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Abstract

Macrophage-pathogen interaction is a complex process and the outcome of this tag-of-war for 

both sides is to live or die. Without attempting to be comprehensive, this review will discuss the 

complexity and significance of the interaction outcomes between macrophages and some 

facultative intracellular bacterial pathogens as exemplified by Francisella, Salmonella, Shigella 

and Yersinia. Upon bacterial infection, macrophages can die by a variety of ways, such as 

apoptosis, autophagic cell death, necrosis, necroptosis, oncosis, pyronecrosis, pyroptosis etc, 

which is the focus of this review.
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Introduction

Before initiating an infection, bacterial pathogens come into contact with the human skin, 

respiratory or gastro-intestinal system and interact with different host cells, such as epithelial 

cell, PMN cell, and macrophage. As sentinels of infection, macrophages are one of the first 

cell types to encounter pathogens, and the frontline of defense when combating bacterial 

infection. During the host cell-pathogen interaction, macrophages can die in many ways 

such as apoptosis, necrosis, pyroptosis and autophagy, and sometimes they are intertwined 
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involving with different and complex underlying mechanisms[1]. This review will start in the 

introduction section with a brief summary of the four different facultative intracellular 

bacterial pathogens about their virulence factors and lifestyle most relevant to pathogen-

macrophage interactions and follow with discussion of various macrophage cell death by a 

very concise introduction of the different cell death definition under each individual section.

Of these four facultative intracellular bacteria except Francisella, all the other 3 Genus of 

enteropathogens harbor one or even two Type three secretion systems (T3SS) which is 

important for their pathogenesis. These secreted T3SS molecules, i.e., SipB (Salmonella), 

IpaB (Shigella), YopJ (Y. pseudotuberculosis) and YopP (Y. enterocolitica) are required for 

Salmonella, Shigella and Yersinia spp. to kill infected macrophages in vitro[2–5].

With some controversy, F. tularensis is described to consist of four subspecies: tularensis, 

holarctica, mediasiatica and novicida[6] and its virulence is partly reflected by its ability to 

replicate within host cells and its cytopathogenicity. Besides carrying one or two copies of 

the pathogenicity island (F. novicida has only one copy) where its major virulence arsenal 

and the T6SS locate, F. tularensis does not produce potent toxin nor harbor any T3SS[7]. 

Among the T6SS proteins, IglA and IglB are believed to form the putative outer tube (the 

“needle” part) and IglC the inner tube of the T6SS whereas IglI and VgrG are secreted[7].

Two distinct species have been described for the Genus of Salmonella: S. bongori and S. 

enterica, and the latter contains two T3SS which secrete effector proteins into the host 

cytosol. Virulence factors encoded by Salmonella Pathogenicity Island-1 (SPI-1) are crucial 

for invasion while those 30-ish molecules secreted by SPI-2 play a key role in the 

intracellular bacterial survival[8, 9].

S. dysenteriae, S. flexneri, S. boydii and S. sonnei are the four species in the genus of 

Shigella and the 214 kb virulence plasmid of S. flexneri contains T3SS including the mxi and 

spa genes encoding IpaB acting as a prominent component of the Mxi-Spa translocon[10, 11].

Human pathogenic Yersinia species include Y. pestis, Y. pseudotuberculosis, and Y. 

enterocolitica, and they all contain a virulence plasmid encoding T3SS and Yersinia outer 

proteins (Yops)[12].

After internalization, these four genus of facultative intracellular pathogens are initially 

enclosed in spacious[13] or compact[14] phagosomes (the Francisella-, Salmonella-, 

Yersinia-containing vacuole). Salmonella are capable of persisting in the relatively mild 

phagosome uncoupled from the normal endocytic route and live inside the macrophage by 

subverting the formation of phagolysosome thus inhibiting digestion by lysosomal action, 

which provides an environment for the pathogen to hide from the immune system and 

replicate[14]. Within a certain period of time varying between pathogens, phagosomes are 

destroyed through known or unknown bacterial factors, allowing microbe access to the 

cytosol where the cytoplasmic bacteria replicate[14]. Y. pestis is armed with a certain 

arsenals when encountering with macrophages and can resist the engulfment of the 

macrophage and choose to remain extracellular[12].
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For years scientists have proposed several versions of recommendations to standardize the 

nomenclature of cell death for the purpose of better communication among scientists and 

ultimate acceleration of the scientific discovery pace[1]. With the progress in this field and 

judging from genetic and biochemical changes, the border between different cell deaths 

becomes blurry. As per nomenclature proposed by the Nomenclature Committee on Cell 

Death[1], we use these definitions therein in each category if available. For the purpose of 

creating less confusion, this review will quote the different sometimes controversial names 

of macrophage cell death as used in the original paper.

