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receptor-4 signalling via the adapter proteins Tram and Trif
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Introduction

Salmonella can survive, grow and eventually trigger cell
death in macrophages."™ At least two mechanisms of
Salmonella-induced cell death have been identified depend-
ing on the growth phase of the bacterium when it infects
the cell. When macrophages are infected with Salmonella
grown to late-logarithmic phase, cell death occurs within
2 hr of infection. This rapid induction of cell death is dep-
endent on the Salmonella Pathogenicity Island-1 (SPI-1)-
encoded protein SipB"* and requires caspase-1 activity.>®
SPI-1 mutants of S. typhimurium are attenuated in oral
infection of mice, but not in systemic mouse typhoid infec-
tion.” Caspase-1 is a serine protease that cleaves pro-inter-
leukin (IL)-1B into active IL-1PB. Although activation of
caspase-1 is required for early macrophage cell death the
underlying mechanisms are unclear. IL-1f does not kill
cells and macrophages are not killed by classic apoptosis in
response to Salmonella infection.® Recent oral infection
studies in caspase-17~ mice show that these animals are
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Summary

Salmonella enterica serovar typhimurium (S. typhimurium) is an intracel-
lular pathogen that causes macrophage cell death by at least two different
mechanisms. Rapid cell death is dependent on the Salmonella pathogen-
icity island-1 protein SipB whereas delayed cell death is independent of
SipB and occurs 18-24 hr post infection. Lipopolysaccharide (LPS) is
essential for the delayed cell death. LPS is the main structural component
of the outer membrane of Gram-negative bacteria and is recognized by
Toll-like receptor 4, signalling via the adapter proteins Mal, MyD88, Tram
and Trif. Here we show that S. typhimurium induces SipB-independent
cell death through Toll-like receptor 4 signalling via the adapter proteins
Tram and Trif. In contrast to wild type bone marrow derived macro-
phages (BMDM), Tram™~ and Trif 7~ BMDM proliferate in response to
Salmonella infection.

Keywords: monocyte/macrophages; bacterial infection; Toll-like receptor;
cell death

more susceptible to infection with S. typhimurium®™'® and
when infected by the intraperitoneal route show a higher
organ bacterial load.” Salmonella can also kill macrophages
independently of SipB 18-24 hr after infection.”'"'* The
mechanisms underlying the delayed cell death are unclear;
however, caspase-1, the type III secretion system (TTSS)
encoded by SPI2 (essential for intracellular bacterial survi-
val) and pathogen-associated molecular pattern (PAMP)
receptors (PRRs) may all play important roles.'*™"
Salmonella has several PAMPs, such as lipopolysaccha-
ride (LPS), lipoproteins and flagellin, which are recog-
nised by the Toll-like receptors (TLRs) TLR4, TLR2 (in
heterodimers with either TLR1 or TLR6) and TLR5,
respectively.'® TLR4 signals through the recruitment of
several adapter proteins (including MyD88, Mal, Tram
and Trif) to the cytoplasmic TLR/IL-1 receptor (TIR)
domains to activate signalling pathways within the cell.
MyD88-dependent signalling through TLR2 and TLR4
specifically requires the association of the adapter protein,
Mal, with MyD88."” The adapter proteins Trif and Tram
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mediate MyD88-independent signalling, which leads to
the activation of IRF3."”

Cell death can be triggered by TLR ligands such as
lipoproteins, dsRNA and LPS."*'®*2° Many bacterial
pathogens have developed strategies to exploit TLR sig-
nalling and interfere with the immune response of the
host;”" hence TLR signalling could also play a role in
Salmonella-induced killing of macrophages.”” Hsu et al.'*
showed that Salmonella-induced SipB-independent cell
death requires TLR4 stimulation of the dsRNA respon-
sive protein kinase PKR and postulating that this may
be Trif dependent. It is, however, unclear how TLRs
influence Salmonella-induced delayed cell death and
whether SipB contributes to stimulation of TLR-depend-
ent activation of caspase-1. Here we show that TLR4,
through activation of the Trif/Tram signalling pathway,
is required for SipB-independent Salmonella-induced cell
death. SipB-independent cell death is accompanied by
a caspase-1 dependent, but largely TLR4-independent
increase in IL-1PB production at 24 hr. The SipB-inde-
pendent production of IL-1B requires signalling through
MyD88 and Mal, but is also critically dependent on
Trif.

