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Caspase-3-dependent phagocyte death during systemic Salmonella
enterica serovar Typhimurium infection of mice

Introduction

Salmonella enterica is a facultative intracellular pathogen

that causes a spectrum of diseases in humans and

animals. S. enterica serovar Typhi causes approximately

22 million cases of typhoid fever and over 200 000 deaths

annually while serovar Paratyphi causes about 5�5 million

illnesses in humans.1 Other non-typhoidal Salmonella ser-

ovars cause gastroenteritis in humans and animals and

can spread from animals to humans via contaminated

food. Non-typhoidal Salmonella serovars are a common

cause of bacteraemia and sepsis in immunocompromised

individuals and in children, especially in developing coun-

tries where they constitute a major cause of death.2,3

A well-established and tractable mouse typhoid model

has been used extensively to study mechanisms of patho-

genesis and immunity to typhoidal S. enterica infections.

During systemic infections the liver is an important site

of intracellular bacterial replication and persistence. The

ability of S. enterica to resist and evade the antimicrobial

armoury of phagocytes is a prerequisite for virulence.

Recruitment of phagocytes to the sites of infection, and

their activation are dependent on release of local and

systemic inflammatory cytokines such as tumour necrosis

factor-a, interferon-c, and interleukins 12, 15 and 18.

This results in the retardation of growth of intracellular

S. enterica, which is dependent on reactive oxygen inter-

mediates, reactive nitrogen intermediates, lysosomal

enzymes and defensins.4–6

Our previous studies, based on direct in vivo, post-

mortem, microscopic observation of individual infected

cells within the liver, have shown that virulent bacteria, in

addition to resisting intracellular killing, must escape

from infected phagocytes and disseminate to other un-

infected cells. We have shown that variations in the num-

ber of infected phagocytes parallel the net rate of bacterial

growth in the tissues. This indicates that escape from

infected cells and from already-formed pathological

lesions is essential for infections to progress, and possibly

enables bacteria to evade the local activation of immune

defences.6,7 The continuous redistribution of bacteria

from infected to uninfected cells leads to a heterogeneous

numerical distribution of intracellular bacteria with low

bacterial numbers seen at any one time in the majority of

infected phagocytes.7 The integration of mathematical

modelling with microscopy data has indicated that cell-

to-cell spread of S. enterica is likely to occur via necrotic

cell death and release of individual bacteria into the
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Summary

Growth of Salmonella enterica in mammalian tissues results from contin-

uous spread of bacteria to new host cells. Our previous work indicated

that infective S. enterica are liberated from host cells via stochastic necro-

tic burst independently of intracellular bacterial numbers. Here we report

that liver phagocytes can undergo apoptotic caspase-3-mediated cell death

in vivo, with apoptosis being a rare event, more prevalent in heavily

infected cells. The density-dependent apoptotic cell death is likely to

constitute an alternative mechanism of bacterial spread as part of a

bet-hedging strategy, ensuring an ongoing protective intracellular environ-

ment in which some bacteria can grow and persist.
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extracellular space.8 This analysis also predicted cell death

to be a stochastic process, not dependent on intracellular

bacterial density.8 Validation and improvement of our

novel mathematical models of S. enterica infection require

their continuous challenge in the light of new experi-

mental data. In this context, a better understanding of

macrophage cell death during S. enterica infection is

central to unravelling the dynamics of pathogen spread

and distribution in host organs, and may also provide

new paradigms for understanding the dynamics of

diseases with other intracellular pathogens.

Phagocyte death may proceed via apoptosis, autophagy,

oncosis, necrosis or pyroptosis.9 The contributions of dif-

ferent forms of cell death to the pathophysiology of infec-

tions caused by S. enterica are still relatively poorly

understood. Mechanisms of S. enterica-induced macro-

phage cell death have largely been inferred from in vitro

cell culture studies and direct extrapolation to in vivo

infection processes may be inappropriate. Investigations

using animal models have been confined to the early

stages of infection in the gut, where caspase-1-mediated

cell death is prevalent,10–13 with little analysis of the sys-

temic phase of disease. In this study we focused on the

systemic compartment in a murine model of typhoidal

infection. We employed multicolour fluorescence micro-

scopy to: (1) visualize the presence of cells undergoing

cell death in the livers of infected animals; (2) determine

the level of colocalization between S. enterica and cells

undergoing death; and (3) quantify intracellular bacterial

numbers within these cells.