Apoptosis

Intrinsic apoptosis is a mitochondrion-centered control mechanism mediated by 

mitochondrial outer membrane permeabilization (MOMP), and extrinsic apoptosis can be 

suppressed by chemical or viral inhibitors and is a caspase-dependent cell death via at least 

one of three major lethal signaling cascades with the involvement of death receptors, 

caspases (-3, -8, -9), bid, and MOMP at different order and time[1]. Challenging the 

traditional belief that apoptotic cell death is generally viewed as non-inflammatory or 

immunosuppressive, a recent study indicates that apoptosis may not necessarily be 

immunologically silent[15].

Shigella

Shigella is the first demonstration that a bacterial pathogen and its clinical cytotoxic isolates 

of both invasive S. flexneri and S. Sonnei can trigger macrophage apoptosis whereas its non-

invasive, plasmid-cured isogenic strain and ipaB (invasion protein antigen) mutant 

cannot[2, 16–18]. To verify that the macrophage death is really apoptosis and not oncosis as 

questioned[19], Hilbi et al.[20] repeated the Shigella infection on human monocyte-derived 

macrophages (HMDM), analyzed the infected macrophages with similar assays as in 

reference[19], and stood firm that HMDM indeed still die of apoptosis. There were two 

major differences in their research approaches though. Hilbi et al.[20] checked the 

TUNEL/DNA fragmentation at one hour post infection (PI) of the macrophages and had 

seen the DNA ladder pattern of apoptosis whereas the other group did that at 30 min and 

failed to see the ladder. Probably the concentration of the caspase inhibitor used in the work 

of Fernandez-Prada et al.[19] was also too low to see any inhibition of caspase activity since 

protection of casp-1 inhibitor is inhibitor-dose and infection-dose dependent.

Contrary to the above mentioned case where virulence is needed for apoptosis induction, 

Shigella is found to induce apoptosis in interferon-γ differentiated U937 cells in a virulence-

independent fashion, i.e., it does not require bacterial internalization as antibiotic-killed 

wildtype (WT) Shigella or its live avirulent mutant, or even Escherichia coli strain JM109 

can do it[21, 22]. It appears that interferon-γ treatment sensitizes U937 cells and lowers its 

threshold for some bacterial product(s) to trigger apoptosis.

Since ipaB mutant is no longer able to translocate many effector proteins by T3SS, the 

following experiments using the purified IpaB protein make it more convincing than the 

mutant strain only to demonstrate that IpaB is the molecule that induces apoptosis. IpaB was 

found to colocalize with casp-1 in the macrophage cytoplasm after microinjecting 
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macrophages with purified IpaB protein[23, 24], on the bacterial surface and vesicular 

membranes[25] and bound directly to casp-1 but not to casp-2 or casp-3[26]. Cholesterol is 

needed for casp-1 activation, and thus Shigella-induced macrophage apoptosis because 

casp-1 is host cell membrane associated when colocalizing with IpaB[25].

Francisella

Most of the Francisella molecules critical for apoptosis induction are encoded by the 

pathogenicity island, either secreted by T6SS or being the core components[7, 27]. F. 

holarctica live vaccine strain (LVS) and its ΔtolC mutant induces J774 apoptosis by 

different kinetics but similar mechanism via an intrinsic apoptotic pathway with 

mitochondrial damage, PS expression, casp-3 activation, and DNA fragmentation[28–33]. 

