting a secondary infection. We conclude that
ICTs do not form upon encounter of 2 infected cells.

ICTs form during mitosis of an infected cell

Another possibility was that ICT's form during the cytokine-
sis of an infected cell. As Salmonella has been reported to
perturb the cell cycle,' we first evaluated the consequences

of an infection on the capacity of HeLa cell to divide. We
infected cells with GFP-expressing bacteria for 14 h and ana-
lyzed by flow cytometry the DNA content of the Salmonella-
infected (GFP positive) and non-infected (GFP negative)
cell populations (Fig. 2B). As compared to mock-infected
and to non-infected cells we found a lower percentage of
infected cells in the GO/G1 phase but small and non-signifi-
cant increases for the S and G2/M populations (Fig. 2B).
Thus, within our experimental time frame, Salmonella does
not substantially affect the capacity of HeLa cells to go
through their regular cell cycle. Next, we examined whether
a correlation exists between the cell cycle and the formation
of ICTs. Cytokinesis is the last step of the M phase and this



672 (&) Y.ZHAOETAL

process immediately precedes the G1 phase. Therefore, we
checked whether entry in G1 phase and the formation of
ICTs were concomitant. We treated Salmonella-infected
cells with the microtubule destabilizing agent nocodazole
that arrests the cell cycle prior mitosis. After 16 h treatment,
more than 70 % of HeLa cells had a G2/M-amount of DNA
while the number of cells in the GO/G1 fraction was reduced
to 14% (Fig. 2C). Following nocodazole washout, cells
resumed their progression through the cell cycle. The num-
ber of cells in GO/G1 phase started to increase 2 h post-
washout and peaked at 67 % after 3 and 7 h (Fig. 2D). A par-
allel microscopic analysis of immunostained cells showed
that the fraction of infected cells with ICTs followed a very
similar profile (Fig. 2D). These results associate the cytoki-
nesis that is observed at the transition between M and G0/
G1 phases and the presence of ICTs, suggesting these
tubules could form during cytokinesis.

The protein AIM-1 (Aurora and Ipll-like midbody-
associated protein) is concentrated in the midbody,
which is the central region of the thin inter-cellular cyto-
plasmic bridge formed between daughter cells at the end
of the cytokinesis.'” AIM-1 immunostaining of infected
cells showed that ICTs are passing through the midbody
(Fig. 2E and S1). We found 67.4 £ 2.8 % of infected and
cytokinetic cells with ICTs. These results strongly suggest
that ICTs form during the cytokinesis of Salmonella-
infected cells. We propose that these tubules are SITs still
connecting the 2 groups of bacterial vacuoles upon their
apportioning in daughter cells.

Salmonella does not block cell cycle progression of
macrophages

Since macrophages are key players in salmonellosis,”"®
we investigated the cell cycle and the presence of ICTs in
mouse macrophages. RAW 264.7 cells were infected with
Salmonella for 14 h. AIM-1 immunostaining was used to
identify dividing cells (Fig. 3A). We found similar per-
centages of mitotic cells in the infected and non-infected
populations of macrophages (5.8 & 0.7 % and 5.2 £ 0.4
%, respectively). It suggests that Salmonella do not alter
the capacity of RAW 264.7 macrophages to go through
mitosis. We also analyzed infected macrophages for the
presence of tubules after immunostaining for LAMP-1
or PipB2-2HA, but we could not detect the presence of
ICTs in these cells.

Next we followed the cell cycle of infected versus non-
infected mouse macrophages cells. As compared to non-
infected cells, we found 1.63 = 0.15 and 2.04 & 0.26 times
more infected cells in the G2/M phase 30 min and 2 h p.i,
respectively (Fig. 3B), indicating that Salmonella are pref-
erentially taken-up by pre-mitotic and/or mitotic macro-
phages. Between 8 and 10 h p.i the fraction of infected

G2/M cells returned to a normal level whereas cells in S
phase were slightly under-represented. At 14 h p.i, the
infected and non-infected populations were not statisti-
cally different (Fig. 3C).