Materials and methods

Animals

Female C57BL/6 and BALB/c mice were purchased from

Harlan Olac Ltd., (Blackthorn, Bicester, UK), tlr4)/) mice

are described elsewhere14 and were bred at Harlan. Mice

were used when older than 8 weeks.

Bacteria

Salmonella enterica serovar Typhimurium strain C5 is a

virulent wild-type strain with 50% lethal dose of

< 1�87 Log10 colony-forming units (CFU) for BALB/c

mice.15 The bacteria were grown for 16 hr as a stationary

culture at 37� in Luria–Bertani broth. Bacteria were

diluted in phosphate-buffered saline (PBS) before intra-

venous or oral inoculation.

Enumeration of viable Salmonella in the tissue

Mice were killed by cervical dislocation, half of the liver

was homogenized in a Seward Stomacher 80 Biomaster

(Seward, Worthing, UK) in 10 ml distilled water and

viable bacterial counts were assayed on pour plates of

Luria–Bertani agar.

Immunostaining for fluorescence microscopy

Tissues were fixed overnight in 4% paraformaldehyde

diluted in PBS, washed for 1 hr in two changes of PBS and

then immersed in 20% sucrose (in PBS) for 16 hr at 4�
before freezing at )80� in Cryo-Gel embedding medium

(Instrumedics Inc., Hackensack, NJ). Thirty-micrometre

sections were cut, blocked and rendered permeable for

10 min in a solution containing 10% normal goat serum

diluted in PBS containing 0�2% Saponin (Sigma, Poole,

UK) and then incubated in primary antibody (diluted in

10% normal goat serum/Saponin/PBS) for 16 hr at 4�. Sub-

sequently, sections were washed in PBS for an hour (two

30-min washes) then incubated in secondary antibody (at

a dilution of 1/200) at room temperature for 30 min,

followed by two 15-min washes in PBS. Sections were

mounted on vector bond treated slides (Vectabond reagent;

Vector Labs, Burlingame, CA) using ProLong Gold antifade

reagent supplemented with DAPI, (Molecular Probes,

Invitrogen, Paisley, UK). The analysis of tissue sections was

by multicolour fluorescence microscopy using a Leica

DM6000B fluorescence microscope running FW4000

acquisition software. Dual staining of S. typhimurium and

apoptotic cells was used to ascertain the degree of colocal-

ization between cells targeted for death and bacterial load.

Salmonella were immunostained using a monoclonal anti-

body directed against S. typhimurium lipopolysaccharide

(LPS) O4 antigen (Biogenesis, Poole, UK), directly conju-

gated to Alexa Fluor 488 (Custom conjugation, Molecular

Probes, Invitrogen). Anti-O4 (unconjugated) rabbit-poly-

clonal Salmonella agglutinating serum (Remel Europe Ltd,

Dartford, UK) was also used for the visualization of Salmo-

nella. Phagocytes were stained using an anti-CD18 mono-

clonal antibody followed by Cy5-conjugated polyclonal

goat anti-rat serum. Cell nuclei were visualized using DAPI.

Cell death was monitored by TUNEL (terminal deoxynu-

cleotidyl transferase mediated dUTP nick end labelling)

and by staining cells for cleaved caspase-3 and caspase-1.

TUNEL-positive cells were detected using a TUNEL Apop-

Tag kit (ApopTag kit; Intergen Company, Purchase, NY).