The ΔtolC mutant is hypercytotoxic with a kinetic as early as 7 h PI and causes apoptosis 

with faster cleavage of casp-3, casp-9, and PARP but independent of casp-1 and casp-8 in 

murine macrophages[29, 31–34] whereas most hypercytotoxic Francisella mutants induce 

pyroptosis[35]. Although F. novicida WT strain U112 triggers casp-3 and casp-1 activation 

by 6 h PI, apoptosis is delayed in infected HMDM[36]. Modulation of Fas and SHIP 

expression, or regulation of PI3K/Akt and MAPK pathways also contribute to apoptosis 

induction by Francisella infection[37, 38].

Francisella mutants unable to proliferate intracellularly are unable to induce apoptosis with 

two exceptions[32, 39]. ΔiglI mutant can replicate as well as its parental strain LVS but 

unable to kill macrophages whereas the ΔpdpC mutant cannot replicate but still can induce 

macrophage apoptosis with a delayed pace[32] by unknown mechanism. Other mutants that 

are partially compromised in their ability escaping out of the phagosome can induce 

macrophage apoptosis but with a slower kinetics.

As the first example that inflammasome is involved in apoptosis induction[40], casp-1−/− 

bone marrow-derived macrophages (BMDM) die via casp-3-dependent apoptosis upon 

sensing cytosolic F. novicida DNA, a process where active casp-8 as the initiator caspase, 

interacts with ASC using the AIM2/ASC inflammasome complex as a novel activation 

platform. With F. novicida, WT macrophages start to die at 6h PI, casp-8 and casp-9 

processing in casp-1−/− BMDM macrophages starts at 8h PI and LDH release at 10h PI, 

which is in contrast with the death of ASC−/− macrophages observed only at 24h PI[40].

In vivo, casp-3 activation and apoptotic cell death have been observed in C57BL/6 mice 

challenged with type A F. tularensis by the intranasal route[31] and in female C3H/HeN 

mice infected with the hypercytotoxic ΔtolC mutant[33]. At 4 days PI, extensive cell death is 

within tissues of type A F. tularensis-infected WT and casp-1−/− but not casp-3−/− mice, and 

dying cells express activated casp-3 but very little activated casp-1, confirming that 

apoptosis in vivo was not mediated by activated casp-1[31]. In infected female C3H/HeN 

mice, 80% splenocytes are casp-3-positive at day 3 PI with the ΔtolC mutant as compared to 

the 8% for the WT LVS[33].
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Salmonella

Three groups of researchers in 1996 demonstrated that Salmonella induces apoptosis 

respectively in J774, RAW264.7, and murine BMDM macrophages[3, 4, 41], which requires 

bacterial internalization but is strictly dependent upon the expression of the invasion-

associated SPI-II T3SS. Mutations in invJ, spaO, sipB, sipC and sipD, but not sipA and sptP 

abolishes apoptosis[3] and mutants unable to cause host cell membrane ruffling also fail to 

induce apoptosis[4]. The rapid, extensive macrophage apoptosis caused by the Lon protease 

mutant of S. typhimurium involves both casp-1 and -3[42]. Purified SipB interacts with 

casp-1 and results in its activation after microinjection into macrophages, which leads to 

apoptosis[43].

Subsequent studies report apoptosis induction by Salmonella with different death 

kinetics[44–50]. Salmonella of a particular growth phase (transition from the exponential to 

the stationary) is reported to induce 90% of the macrophages apoptosis within 30 min PI[44]. 

Another relatively rapid apoptosis occurs within 2 hours PI with S. typhimurium grown 

logarithmically (SPI-1 expression), which depends on sipB and casp-1 but without 

activation of casp-3 and -8[3]. A delayed type of apoptosis occurs between 5 to 12 h PI in 

casp-1−/− macrophages with stationary-phase cultures (SPI-II expression) which is sipB 

independent[45, 48, 49] or even without intracellular bacterial growth[50], similar to the 

Francisella case[32].

Salmonella-induced apoptosis can be a casp-1–independent pathway that involves the 

release of cytochrome c from mitochondria and sequentially targets casp-2, -3, -6, and -8[48]. 

At the top of the caspase activation cascade in Salmonella-infected casp-1−/− macrophages is 

casp-2, already activated 10 min PI, with casp-3 in between and followed by casp-6 and -8 

in the late phase processed 3 h PI. Under anaerobic conditions S. typhi can induce 

macrophage apoptosis mediated by casp-3, reactive nitrogen intermediates and 

monokines[51].