T3SS-2-expressing bacteria are preferentially taken
up by mitotic macrophages

A T3SS-1-dependent preferential invasion of G2/M
HeLa cells has been previously reported." In this study,
we used Salmonella grown in minimal medium that
favors the expression of T3SS-2 rather than of T3SS-1%°
in order to decrease the T3SS-1-mediated killing of mac-
rophages.”' Thus, T3SS-1 is probably not involved in the
preferential uptake of Salmonella by G2/M RAW 264.7
cells. To verify this point, we incubated macrophages for
30 min with different types of live or inert particles, ana-
lyzed their DNA content by flow cytometry and deter-
mined the fractions of cells having taken particles in
various phases of the cell cycle (Fig. 3D). Inert particles
(latex beads and heat killed Salmonella) were preferen-
tially taken-up by cells in S phase. E. coli and a AssaV
mutant that lacks a functional T3SS-2 were equally
taken-up by cells in either phase, while bacteria that do
not express T3SS-1 (AprgH) showed a profile similar to
that of wild-type Salmonella. All together these data indi-
cate that Salmonella expressing T3SS-2 are preferentially
phagocytosed by G2/M macrophages.

T3SS-2 effectors support the formation of ICTs and
the apportioning of SCVs between daughter cells

During cytokinesis the content of the parent cell is divided
in 2 parts. Daughter cells receive equal amounts of genetic
material and a part of the cytoplasmic content. We observed
variable situations regarding the distribution of bacteria
between daughters. It was observed that one daughter did
not contain bacteria (right panels in Fig. 3A and 4A). The
existence of daughters with a complete absence of Salmo-
nella was confirmed by the lack of signal after immunostain-
ing with an anti lipopolysaccharide antibody (Fig. S3). This
kind of cytokinesis was referred to as "negative." Among the
"positive” cytokinesis (bacteria are present in both daugh-
ters, left panels in Fig. 3A and 4A), we sometimes observed
that one daughter contained far more bacteria than the
other. The cytokinesis was termed as "unbalanced" if one
daughter contained more than 2/3 of total bacteria. Other
positive cytokinetic situations were referred to as "balanced"
(Fig. 4A). Having defined these observations, we asked
whether ICTs could play a role in the apportioning of bacte-
ria between daughter cells. As the formation of ICTs
requires T3SS-2 function we infected HeLa cells with wild-
type Salmonella or a AssaV strain. For each strain, 100 to
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Figure 3. Cell cycle analysis of Salmonella-infected RAW 264.7 macrophages. (A) Salmonella-infected RAW 264.7 macrophages undergo
mitosis. RAW 264.7 macrophages were infected with GFP-expressing wild-type Salmonella for 14 h. Fixed cells were immunostained for
AIM-1 and imaged for GFP (green), AIM-1 (red), and DAPI (white) by confocal microscopy. Infected macrophages divide and bacteria are
distributed in both daughters (left image) or remain all in one of the daughters (right image). Bar, 10 um. (B) Kinetic analysis of infected
vs. non-infected RAW 264.7 cell cycle. RAW 264.7 cells were incubated with GFP-expressing wild-type Salmonella, fixed at different time
points, DNA stained with propidium iodide and analyzed by flow cytometry (t = 0 corresponds to non-infected cells, t = 30 min corre-
sponds to the end of the incubation period with bacteria). GPF fluorescence was used to define the gates corresponding to infected
and non-infected cell populations. For each time point, the ratio between the percentages of Salmonella-infected versus non-infected
cells in each phase of cell cycle was determined. Data (mean) are from 3 independent experiments. A two-way ANOVA test was used to
determine whether a mean value was significantly different from one. Significant P values are indicated: *, P<0.05; **, P<0.01;
***, P<0.001. (C) Percentages of infected and non-infected RAW 264.7 cell in GO/G1, S and G2/M phases 14 h p.i. Data (mean = SD) are
from 3 independent experiments. Multiple t-tests were used to compare the mean values. P values: ns, not significant. (D) Salmonella
are preferentially phagocytosed by pre-mitotic or mitotic RAW 264.7 cells. RAW 264.7 cells were incubated in the presence of fluores-
cent beads (Fluoresbrite® YG), heat-killed Salmonella (HK WT) or GFP-expressing bacteria (E. coli, or wild-type (WT), AprgH or AssaV Sal-
monella strains) for 30 minutes to allow phagocytosis. Cells were fixed and DNA stained with propidium iodide. For heat killed
Salmonella, cells were immunostained for LPS. Normalized data were calculated by the ratio between the percentages of particle-con-
taining vs. control cells in each phase of cell cycle. Data (mean =+ SD) are from 5 to 9 independent experiments. A one-sample t-test
was used to determine whether a mean value was significantly different from one. Significant P values are indicated: *, P<0.05;
**, P<0.01.