Caspase-1-positive cells were visualized by rabbit poly-

clonal antisera to caspase-1 (Abcam, Cambridge, UK) or

caspase-1 FLICA reagent (Immunochemistry Technologies,

Bloomington, MN). We confirmed that the two substrates

were able to detect caspase-1-positive cells, and impor-

tantly the same cells, by orally infecting C57BL/6 with C5,

C5 sipB)/) or PBS and assaying the terminal ileum, in

particular the Peyer’s patches, for caspase-1-positive cells

24 hr postinfection (p.i.) (data not shown). To determine

whether the number of caspase-1-positive cells increases

in the liver during infection, the number of caspase-1-

positive phagocytes in the liver at 72 and 96 hr p.i. was
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determined by staining the tissues with rabbit polyclonal

antibody to caspase-1 and by using the caspase-1 FLICA

reagent (FAM-YVAD-7MK). Tissue from caspase-1)/)

mice was used as a negative control and gave negative

staining using either the rabbit polyclonal anti-caspase-1

antibody or the caspase-1 FLICA reagent (FAM-YVAD-

7MK) (data not shown). Caspase-3-positive cells were

detected by anti-caspase-3 antibody (Cell Signalling Tech-

nology, Danvers, MA) or caspase-3 PhiPhiLux�-G2D2

reagent (OncoImmunin, Inc., Gaithersburg, MD), on

fresh tissue samples. Both methods of detection identified

similar numbers of caspase-3-positive cells in the tissues

and, importantly, dual labelling studies indicated that the

methods identified the same positive cells. Tissue from

caspase-3)/) mice was used as a negative control and

showed no positive cells (data not shown). Rat placental

tissue was used as a positive control and contained a high

frequency of caspase-3-positive cells (data not shown).

The filter set was DAPI (Nuclei), fluorescein isothio-

cyanate (anti-O4 LPS Alexa Fluor 488 antibody, caspase-1

FLICA reagent, caspase-3, PhiPhiLux�-G2D2 reagent,

TUNEL, ApopTag kit) and Cy3�5 (polyclonal anti-O4

LPS antibody, anti-caspase-1 antibody or anti-caspase-3

antibody, which were sequentially conjugated with goat

anti-rabbit Alexa Fluor 568 antibody). The ApopTag,

FLICA and PhiPhiLux kits were used according to

the manufacturer’s instructions, before the application

of primary antibody. Intracellular analysis was carried

out using IMARIS 3D RENDER software (Bitplane, Zurich,

Switzerland). Images were manipulated in ADOBE

PHOTOSHOP 6.0/7.0.

Statistical analysis

Infected phagocytes in the liver were counted using a

63 · magnification oil-immersion objective. Three ran-

dom samples of 3000 cells each were taken at 72 and

96 hr p.i. from a pool of liver tissue obtained from four

mice. The bacterial load per cell was noted, and then the

infected cells were scored independently for the presence

or absence of cell death according to caspase-1, caspase-3

and TUNEL markers. The tests for each of the three com-

parisons were carried out as follows; note that we denote

the number of cells within each of the positive and nega-

tive groups, SP and SN, respectively. First, the proportions

of cells which contained one bacterium in the positive

and negative groups, PP and PN, respectively, were calcu-

lated. The difference between these proportions,

D0 = PP – PN, was then determined. Second, the observa-

tions for the positive and negative groups were pooled,

and then randomly assigned to two groups of size SP and

SN. Next, the proportion of cells that contained one bac-

terium per cell in each of the two randomly assigned

groups of size SP and SN, PP and PN, respectively, were

also calculated. Subsequently the difference between these

proportions, D = PP – PN, was calculated and recorded.

This second step was carried out 106 times to obtain a

non-parametric estimate of the distribution of D under

the null hypothesis that there was no difference between

the proportions of positive and negative cells which had

one bacterium per cell. Finally, a two-sided P-value was

obtained by considering the proportion of random assign-

ments that resulted in |D| > |D0|. Statistical analysis and

programming was carried out using R VERSION 2.2.1,16

and MINITAB 14 software (Minitab Inc., State College, PA).

Results

Using the detection of DNA fragments as a marker of
apoptotic activation, apoptotic nuclei are found in the
infected liver