Materials and methods

Mice

Mice were bred under specific-pathogen free conditions.
TLR47?3 MyD887/7,24 Mal™”~,? Trif?° and Tram™' %’
C57/BL6 mice are described elsewhere. TLR4™", MyD887/ -
and their respective wild type mice were bred at University
of Cambridge, while Mal™", Tram™", Trif”~ and their
respective wild type mice were bred at The University of
Massachusetts Medical School, Worcester, MA, USA. We
routinely genotype our strains of knock-out mice.

Bacteria and preparation of LPS

S. typhimurium strain C5°® and a congenic sipB mutant

(gift from Dr A. Khan, University of Newcastle) were
used for in vitro bacterial studies. S. typhimurium was
prepared by diluting 1 : 10 an overnight culture in fresh
Luria broth (LB) and incubating for a further 2 hr then
washing the bacteria in LB broth and diluting as required
in tissue culture medium.*

Cell culture and infection with S. typhimurium

Primary bone-marrow derived macrophages (BMDM)
were isolated from the femurs and tibia of mice killed by
cervical dislocation.®”' The femurs and tibias from
Mal™", Trif”~, Tram™™ and their respective wild type
mice were stored at 4° in tissue culture medium to allow
transport from The University of Massachusetts Medical
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School to Cambridge (36-48 hr). Briefly, the bone mar-
row was flushed out with medium (RPMI + 10% fetal
calf serum supplemented with 2 mwm glutamine, 5% horse
serum, 1 mMm sodium pyruvate) and the macrophages
were seeded into Petri dishes. For maintenance of the
bone marrow macrophages in culture the RPMI medium
was supplemented with 20% of supernatant taken from
1929 cells (a murine granulocyte—macrophage colony-
stimulating factor-producing cell line; BMDM medium).
For experiments cells were plated onto six-well, or 96-well
plates at a plating density of 2 x 10° or 2 x 10° per well,
respectively.

S. typhimurium was added to the cells at the multiplici-
ties of infection (MOI) of 10 or 30. Following a 2 hr
incubation, the cells were incubated in BMDM medium
containing 50 pg/ml gentamicin for 1 hr. Cells were
then further incubated in BMDM medium containing
10 pg/ml gentamicin until 24 hr postinfection.

In experiments with the caspase-1 specific inhibitor
Ac-YVAD-cmk (100 pum, Bachem, St Helens, UK), the
inhibitor or the equivalent amount of vehicle control
(dimethyl sulphoxide; DMSO, 1/500 diluted) was added
to BMDM 1 hr prior to infection with S. typhimurium.

Measurement of IL-1f activity

To determine cumulative IL-1B production, supernatants
were taken at 2 hr or 24 hr postinfection (cumulative
3-24 hr postinfection) and stored at —80° until analysed
with the Duoset® enzyme-linked immunosorbent assay
development system (R & D systems, Abingdon, UK).
The materials were all diluted and stored according to
the manufacturer’s instructions. A seven-point standard
curve of twofold dilutions from 1000 pg/ml to
15-625 pg/ml of recombinant mouse IL-1 was used. A
volume of 100 pl of the standards and samples of the
appropriate dilution were added to a 96-well microtitre
plate.

Measurement of cell viability

Cell viability was determined at 2 hr and 24 hr postinfec-
tion using the Cytotox 96 Non-Radioactive Cytotoxicity
Assay (Promega, Southampton, UK) according to the
manufacturer’s instructions.

Gentamicin protection assay

BMDM were infected with S. typhimurium at MOI = 10
or 30. After 2 hr incubation, the medium was changed to
BMDM medium containing 50 pg/ml gentamicin for
1 hr. This was followed by two washes with warm phos-
phate-buffered saline (PBS) and lysis of cells using 0-5%
(v/v) Triton-X-100/PBS for 20 min on ice. Serial dilutions
were plated on LB agar.
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Statistical analysis

For statistical analysis a two-way ANova was performed
using S-Plus software (Insight, Sheffield, UK) or Prism
(GraphPad Inc, San Diego, CA). Data was considered
significant when P < 0-05.