Raf-1 suppresses casp-1 activation, and thus macrophages with conditional inactivation of 

Raf-1 become more sensitive towards Salmonella infection[52]. Casp-1 activity and 

inflammasome receptors NLRP3, NLRC4 are required to inhibit Salmonella to cause 

delayed apoptosis in primary BMBM as monitored with the activity-based probe 

AWP28[53]. Without inflammasome-mediated casp-1 activation or in the absence of 

inflammasome receptors NLRP3, NLRC4, BMDM infected with Salmonella can undergo 

apoptosis[53]. The increased resistance of casp-1−/− mice to Salmonella infection appears 

specific since they remain susceptible to colonization by Y. pseudotuberculosis[54].

Co-activation of Akt by tyrosine kinase and PI-3K in receptor-mediated phagocytosis 

protects cells from apoptosis whereas direct activation of Cdc42 and Rac1 is needed for 

invasive Salmonella to kill U937 macrophages[55]. A geranylgeranyltransferase-1 inhibitor 

that prevents prenylation of Cdc42 and Rac1, GGTI-298, remarkably inhibits apoptosis 

induction of Salmonella[55]. Neither p65 nor IKKβ protects against Salmonella-induced 

apoptosis.
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Yersinia

All the three Yersinia species pathogenic to humans are able to induce apoptosis in naïve 

macrophages. Early in 1997 three independent laboratories reported that two species of 

Yersinia causes apoptosis in human and murine macrophages respectively, all showing that 

Yop effector(s) secreted via the T3SS by bacteria adherent to but outside the macrophages is 

necessary for inducing apoptosis[5, 56, 57], two reports specifically point out that YopJ in Y. 

pseudotuberculosis and YopP in Y. enterocolitica are required for apoptosis[56, 57] and one 

mentions that yopE mutant is more efficient than WT in apoptosis induction for reasons 

unknown[56]. It is hard to make the third species of Yersinia (Y. pestis) cause apoptosis even 

with high MOIs and initial close contact of the bacteria with macrophages by 

centrifugation[58]. A decade later since the finding of YopJ(P) induction of macrophage 

apoptosis, Lilo et al. found that infection with Y. pestis Kim strains can easily induce 

BMDM apoptosis[59]. Definitely there are other genetic differences between the Kim strains 

and other Y. pestis strains, it is the two amino acid (F177L and K206E) differences in the 

sequence of YopJ isoform in the Y. pestis Kim strains from that of Y. pestis CO92[59] that 

make it easier for Kim strains to induce macrophage apoptosis. Unlike the cell death caused 

by strain CO92 Δpgm, Y. pestis Kim strains induce apoptosis when casp-1 activity in 

macrophages is either inhibited (by inhibitor YVAD) or absent (in casp-1−/− macrophages).

Yersinia infection cleaves Bid to its truncated form tBid and tBid translocation to 

mitochondria induces cytochrome c release, which further leads to cascade activation of 

procasp-9, -3 and -7[60]. Bid cleavage clearly occurs before cytochrome c release so its 

cleavage is not affected by the inhibition of casp-3 and -7[60], suggesting a separate death 

pathway. Y. pestis can induce YopJ-dependent apoptosis of RAW264.7 macrophages via the 

intrinsic or extrinsic pathways and YopK is required for the extrinsic pathway independent 

of casp-9 and acting upstream of casp-8 to regulate YopJ-mediated apoptosis[61], which can 

be blocked by the inhibition of casp-8. Although macrophages primed by IFN-γ are less 

sensitive to apoptosis, Y. pestis can overcome the protection of LcrV antibody and the 

counterattack from IFN-γ stimulation and still manage to induce apoptosis in murine 

macrophages[62]. Although MAPK pathway promotes macrophage survival independently 

of the NF-κB pathway in response to Yersinia infection, macrophage cells can use both 

pathways to up-regulate apoptosis inhibitor gene expression, and IKKβ and the subunit p65 

of NF-κB to protect cells from apoptosis, so disrupting these pathways by YopJ is important 

for rapid apoptosis induction[63].