Systemic infection was followed in BALB/c mice injected

intravenously with Log10 3�17 CFU of S. enterica serovar

Typhimurium strain C5.15 Bacterial numbers were

counted in individual liver phagocytes using microscopy

and the total numbers of viable bacteria in the tissues

were determined 72 and 96 hr p.i. These data confirmed

that S. enterica growth in the liver resulted in an increase

in the number of infected phagocytes and in the number

of multicellular pathological lesions, with the majority of

infected cells containing low bacterial numbers. The dis-

tribution of the number of bacteria per cell was similar to

our previously reported findings.7 Apoptosis is a regulated

active process controlled by signal transduction pathways,

generating fragmented DNA,17 which can be detected by

TUNEL.18 We determined that uninfected livers, and liv-

ers at 72 hr p.i. (bacterial load per organ, Log10

6�10 ± 0�16 CFU), were largely devoid of TUNEL-positive

cells. However, we detected TUNEL-positive cells in the

livers of infected mice 96 hr p.i. (bacterial load per organ,

Log10 7�79 ± 0�27 CFU) (Fig. 1). This confirmed19 that

host cells with fragmentation of nuclear DNA could be

found during systemic S. enterica infection. However,

TUNEL positivity is not always suitable for detecting early

apoptotic events and the TUNEL assay does not defini-

tively discriminate between apoptotic and necrotic

nuclei.20 Another major limitation of TUNEL is its inabil-

ity to provide information on the mechanisms of cell

death that can potentially occur as a consequence of

S. enterica infection (e.g. caspase-1-mediated death versus

caspase-3-mediated death). Caspases are evolutionarily

conserved cysteine proteases that share similarities in

amino acid sequence and structure but differ in their

physiological roles. The caspases can be broadly divided

into two groups; those that are centrally involved in

apoptosis (caspase-2, -3, -6, -7, -8, -9 and -10) and those

related to caspase-1 (caspase-1, -4, -5, -13 and -14, as well

as murine caspase-11 and -12), whose primary role is in

cytokine processing during inflammatory responses.9 We
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therefore proceeded to assess the relative incidence of

caspase-1 and caspase-3-positive cells in the livers of

infected mice.

Salmonella-induced, caspase-3-mediated cell death is
observed during the systemic infection of mice

Caspase-1-mediated cell death occurs during the early part

of S. enterica infections in the gastrointestinal tract,10–13

but its role in the pathogenesis of salmonellosis remains

uncertain.21 We observed no detectable increase in the

frequency of cells positive for caspase-1 in the livers of

BALB/c mice undergoing a systemic S. enterica infection.

The frequency of caspase-1-positive cells in the tissues of

uninfected BALB/c mice was one caspase-1-positive cell in

100 fields (magnification · 63) with no significant increase

seen in tissues from infected animals. The lack of an

increase in such cells in infected animals suggested that

other forms of cell death might be occurring in the sys-

temic compartment of infected mice. We therefore tested

whether caspase-3-dependent programmed cell death was

detectable in the liver during the systemic phase of a

S. enterica infection. Previous studies have reported

Salmonella-induced caspase-3 activation, but these have

been in in vitro models of infection,22–25 in a murine

endotoxin shock model26 and in a porcine jejunal loop

model.27 We observed an increase in the numbers of

caspase-3-positive cells in the livers of infected versus

uninfected control animals at both 72 and 96 hr p.i.

(Fig. 2). To our knowledge this is the first direct evidence

that host cell death with the features of classical caspase-

3-dependent apoptosis can be detected in response to

S. enterica in the livers of mice during a typhoidal infec-

tion. The confinement of caspase-1-positive cells to the

gut tissues,10–13 and the presence of caspase-3-mediated

cell death in the systemic compartment of infected mice

indicates that S. enterica can cause cell death via different

mechanisms in different anatomical sites.

Not all TUNEL-positive or caspase-3-positive cells
contain intracellular Salmonella

To determine whether caspase-3-dependent apoptosis

requires the presence of intracellular bacteria, liver sec-

tions were double-stained using anti-caspase-3 and anti-

S. enterica antibodies (Fig. 3). Not all caspase-3-positive

apoptotic cells contained intracellular S. enterica, showing

that caspase-3-mediated cell death does not necessarily

require the presence of intracellular bacteria and can

occur in uninfected bystander cells. We obtained similar

results using the TUNEL reaction, in agreement with pre-

vious reports.19 We also detected that not all TUNEL-

positive phagocytes were caspase-3-positive, suggesting

that caspase-3-dependent and -independent pathways of

cell death increase during infection.