Results

SipB-dependent cell death and IL-1f production
in response to S. typhimurium infection is caspase-1
dependent

Infection of macrophages with Salmonella leads to cell
death via at least two different mechanisms, a SipB-
caspase-1-dependent early cell death and SipB-independ-
ent late cell death. For our experiments we used BMDM
14 days after isolation. BMDM culture extended beyond
14 days resulted in reduced bacterial uptake and hence
less bacteria per macrophage were found (data not
shown). Using the caspase-1 inhibitor Ac-YVAD-cmk
macrophages were, as expected, protected against the
early cell death induced by S. typhimurium, whilst in the
absence of Ac-YVAD-cmk 75-85% of the macrophages
were killed in an MOI-dependent manner (Fig. la, 2 hr).
Inhibition of caspase-1 did not protect against the later,
SipB-independent Salmonella induced cell death, where
40-50% cell death was seen in both the inhibitor treated
and control group (Fig. 1a and 24 hr). There is a signifi-
cant late SipB-dependent caspase-1-independent driven
cell death at 24 hr post infection (Fig. 1a). IL-1B produc-
tion in response to Salmonella infection is, as expected,
largely caspase-1 dependent in the presence or absence of
SipB (Fig. 1b).

Late SipB-independent cell death is TLR4 dependent
via the Trif/Tram pathway

Early SipB-dependent, caspase-1-dependent Salmonella-
induced cell death has been studied intensively"*™ but
SipB-independent cell death is less well understood. LPS
activation of TLR4 is critical for initiating a protective
immune response to S. typhimurium.’>>> We therefore
investigated whether TLR4 also plays a role in Salmonella
induced cell death. To analyse this, we infected TLR4™*
and TLR4~ BMDM with S. typhimurium or its congenic
sipB mutant. Salmonella induced cell death was similar at
2 hr post infection in both wild type and TLR4™~ macro-
phages. As expected, the early cell death was SipB
dependent in all cell types. The sipB mutant strain of
S. typhimurium did not kill BMDM at 2 hr post infection
while the wild type Salmonella killed 80-90% of the cells
in a MOI-dependent manner (Fig. 3a). At 24 hr post-
infection, the wild type Salmonella strain killed more than
95% of both cell types. In contrast the sipB mutant strain
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Figure 1. IL-18 production in response to S. typhimurium is
caspase-1 dependent. Cell viability and IL-1B production after infec-
tion of macrophages from wild type mice with S. typhimurium.
BMDM were preincubated with the caspase-1 specific inhibitor
Ac-YVAD-cmk (100 pum) or the equivalent amount of vehicle control
(DMSO) and were infected for 2 hr or 24 hr with S. typhimurium
(MOI = 10 and 30) as described in the materials and methods sec-
tion (n = the number of animals used to provide cells from each
knock-out strain). (a) The remaining cells were lysed and assayed for
cell viability (n = 4). (b) Media was removed and assayed for IL-1
production (n = 4). Mean values (+ standard error of the mean)
are shown, significant differences between inhibitor treated and
vehicle control treated BMDM are indicated (*P < 0-05, **P < 0-01,
P < 0-001).

killed 50-70% of the TLR4"" BMDM while little or no
cell death was observed in the TLR4™~ BMDM (Fig. 3a).
This difference in cell survival is not caused by differences
in the initial uptake of Salmonella into the cells, because a
gentamicin protection assay at 2 hr post infection showed
similar numbers of intracellular Salmonella in TLR4™*
and TLR4™ cells (Fig. 2). These results demonstrate a
role for TLR4 in SipB-independent Salmonella induced
delayed cell death.

Downstream of TLR4 the signalling pathway bifurcates
at the level of the adapter proteins and is either Mal/
MyD88 or Tram/Trif dependent. We have established that
TLR4 is involved in SipB-independent Salmonella-induced
cell death therefore we investigated which adapter proteins
were required for this process. Mal”~ or MyD88~”~ BMDM
and their respective wild type BMDM were infected with
S. typhimurium or the sipB mutant. At 2 hr and 24 hr
there was no difference in cell survival in either MyD88™/~
or Mal”~ BMDM compared to wild type macrophages
(Fig. 3b, ¢). This shows that TLR4-dependent Salmonella
induced cell death does not require signalling through
Mal or MyD88. We next investigated whether Tram/Trif
signalling is required for S. typhimurium-induced BMDM
cell death. Tram ™~ and Trif”~ BMDM were as susceptible
as their respective wild type BMDM to early SipB-depend-
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Figure 2. TLR4"* and TLR4™~ BMDM have similar bacterial counts
in the early stages of infection. TLR4*"* and TKR4”~ BMDMs were
infected with S. typhimurium C5 wild-type and congenic sipB mutant
at a MOI of 10 and 30. Bacterial numbers 3 hr post infection were
detected using the gentamicin protection assay. Mean values (+
standard error of the mean) of three experiments are shown.