200 infected and mitotic cells were analyzed by microscopy
for the presence of ICTs and the distribution of bacteria in
daughter cells. ICTs were seen in 67.4 £ 2.8 % cytokinetic
cells infected by the wild-type strain and absent from
AssaV-infected cells. We scored 77 &= 0.7 % and 63.3 &+ 1.4
% positive cytokinesis for wild-type and AssaV infected cells,
respectively. However, we observed, both in wild-type and
AssaV infected cells a correlation between the number of
bacteria and the percentage of positive cytokinesis (Figure
S4A), indicating that the lower percentage of positive cytoki-
nesis for the AssaV mutant may be directly linked to its rep-
lication defect (83% of AssaV infected cells contained less
than 10 bacteria as compared to 13.8% for wild-type

infected HeLa cells, Figure S4A). To get more insight, we
analyzed a selection of strains deleted of genes encoding for
a T3SS-2 effector. In Figure 4B we plotted positive cytokine-
sis as a function of cytokinetic cells with ICTs. This repre-
sentation revealed the presence of 2 groups of bacteria.
Mutant strains belonging to the first group (AsopD, AsifB,
Asse], ApipB) were similar to wild-type Salmonella. Mutants
of the second group (AsifA, AsopD2, AsseF, AsspH2,
ApipB2) were, like the AssaV mutant, characterized by the
presence of few or the absence of ICTs and a low number of
positive cytokinesis. While the latter defect might also be
attributed to an intracellular replication defect for AsseF*
and AsifA” mutants, the deletions of pipB2, sspH2** or



674 (&) Y.ZHAOETAL

positive

negative

unbalanced
, Salmonella, DAPI

alanced

\ B
g!
’
'
1
]
’

Salmonella

B Hela C Raw2647 D
_— ns AprgHE——m ns
2 e AsopD AsiB TWT " AsopD24—_—4— ns =
SV B AsspH2- H ns
® I 2 {- PF N
£ AsseJ £ 80 AsifA e R
o) S * AssaV/ *hk
"g, 704AsopD2 3= AsseF * % * WT;
E BsspH2 2 6o M ~.h 25 50 75 100
= B AsopD24— 7+ sk
9 60qfAssaV ™ L .. a AsspH24 . &
= AppBz2 5 AsifA- * b
2 ASifA *** x 40 Asis_\r/ kk
50 T T T 1 Q 1 Ll I ‘S 1 L 1
0 25 50 75 Sl 25 50 75 100
\é& %5069{\0&6&&& % positive cytokinesis with
% infected cytokinetic cells with ICTs VP balanced distribution of bacteria

Figure 4. Distribution of Salmonella in cytokinetic cells. (A) Salmonella are diversely distributed in daughter cells during cytokinesis.
Hela cells were infected with CFP-expressing Salmonella for 14h, fixed, immunostained for LAMP1 and imaged for CFP (green), LAMP1
(red), and DAPI (blue) using confocal microscopy. Grayscale images showing single labeling for bacteria (CFP) are shown. Cytokinetic
cells with different distribution of bacteria in daughters are presented. In the right images, bacteria are found in only one of the daugh-
ter cells. Cytokinesis was categorized as "negative." The left images present cytokinetic figures with bacteria in both daughters (catego-
rized as "positive"). If one of the daughter cells contained up to 2/3 of total bacteria, the cytokinesis was categorized as "balanced." If
one of the daughter cells contained more than 2/3 of total bacteria, the cytokinesis was categorized as "unbalanced." Bar, 20 um (B - D)
Influence of T3SS-2 effectors on the distribution of Salmonella in daughter cells. Cells were infected with GFP- and PipB2-2HA-expressing
bacteria, fixed 14 h p.i. and stained for HA, AIM-1 and nuclei. (B) HeLa cells. For each strain, "positive" cytokinesis cells were plotted as a
function of cells with ICTs. One-way ANOVA with Dunnett’s post-test was used to compare the mean of positive cytokinesis of mutant
strains with those of wild-type Salmonella. (C) RAW 264.7 cells. The fractions of "positive" cytokinesis in RAW 264.7 cells were deter-
mined for wild-type Salmonella and a selection of strains. (D) The fractions of cytokinetic HeLa and RAW 264.7 cells with a balanced dis-
tribution of bacteria were determined. (B - D) Data (mean = SD) are from 3 to 6 independent experiments. (C - D) Unpaired t-tests were
used to compare the mean of a strain with the mean of wild-type Salmonella or to compare the means of 2 strains. P values: ns, not sig-
nificant; *, P<0.05; **, P<0.01; ***, P<0.001.