The number of intracellular bacteria per infected
phagocyte varies between TUNEL-positive or caspase-
3-positive and non-apoptotic cells

Salmonella enterica release from cells following necrotic

burst appears to be a stochastic process and occurs inde-

pendently of intracellular bacterial numbers.8 To test

whether caspase-3-dependent cell death is related to the

intracellular bacterial load we acquired microscopy data

on the correlation between the number of intracellular

bacteria and the presence of cell death markers in individ-

ual phagocytes in the livers of mice infected with S. enter-

ica (Figs 3 and 4, and Table 1). This is particularly

relevant in the light of suggestions that S. enterica-

induced apoptosis could be a bacterial response to nutri-

ent deprivation that is likely to occur when high bacterial

(a) (b)

Figure 2. Multicolour fluorescence microscopy showing (a) the

absence of caspase-3-positive cells in uninfected tissue, (b) a caspase-

3-positive cell within a focus of infection 96 hr postinfection in

BALB/c mice infected with Salmonella Typhimurium C5. (Caspase-3-

positive cells were detected with Anti-Caspase-3 antibody/Alexa

Fluor 568 and appear red, nuclei are stained with DAPI and appear

blue. Images were taken at magnification · 630).

Figure 1. Multicolour fluorescence microscopy showing TUNEL-

positive cells detected 96 hr postinfection in BALB/c mice infected

with Salmonella Typhimurium C5. (TUNEL-positive cells appear yel-

low/green, nuclei were stained with DAPI and appear blue. Images

were taken at magnification · 630).
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numbers are present inside a phagosome.28 Our data

indicate that apoptotic (defined as TUNEL/caspase-3-

positive) phagocytes contain higher bacterial numbers

than non-apoptotic (defined as TUNEL/caspase-3-nega-

tive) phagocytes (Fig. 4 and Table 1). Although apoptosis

is a rare event, with only around 5% of all infected cells

being apoptotic, it becomes increasingly common in

heavily infected cells. For both caspase-3 and TUNEL

markers, the rate of apoptosis goes from around 1% in

(common) singly-infected cells to more than 20% in

(rare) heavily infected cells. Three independent non-para-

metric randomization tests were carried out to compare

the bacterial counts per cell in marker-positive and mar-

ker-negative cells (explained in detail in Materials and

methods, summarized in Table 2). Randomization tests

were used because they make no distributional assump-

tions about the test statistic and do no require a large

sample size to be valid. For all three cases, (caspase-3 at

72 and 96 hr, and TUNEL at 96 hr), the proportion of

infected cells containing one bacterium was significantly

(a) (b) (c) 

Figure 3. Multicolour fluorescence microscopy images showing caspase-3-positive cells detected 96 hr postinfection in BALB/c mice infected with

Salmonella Typhimurium C5. (a) A caspase-3-positive cell containing no intracellular bacteria, (b) a caspase-3-positive cell harbouring an intracel-

lular bacterium, (c) a caspase-3-positive cell containing many intracellular bacteria. (S. enterica were detected with Anti-Salmonella O4-LPS Anti-

body Congjugated to Alexa Fluor 488 and appear green, caspase-3-positive cells were detected with Anti-Caspase-3 antibody/Alexa Fluor 568 and

appear red, nuclei are stained with DAPI and appear blue. Images were taken at magnification · 630).
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Figure 4. Variation of intracellular bacterial

numbers in cell death marker-positive and –

negative phagocytes as a proportion of each

subset of data. (a) Infected caspase-3-positive/

negative phagocytes, (b) infected TUNEL-posi-

tive/negative phagocytes, in the livers of BALB/

c mice infected with Salmonella Typhimurium

C5, 96 hr postinfection (p.i.).
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lower for the marker-positive groups compared with their

relevant control group. Therefore, from the randomiza-

tion tests there was very strong evidence for a difference

between the distributions of Salmonella within cells for

the caspase-3-positive and -negative phagocytes, and the

TUNEL-positive and -negative phagocytes.