ent cell death. Tram™™ and Trif”~ BMDM, in contrast,
were protected against SipB-independent Salmonella-
induced cell death (Fig. 3d, e). Tram™* BMDM showed
cytotoxicity of 20% or 35% after infection with the
S. typhimurium sipB mutant at an MOI = 10 or 30,
respectively, whereas in Tram™~ BMDM no cell death was
observed at either MOI (Fig. 3d). Similar results were
observed in Trif "~ BMDM (no cytotoxicity) in comparison
with Trif””* BMDM (20-40% cytotoxicity) after infection
with the sipB mutant S. typhimurium (Fig. 3e). Both
Tram ™~ and Trif "~ BMDM also showed some resistance, in
comparison to Tram*'" and Trif”"* BMDM, to delayed cell
death induced by wild type S. typhimurium. Tram™~ and
Trif”~ BMDM but not TLR47~ BMDM were not only
resistant to cell death, but proliferated during infection
with S typhimurium SipB (Fig. 3d, e). In Tram”~ BMDM
significantly higher numbers of viable cells were observed
already at 2 hr post infection with Salmonella (Fig. 3d).
These data show that SipB-independent Salmonella
induced cell death is TLR4 dependent via the Tram/Trif
pathway.

IL-1PB production in response to S. typhimurium
infection requires TLR4 adapter proteins

We assayed the production of IL-1p as a crude measure
of caspase-1 activation in order to determine the effect of
S. typhimurium on the activity of this protein. Different
levels of IL-1B production were obtained from BMDM
isolated from samples bred in The University of Massa-
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Figure 3. Late Salmonella-induced cell death is TLR4 dependent via
the Trif/Tram signalling pathway. Cell viability of TLR4™~, Mal™",
MyD88_/_, Tram™", Trif”~ and their respective wild type BMDM
after infection with S. typhimurium for 2 hr or 24 hr. S. typhimurium
C5 and the congenic sipB mutant were used at MOI = 10 and 30.
The remaining cells were lysed and assayed for cell viability (n = the
number of animals used to provide cells from each knock-out
strain). (a) TLR4”" BMDM, n=4; (b) Mal’”~ BMDM, n =4
(c) MyD887~ BMDM, 1 = 6; (d) Tram™~ BMDM, n = 3; (e) Trif "~
BMDM, n = 6. Cell viability is expressed as percentage viable cells
compared to PBS treated control cells. Mean values (+ standard
error of the mean) are shown. Significant differences between
BMDM from knock-out mice and their respective controls are indi-
cated (*P < 0-05, ***P < 0-001).

chusetts Medical School, and shipped for 36-48 hr
(Mal™", Tram™ and Trif ") in comparison to those from
mice bred in the UK and the scale in the graphs were
adjusted accordingly (Fig. 4b, d, e).

At 2 hr post infection, IL-1 release and, hence,
caspase-1 activation is largely, but not exclusively, SipB
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Figure 4. IL-1B production in response to Salmonella infection
requires TLR4 adapter proteins. IL-1f production from TLR4™,
Mal ™, MyD88_/_, Tram™", Trif”~ and their respective wild type
BMDM after infection with S. typhimurium. S. typhimurium C5 and
the congenic sipB mutant were used at MOI = 10 and 30. Media
was removed at 2 hr and 24 hr and assayed for IL-1f production
(n = the number of animals used to provide cells from each knock-
out strain). (a) TLR4™™ BMDM, n = 4; (b) Mal”~ BMDM, n = 4;
(c) MyD88™~ BMDM, 1 = 6; (d) Tram™~ BMDM, n = 3; (e) Trif’~
BMDM, #n = 6. The mean IL-1B concentrations (value*-standard
error of the mean) relative to the PBS treated control samples and
are shown and significant differences between BMDM from knock-
out mice and their respective controls are indicated (*P < 0-05,
P < 0-01, ***P < 0-001). Different levels of IL-1B production were
obtained from BMDM isolated from samples bred in The University
of Massachusetts Medical School and shipped for 36-48 hr and the
scales in the graphs were adjusted accordingly (b, d, e).