sopD2'? do not impact the intracellular replication of Salmo-
nella in HeLa cells.

Strains of the second group are deleted of genes known to
be involved in the formation of SITs except for sspH2. Yet,
we found that a AsspH2 mutant is also defective for the for-
mation of SITs in HeLa cells (Fig. S5). These results establish
a correlation between the formation of ICTs and the appor-
tioning of bacteria in both daughters.

Next, we tested if such a correlation exists in macro-
phages. SITs are barely observable in resting macro-
phages and we did not detect the formation of ICTs.
Nevertheless, we analyzed the distribution of bacteria in
daughters for a selection of T3SS-2 mutants and, as a
control, a AprgH strain that lacks a functional T3SS-1.
Like in HeLa cells, we observed less positive cytokinesis
in macrophages infected with AssaV and AsifA mutants



than in those infected with the wild-type strain (Fig. 4C).
Strains lacking SopD2 or SspH2 presented also a signifi-
cantly lower number of positive cytokinesis (Fig. 4C). A
AprgH mutant was not different from the wild-type bac-
teria. Altogether, these results indicate that strains that
do not form or produce altered SITs in HeLa cells are
affected for the formation of ICTs and highlight an asso-
ciation between a reduced formation of ICTs in HeLa
cells and a lower fraction of positive cytokinesis in HeLa
and macrophages.

Lastly, we analyzed the influence of T3SS-2 on the
even distribution of bacteria between daughter cells. As
compared to a AssaV strain and to a selection of T3SS-2
effector mutants (AsifA, AsopD2, AsspH2), we found less
mitotic HeLa cells with a balanced number of wild-type
bacteria. This phenotype was independent of the number
of wild-type or AssaV intracellular bacteria (Fig S4B).
We found in mitotic mouse macrophages a similar dif-
ference between wild-type and a AssaV mutant. How-
ever, the selected mutants (AsifA, AsopD2, AsspH2 and
AprgH) were not different from the wild-type strain.
Together these data show that T3SS-2 sustains an asym-
metric distribution of bacteria during cytokinesis.

Discussion

Bacterial effectors have a range of activities inside host
cells that support pathogenesis.””> This study adds new
functions to the actions covered by the T3SS-2: the
uptake of Salmonella by pre-mitotic and/or mitotic mac-
rophages and the asymmetric apportioning of bacteria
during mitosis.

T3SS-1 is required to invade non-phagocytic cells.*®
Invasion involves the translocon protein SipB that binds
cholesterol.”” As cell surface cholesterol is more abun-
dant during mitosis, Salmonella invade preferentially
mitotic epithelial cells."” The present work emphasizes a
similar role for T3SS-2 in the uptake of Salmonella by
G2/M macrophages. SseB, SseC and SseD are secreted by
T3SS-2 and form a translocon.”® Whether these proteins
bind cholesterol is unknown.

Within the time frame of our experiments Salmonella
does not block the cell cycle of infected cells. This is evi-
denced by the fact that: i) ICTs form between mitotic cells;
ii) nocodazole treatment blocks both infected and non-
infected cells in G2/M phase and cell cycle resumes upon
nocodazole wash out; iii) infected and non-infected cells
have similar cell cycle profiles. Yet, recently published data
found a T3SS-2- and SpvB-dependent arrest of Salmonella-
infected HelLa cells in G2/M phase.'® SpvB possesses an
ADP-ribosyl transferase activity. Its ectopic expression leads
to a G1/S or G2/M arrest of the cell cycle of tumor cells.”
The influence of T3SS-2 on the cell cycle was detected at
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very late time points (> 20 h p.i.) while spvB is induced
rather early during infection.” Therefore, It is possible that
SpvB is expressed but not immediately secreted or is not suf-
ficient to induce a modification of the cell cycle. Our experi-
ments were performed in a narrower time frame and this
might explain why, in our experimental context, Salmonella
did not modify the host cell cycle.