Salmonella-induced activation of Toll-like receptor 4
is responsible for a component of caspase-3-
dependent programmed cell death observed during
systemic Salmonella infection

In cell culture, Salmonella strains can induce delayed cas-

pase-3-mediated apoptosis, which is dependent on SPI-2

function and may also require the stimulation of Toll-like

receptor-4 (TLR4) by bacterial LPS, and the double-

stranded RNA responsive protein kinase (PKR).29–31 To

establish whether the Salmonella-induced, density-depen-

dent, caspase-3-mediated cell death was attributable to

TLR4 stimulation, systemic infection was followed in

tlr4)/) mice and congenic wild-type control mice on a

C57BL/6 background. Mice were injected intravenously

with Log10 3�11 CFU S. Typhimurium strain C515 and

bacterial numbers in the livers of mice were determined

at 72 and 96 hr p.i. (Table 3). A non-parametric Kruskal–

Wallis test with a Bonferroni step-down correction for

multiple testing indicated no statistical difference between

the bacterial load in the organs between groups at 72 hr

p.i.; however, there was evidence of a statistically signifi-

cant difference between both the livers and the spleens of

C57BL/6 and tlr4)/) mice at 96 hr p.i. (P = 0�021 for

both groups), with an increased bacterial burden in the

organs of the tlr4)/) mice. We acquired microscopy data

on the correlation between the number of intracellular

bacteria and the presence of cell death markers (caspase-

1- and caspase-3-mediated cell death). The frequency of

caspase-1-positive cells in the tissues of uninfected

Table 1. Correlation between the number of intracellular bacteria

and the presence of cell death markers in individual phagocytes in

the livers of mice infected with Salmonella enterica: the mean intra-

cellular bacterial load and [range], per marker-positive and -negative

cell at 72 and 96 hr postinfection

Mean intracellular

bacterial load per cell

BALB/c caspase-3-negative (72 hr) 1�47 [1...23] (n = 2819)

BALB/c caspase-3-positive (72 hr) 1�54 [1…6] (n = 181)

BALB/c caspase-3-negative (96 hr) 1�81 [1…33] (n = 2952)

BALB/c caspase-3-positive (96 hr) 5�60 [1…45] (n = 48)

BALB/c TUNEL-negative (96 hr) 1�70 [1…39] (n = 2966)

BALB/c TUNEL-positive (96 hr) 4�24 [1…27] (n = 34)

BALB/c mice were infected with S. typhimurium C5 (Log10

3�17 CFU).

Table 2. Correlation between the number of intracellular bacteria

and the presence of cell death markers in individual phagocytes in

the livers of mice infected with Salmonella enterica: the proportion

of infected cells containing one bacterium per cell and two-sided P-

values for randomization tests for caspase-3-positive cells at 72 hr,

caspase-3-positive cells at 96 hr, and TUNEL-positive cells at 96 hr,

along with respective control (marker-negative) groups

Positive

group

Negative

group

Two-sided

P-values (5 d.p.)

BALB/c caspase-3 (72 hr) 0�663 0�783 0�00040

BALB/c caspase-3 (96 hr) 0�396 0�709 0�00002

BALB/c TUNEL (96 hr) 0�412 0�745 0�00094

BALB/c mice were infected with S. typhimurium C5 (Log10

3�17 CFU)

Table 3. Correlation between the number of intracellular bacteria

and the presence of cell death markers in individual phagocytes in

the livers of wild-type and tlr4)/) mice infected with Salmonella ent-

erica: bacterial counts in the livers of mice infected with S. typhimu-

rium

Time p.i./organ C57BL/6 tlr4)/) P

72 hr Liver 6�00 ± 0�19 6�25 ± 0�11 0�061

72 hr Spleen 6�06 ± 0�06 6�05 ± 0�08 0�061

96 hr Liver 6�80 ± 0�53 7�83 ± 0�13 0�021

96 hr Spleen 7�01 ± 0�19 7�89 ± 0�18 0�021

The tlr4)/) mice and congenic wild-type control mice on a C57BL/6

background were injected intravenously with Log10 3�11 CFU of

S. Typhimurium strain C5 and bacterial numbers in the livers of

mice (n = 4) were determined at 72 and 96 hr postinfection. Results

are expressed as Log10 viable count ± SD (P is derived from a non-

parametric Kruskal–Wallis test of the raw data with a Bonferroni

step-down correction for multiple testing).