dependent in wild type and knock-out BMDM (Fig. 4).
TLR4 contributes to early, SipB-dependent IL-1B release
such that at an MOI of 10 TLR4”~ BMDM produced only
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35% of the IL-1P compared to that produced by TLR4**
BMDM (Fig. 4a). The adapter proteins MyD88 and, to a
lesser extent, Mal also have a role in early, SipB-dependent
IL-1P release. At 2 hr postinfection, SipB-dependent IL-13
production in BMDM from MyD88~~ BMDM was reduced
to 36% compared to MyD88"* BMDM (Fig. 4c). In con-
trast in BMDM from Mal”~ mice IL-1B production was
only reduced by 10% (Fig. 4b), suggesting different roles
for Mal and MyD88 in early, TLR4-dependent SipB-
dependent IL-1P release. There is no difference in early
SipB dependent IL-1P release in Tram™~ or Trif "~ BMDM
compared to their respective wild type BMDM (Fig. 4d).
This suggests that TLR4 contributes mainly via MyD88-
dependent signalling pathway to the early SipB-dependent
IL-1p release.

At 24 hr postinfection TLR4 and the adapter proteins
Mal, Tram and Trif but not MyD88 contribute to SipB
dependent IL-1P release (Fig. 4b, d, e). The SipB inde-
pendent late IL-1P release at 24 hr postinfection is parti-
ally dependent on TLR4, being reduced to 24% of the
wild type control BMDM IL-1f release (Fig. 4a). Both the
Mal/MyD88 and the Tram/Trif pathways are involved. In
the absence of either Mal, MyD88 or Tram SipB inde-
pendent late IL-1 release is reduced to similar levels to
that seen in TLR4”~ BMDM. In Trif”~ BMDM SipB-
independent late IL-1f release is almost completely abol-
ished (Fig. 4). This indicates a bifurcation in the Tram/
Trif signalling pathway downstream of TLR4 in response
to Salmonella infection.

Discussion

Here we show for the first time that signalling through
TLR4 via the Tram/Trif pathway is important for
SipB-independent Salmonella induced cell death in macro-
phages. Our data confirm that TLR4 is not necessary for
early Salmonella induced SipB-dependent cell death. Our
TLR4 dependent, SipB-independent Salmonella-induced
cell death is consistent with the paper by Hsu et al.'*
showing that in BMDM from C3H/HeJ mice (deficient in
TLR4 activity) SipB-independent Salmonella-induced cell
death was markedly reduced in comparison to BMDM
from C3H/HeN mice (wild type TLR4). Weiss et al?? in
contrast, detected neither delayed Salmonella-induced cell
death at 24 hr nor any differences in macrophage survival
between TLR4"* and TLR4”~ BMDM. There are several
experimental differences in our study to that of Weiss
et al.” including differences in Salmonella strains and
bacterial growth protocols. Strain differences can alter the
levels of LPS produced by the bacteria whilst the stage of
bacterial growth can change the bacterial proteins that are
expressed and is also known to influence the results of
in vitro studies on S. typhimurium-induced cell death.**
Our data show that the delayed SipB-independent Salmon-
ella-induced cell death is critically dependent on the
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Tram/Trif pathway. These data are also consistent with
the observations of Hsu et al'* where they show that
bacterial-induced macrophage death is dependent on the
protein kinase PKR, a kinase downstream of the TLR4/
Tram/Trif signalling pathway. In conclusion, SipB-inde-
pendent Salmonella induced cell death requires TLR4
signalling via the Tram/Trif pathway, probably via acti-
vation of PKR, while the MyD88/Mal signalling pathway
is dispensable.