We initially observed the presence in infected epithe-
lial cells of tubules seemingly passing from one cell to a
neighbor cell. Our data suggest that these tubules are
remnants of SITs that form during mitosis. As tubules
connect SCVs, one may assume they still exist after
SCVs were apportioned in daughter cells. These tubules
pass trough the midbody and are probably closed at the
time of abscission.

During cell division, the content of a mother cell is
distributed between daughter cells. This mechanism
has been extensively described for the genetic mate-
rial. Organelles that are present in multiple dispersed
copies will be randomly allocated more or less equally
in each daughter cell. The Golgi apparatus, which is a
single functional unit, fragments at the onset of mito-
sis thereby favoring its symmetrical random distribu-
tion in daughter cells. However the distribution is not
necessarily symmetrical. For example mitochondria
are asymmetrically distributed between daughters in
human mammary stem-like cells. Old damaged mito-
chondria are segregated away from the daughter des-
tined to become a new stem cell.’’ We found that
T3SS-2 effectors influence the distribution of SCVs
during mitosis by favoring the presence of bacteria in
both daughter cells and their asymmetric apportion-
ing. We detected a correlation between the number of
intracellular bacteria and the presence of bacteria in
both daughters, indicating that for some mutants this
phenotype may only be a consequence of a replication
defect. However, we also found less positive cytokine-
sis for mutants that, in HeLa cells, do not present
any replication defect, and for which the effector may
have a direct role in this observation (SopD2, PipB2).
In contrast to the previous phenotype, the asymmetric
distribution of bacteria in daughters is independent of
the number of intracellular bacteria. It is also influ-
enced by the T3SS-2 in epithelial cells and macro-
phages. Yet, the absence of a single effector (SifA,
sopD2, SspH2) is sufficient to perturb the asymmetric
distribution of Salmonella in HeLa cells but not in
macrophages. Overall, these processes reduce the bac-
terial burden of one of the daughters and thereby
contribute to its survival. In vivo, this asymmetric
apportioning may promote the dissemination of the
infection. Ultimately it will be important to investi-
gate the consequence of an infection on the cell cycle
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during a systemic infection and to determine whether
the apportioning of bacteria between daughter cells
favor the bacterial spreading and the dissemination of
the infection.

Materials and methods
Materials

HA-tagged proteins were detected using a mouse monoclo-
nal anti HA (Covance, clone 16B12). The mouse anti
human LAMP1 H4A3 antibody developed by J. T. August
was obtained from Developmental Studies Hybridoma
Bank developed under the auspices of the National Institute
of Child Health and Human Development (NICHD) and
maintained by the University of Iowa (Department of Biol-
ogy). The mouse anti AIM-1 (#611082) was obtained from
BD transduction Laboratories. The mouse anti lipopolysac-
charide of Salmonella Typhimurium (clone 1E6) was from
Meridian Life Science. The rabbit anti SCAMP3 antibody
was generously provided by J. David Castle (University of
Virginia, Charlottesville). Fluorescent Alexa secondary anti-
bodies were obtained from Jackson ImmunoResearch. Fluo-
resbrite® YG Carboxylate Microspheres 1 m were from
PolySciences, Inc. (#15702-10). Propidium Iodide was from
Sigma (P4170).

Statistical analyses

Statistical analyses were performed with Prism 6 software
(GraphPad). with one-way ANOVA and Tukey post-test
or 2-tailed unpaired Student’s t test. P-values: ns, not sig-
nificant; ¥, P<0.05; **, P<0.01; ***, P <0.0005.

Bacterial strains and growth conditions

Bacterial strains used in this study are listed in Table 1.
Strains were cultured in LB broth (Difco) or minimal
medium (M9 pH 7.2, glycerol 0.2%, MgSO4 1 mM,
CaCI2 200 mM, thiamine 1 mg / ml, casamino acids
1 mg / ml). Ampicillin (50 pg / ml), kanamycin (50 pg/
ml), tetracycline (10 pg / ml) and chloramphenicol (50
wng / ml) were added when required.