Table 4. Correlation between the number of intracellular bacteria

and the presence of cell death markers in individual phagocytes in

the livers of wild-type and tlr4)/) mice infected with Salmonella ent-

erica: the mean intracellular bacterial load and [range], per marker-

positive and marker-negative cell (C57BL/6 and tlr4)/)) at 72 and

96 hr postinfection (p.i.)

Mean intracellular

bacterial load per cell

C57BL/6 caspase-3-negative (72 hr) 1�42 [1...21] (n = 2946)

C57BL/6 caspase-3-positive (72 hr) 3�15 [1…16] (n = 54)

C57BL/6 caspase-3-negative (96 hr) 1�79 [1…29] (n = 2948)

C57BL/6 caspase-3-positive (96 hr) 2�58 [1…15] (n = 52)

tlr4)/) caspase-3-negative (72 hr) 1�44 [1...27] (n = 3000)

tlr4)/) caspase-3-positive (72 hr) Not detected

tlr4)/) caspase-3-negative (96 hr) 1�68 [1…35] (n = 2993)

tlr4)/) caspase-3-positive (96 hr) 4�57 [1…18] (n = 7)
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C57BL/6 and tlr4)/) mice was higher than that observed

for the BALB/c mice, around one caspase-1-positive cell

in 10 fields (magnification · 63) with a slight increase in

tissues from infected animals. No intracellular bacteria

were found in any caspase-1-positive cells. Our data indi-

cate that, as previously detailed for BALB/c mice, during

a systemic S. enterica infection the livers of C57BL/6 mice

contained caspase-3-positive phagocytes, not all of which

contained bacteria. Furthermore, the mean number of

bacteria in infected caspase-3-positive cells was higher

than in infected non-apoptotic (defined as caspase-3-neg-

ative) phagocytes (Table 4 and Fig. 5). At 96 hr p.i., the

tlr4)/) mice also followed this trend, although the num-

ber of uninfected caspase-3-positive phagocytes was lower

than in the wild-type controls. A non-parametric ran-

domization test did not detect any evidence of a statisti-

cally significant difference between the bacterial loads in

the caspase-3-positive cells in C57BL/6 versus tlr4)/) mice
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Figure 5. Variation of intracellular bacterial

numbers in cell death marker-positive and

-negative phagocytes as a proportion of each

subset of data. Infected caspase-3-positive/neg-

ative phagocytes in the livers of mice infected

with Salmonella Typhimurium C5 (a) C57BL/6

[72 hr postinfection (p.i.)], (b) C57BL/6 (96 hr

p.i.) and (c) tlr4)/) (96 hr p.i.).
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(P = 0�698); however, it should be noted that the sample

size was extremely low for the tlr4)/) group. In the tlr4)/)

mice there were no caspase-3-positive phagocytes contain-

ing Salmonella at 72 hr p.i. (3000 infected phagocytes

counted), although we did observe occasional caspase-

3-positive phagocytes that did not harbour bacteria. Col-

lectively these results suggested that Salmonella-induced

activation of TLR4 was responsible for a component of

caspase-3-dependent programmed cell death observed

during systemic Salmonella infection; however, an addi-

tional as yet undefined TLR4-independent mechanism

must also exist.

Discussion

A recent study reports that the specific nature of the

initial interactions of Salmonella with host cells during

internalization determines the development of the intra-

cellular niche and bacterial response.32 Our previous

research has indicated that the spread and distribution of

S. enterica in the tissues is underlain by a branching

process where intracellular growth is followed by stochas-

tic lysis of phagocytes and redistribution of individual

bacteria to new phagocytic cells.8 The data presented here

provide continued refinement to our understanding of

the variables that govern the dynamics of S. enterica

spread in the tissues. We show that liver phagocytes can

undergo apoptotic caspase-3-mediated cell death in vivo,

with apoptosis being more prevalent in heavily infected

cells and a proportion being dependent on LPS-induced

activation of TLR4. We have evidence for two distinct

mechanisms of S. enterica-induced phagocyte death oper-

ating in parallel but governed by different dynamics.