In this study we saw that BMDM without either Tram
or Trif when infected with Salmonella sipB were not only
resistant to cell death, but proliferated during the infec-
tion. Activation of TLRs has been linked to cellular prolif-
eration.”>™” Recognition of the commensal microflora in
the gut by TLRs is required for epithelial homeostasis
through proliferation.”” Moreover, TLR signalling is
involved in tissue repair after direct epithelial injury.’’
TLR ligands, such as LPS, can induce cell cycle entry by
overcoming p27 induced cell cycle arrest through a
MyD88-dependent pathway’® but only if the action of
type I interferon is blocked.”® TLR4 induces the produc-
tion of interferon-B (IFN-B) through the recruitment of
Tram and Trif therefore a possible explanation for the
cellular proliferation seen here in Salmonella infected
Tram™ or Trif "~ macrophages is probably due to TLR4
activation without IFN-f production.

Macrophages undergoing Salmonella induced cell death
exhibit heterogeneous morphological features indicative
of both necrotic and apoptotic cell death.”**®** Caspase-1
plays an important role in Salmonella-induced cell
death. Early, SipB-dependent cell death is largely but not
completely caspase-1 dependent"* (Fig. 1a). The main
biological function of caspase-1 is cytokine processing.
The inactive precursors of IL-1B and IL-18 require spli-
cing by caspase-1 to become active.** Active caspase-1 is
part of the inflammasome, an intracellular complex com-
prising several adapter proteins.*’ The adapter protein
apoptosis associated speck-like protein containing a
CARD (ASC) directly binds caspase-1 and is essential for
inflammasome function in response to Salmonella infec-
tion.** Direct interaction of SipB with caspase-1 leads to
the activation of caspase-1 as seen in its proteolytic mat-
uration and the processing of its substrate IL-1PB.> Her-
nandez et al.*’ propose that expression of Salmonella SipB
leads to macrophage cell death by disrupting mitochon-
dria, thereby inducing autophagy and cell death, although
how this links to caspase-1 activity is unclear. Recently,
it was shown that Trif, receptor-interacting protein-1
(RIP1) and reactive oxygen species (ROS) production are
involved in LPS induced -caspase-independent auto-
phagy.** The molecular pathways activated by caspase-1
that lead to Salmonella-induced cell death are unknown.
Experiments using IL-13”~ BMDM and anti-IL-18 neu-
tralizing antibodies show that IL-1B and IL-18 are not
required for rapid or delayed Salmonella-induced macro-
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phage cell death.® This suggests that caspase-1 has another
direct role in response to Salmonella infection apart form
cytokine activation, possibly by interacting with SipB or
other Salmonella effector proteins.

Active caspase-1 is required for the maturation of the
inactive precursor of IL-1B; we therefore used mature
IL-1P release by macrophages as an indirect measure of
caspase-1 activity. We show that in response to Salmonella
infection, TLR4 and MyD88 but to a much lesser extent
Mal, contribute to early, SipB-dependent IL-1 [ release.
While Trif is essential, Tram, Mal and MyD88 only contrib-
ute to late, SipB-independent, IL-1p release. Production of
IL-1P at 24 hr is likely to be more complex, involving tran-
scription of IL-1fB, formation of precursor protein as well
as potential autocrine inputs from other cytokines induced
by Salmonella infection of BMDM. IL-1f precursor tran-
scription is nuclear factor-kB dependent*’ and is highly
induced in response to LPS.***” De novo synthesis of
pro-IL-1P in response to LPS and hence also the release of
IL-1PB, is MyD88 dependent and partially requires Trif.*®
Caspase-1 activation by LPS is ASC dependent but inde-
pendent of the TLR associated MyD88 and Trif path-
ways.*®*” Caspase-1 also is important in the production of
IL-18 in response to S. typhimurium infection and whilst
IL-1 is important in enteric infection, it is the caspase-1-
induced IL-18 production that probably explains the
importance of caspase-1 murine salmonellosis.”

In conclusion we show that TLR4 signalling through
Trif is required for Salmonella-induced SipB-independent
macrophage cell death. Trif is also essential for SipB-inde-
pendent IL-1B release, with the other adapter proteins
(Mal/MyD88/Tram) contributing to the production of this
cytokine. TLR4 signalling through the Tram/Trif signalling
pathway is known to affect susceptibility to viral infections
and LPS signalling”™ but it is unclear how this will influ-
ence the host response to S. typhimurium infection. Our
identification of Tram/Trif signalling in S. typhimurium-
induced macrophage cell death suggest that signalling
through Tram and Trif may well play a part in the
immune response to salmonellosis.
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