Eukaryotic cells and culture conditions

RAW 264.7 mouse macrophages and human HeLa cells
were grown in DMEM (GibcoBRL) supplemented with
10% foetal calf serum (FCS; GibcoBRL), 2 mM nonessential
amino acids, and glutamine (GibcoBRL) at 37°C in 5%
CO,. Nocodazole (1 mg / ml stock solution in DMSO) was
added as indicated.

Table 1. Salmonella strains.

Name Strain Reference

12023 Wild-type S. Typhimurium
(Salmonella enterica subsp

enterica, strain NCTC 12023)

Laboratory stock

AAGO57  AssaV:Km® 32

HH102 AsseB::aphT 33

HH107 AsseFzaphT 33

HH108 AsseG:aphT 3

DH215 AsifAzKm® 3

DH216 AsseJ:zKm® 3

DH221 ApipB:KmR 34

DH217 ApipB2:Km® 34
AsifBzKm® Provided by D. W. Holden
AsopD:Km® Provided by D. W. Holden
AsopD2:Km® Provided by D. W. Holden
AsspH2:KmR Provided by D. W. Holden

Bacterial infection

HeLa cells were seeded in 6-well plates with or without
12 mm diameter glass coverslips at a surface ratio of 1:10
unless otherwise indicated, 24 h before infection. Bacteria
were grown in LB broth overnight at 37°C with shaking,
diluted 1:33 in fresh LB broth, and incubated in the same
conditions for 3.5 h. Bacteria were pelleted by centrifuga-
tion, resuspended in Earle’s buffered salt solution (pH 7.4)
and added to the cells at a multiplicity of infection of 100:1
unless otherwise indicated. The infection was allowed to
proceed for 10 min at 37°C in 5% CO,. RAW 264.7 macro-
phages were routinely grown in Petri dishes normally used
for microbiology. Twenty-four hours before infection, cells
were resuspended, counted and seeded at a density of 10°
cells per cm? in 6-well tissue culture plates with glass cover-
slips. Bacteria were cultured overnight in minimal medium
at 37°C with shaking, pelleted by centrifugation and opson-
ised in DMEM containing FCS and 10% normal mouse
serum for 30 min on ice. Bacteria were diluted in cell growth
medium and added to the cells at a multiplicity of infection
of 100:1. Plates were centrifuged at 500 g for 5 min at 4°C
and incubated for 30 min at 37°C in 5% CO,. Cells were
washed 3 times with growth medium containing 100 ug /
ml gentamicin and incubated in this medium for 1 h, after
which the gentamicin concentration was decreased to 5 ug /
ml for the remainder of the experiment.

Flow cytometry

For cell cycle analysis, cells were fixed with 3% paraformal-
dehyde and permeabilized in ice cold 70 % ethanol. DNA
staining was performed for 30 min at 37 °C with 10 ug/ ml
propidium iodide and 0.2 mg ml / ml RNAse A (Sigma,
R5503) in 20 mM HEPES, 160 mM NaCl, 1 mM EGTA.
Cells were analyzed on a FACS LSR II UV apparatus (Bec-
ton Dickinson). Data analysis of the distribution of the dif-
ferent phases of cell cycle was performed using the FlowJo



8.3 software (Tree Star Inc.). Salmonella-infected GFP-posi-
tive cells and non-infetcted GFP-negative cells were gated
based on the signal intensity in the FITC-A channel.

Immunofluorescence

Cells grown on coverslips were fixed with 3 % parafor-
maldehyde (pH 7.4) in PBS at room temperature for
10 min. Fixed cells were washed 3 times in PBS and per-
meabilized with 0.1 % saponin in PBS. Primary and sec-
ondary antibodies were diluted in PBS containing 0.1 %
saponin and 5 % horse serum. Coverslips were incubated
with primary antibodies for 60 min at room temperature,
washed once in PBS containing 0.1 % saponin and then
incubated with appropriate secondary antibodies. Cover-
slips were mounted onto glass slides using ProLong Gold
with DAPI (Invitrogen). Cells were observed with an epi-
fluorescence Axioplan2 microscope (Zeiss) or a LSM780
confocal laser scanning microscope (Zeiss).
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