Caspase-3-mediated cell death is rare and correlates with

intracellular bacterial density, whereas the more common

necrotic lysis and extracellular release of individual bacte-

ria is independent of intracellular bacterial numbers.8

Previous reports, using in vitro tissue culture models,

have indicated that delayed, SipB-independent, macro-

phage apoptosis by Salmonella requires activation via

TLR4, leading to the triggering of signal transduction path-

ways mediated by adapter proteins and cellular kinases.29,31

Once activated, the macrophage is in a balance of opposing

effects of pro- and anti-apoptotic factors, with Salmonella

altering the balance in favour of apoptosis by the action of

virulence effector proteins secreted through type III secre-

tion systems.29,30 TLR4 ligation by LPS also leads to activa-

tion of the double-stranded RNA responsive protein kinase

PKR, which phosphorylates elongation factor eukaryotic

initiation factor-2 (eIF2-a) resulting in the inhibition of

protein synthesis of anti-apoptotic proteins.29,30 Moreover,

PKR and type I interferons can activate interferon response

factor 3 (IRF3), which also induces pro-apoptotic factors

in macrophages.29 This investigation showed that caspase-

3-mediated programmed cell death is more prevalent in

heavily infected cells with a component that is dependent

on LPS-induced activation of TLR4; however, the precise

details of the downstream adapter molecules involved can-

not be extrapolated from this study. Interestingly, a recent

study confirming and extending observations by Hsu

et al.,29 suggests that, at least in tissue culture, S. Typhimu-

rium induces SipB-independent cell death through TLR4

signalling via the adapter proteins Tram and Trif and not

through the adapter proteins Mal or MyD88.31

It is generally believed that apoptotic cells with intact

membranes are engulfed by phagocytes in vivo, whereas

breakup of the membrane of apoptotic cells is occasion-

ally seen in vitro.33 Therefore, it is reasonable to assume

that infected apoptotic host cells would die without

releasing their load of bacteria extracellularly, thus allow-

ing S. enterica to spread intercellularly via apoptotic

bodies, potentially carrying multiple bacteria. This sce-

nario might appear incompatible with our current model

for the spread and distribution of S. enterica in mamma-

lian tissues8 where extracellular release of individual bac-

teria following cell lysis is assumed to be the basis of the

observed increase in the number of infected cells during

infection. However, careful analysis illustrates that

phagocytosis of infected apoptotic bodies would lead for-

mally within the model to a situation where a new

infected host cell simply replaces the previous host cell

containing the same set of bacteria, allowing neither the

redistribution of single bacteria nor an increase in the

number of foci of infection. The ingestion of an infected

apoptotic body by a new host cell would simply allow

the progression of the division of that set of bacteria

within a single host cell without violating the model

assumptions.

Several pathogens (e.g. Listeria and Shigella) have

evolved sophisticated mechanisms of cell-to-cell spread

that allow the bacteria to distribute in the tissues within

an exclusively intracellular environment. Caspase-3-

dependent apoptosis is likely to be of relevance to the

biology of systemic S. enterica infections by providing a

proportion of the bacteria with an intracellular niche

where they can spread and persist in the tissues with min-

imal triggering of inflammatory responses. Intracellular

and extracellular routes of spread in the tissues can also

have vastly different consequences on bacterial susceptibil-

ity to established immune responses (e.g. humoral versus

cell-mediated immunity) or antimicrobial intervention

strategies. Therefore an ability to ‘bet-hedge’34,35 – to mix

these two strategies of cell-to-cell transfer – may broaden

the persistence of this pathogen in the face of an ever

changing host environment. Indeed, bacterial persistence

via apoptotic bodies may explain why antibiotics that

poorly penetrate host cells, e.g. gentamicin, fail to com-

pletely clear all bacteria during an infection.36 The exis-

tence of extracellular bacterial spread (following necrosis)

and intracellular spread (following apoptosis) provide a
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rationale for the requirement for both antibodies and T

cells in immunity to S. enterica and for the limited effi-

cacy of those S. enterica vaccines that elicit only one of

the above mentioned branches of the immune response.

Our work suggests that S. enterica uses a fine balance

between multiple mechanisms to disseminate in the body

and optimally avoid the host immune response. Clearly,

a greater appreciation of the mechanisms and conse-

quences of pathogen-induced host cell death in infected

animals is an important research priority, not only for

our understanding of the dynamics and determinants of

bacterial growth and distribution during infection, but

also for the continued development of novel therapeutic

strategies.
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