Early following infection in vivo, YopK can modulate macrophage apoptosis[61] but 

ultimately WT Yersinia can cause Mac-1+ cell apoptosis in mesenteric lymph nodes and 

spleens[64].

Autophagic cell death

Autophagy is an activated response to cellular stress by dying cells, and can be inhibited by 

specific chemicals and/or suppressed by genetic means by knocking down the expression of 

some distinct essential autophagic proteins, which will accelerate, rather than prevent, cell 

death[1].
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Macrophages infected with S. typhimurium can die by autophagy via disrupting 

mitochondria making them swollen and devoid of christae through the membrane fusion 

activity of sipB[65]. Upon infection, casp-1−/− BMDM macrophages form numerous unusual 

multimembrane-bound autophagosomes which contain both mitochondrial and endoplasmic 

reticulum markers.

Although intended to function as a host defense mechanism to eliminate invading pathogens, 

certain virulent pathogens can manipulate the endosomal membrane system and induce 

autophagy to enhance their intracellular replication but autophagy does not actually execute 

host cell demise. Of note, those autophagy that cannot be blocked by inhibitor(s) should not 

be classified as autophagic cell death.

Necrosis

Recent discoveries find that necrosis may also be programmed, thus a regulated process, and 

by definition is oversimplified and may include other forms of cell death as discussed 

elsewhere in this review.

Salmonella-infected macrophages can be killed by an unusual necrosis depending on casp-1 

that glycine can completely block the cytotoxicity[66].

The intracellular ATP levels of HMDM but not monocytes infected by virulent Shigella 

drop by >50% within 30 min PI, and within 2 h, 59% ± 6% of HMDM cell membrane is 

permeable[67]. The ipa mutant strain N1411 is unable to cause this rapid necrosis and 

cytochalasin D pretreatment of macrophages can prevent Shigella-induced necrosis[21, 67]. 

Within one hour of infection, S. flexneri induces necrotic cell death in J774 and all-trans-

retinoic acid differentiated U937 macrophages with pores estimated of about 2.87 nm in 

diameter inserted into the host cell membrane[21, 67], where DNA fragmentation in the 

nuclei of dead macrophages by TUNEL staining is diffuse and without casp-1 and casp-3/-7 

activation as measured fluorometrically. In contrast, the infected macrophages in another 

study die of necrosis with cleavage and activation of casp-1, -3, and -9, which is 

independent of TLR4 or IpaB activity and potentially mediated by bacterial lipid A 

translocation into macrophage cytosol[68]. What causes this difference is currently unknown. 

Necrosis in casp-1−/− macrophages occurs later as compared with the WT macrophages[68].

Necroptosis

Necroptosis is sometimes induced by TNF-mediated TNFR1 ligation through activation of 

the RIP family kinases and dependent on activation of RIP1, RIP3, or mixed lineage kinase 

domain-like[69], which is inhibited by the RIP1-targeting necrostatin[1]. Since casp-8 is the 

central canonical inhibitor of kinases of the RIP family and necroptosis, necroptosis can be 

suppressed by casp-8/FADD-mediated apoptosis[69], or conversely when casp-8 activity is 

blocked it leads to necroptosis[70]. Up to date, there is only one example in the literature 

describing that facultative intracellular bacterium causes infected macrophages 

necroptosis[71].
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BMDM of the WT or of the TNFR1&2−/−, Ifnar1−/− (IFNAR-deficient), Rip3−/− mice with 

C57BL/6J background are infected with S. typhimurium and cell death is defined as 

necroptosis based on the following findings that treatment with necrostatin, or YVAD-CHO, 

or RIP3-specific small interfering RNA, results in substantially less macrophage death. The 

PARP cleavage pattern into approximately 72 kDa/50 kDa fragments is specific for necrotic 

death, which is quite different in size from the 89 kDa/24 kDa fragments of apoptotic cells. 

TUNEL staining in infected WT macrophages is diffuse, which is in sharp contrast to the 

typical condensed chromatin staining in apoptosis. Casp-8 is downregulated in infected 

macrophages. Moreover, macrophages from Rip3−/− mice undergo significantly less S. 

typhimurium–induced death. Anti-TNF treatment of WT macrophages has no effect in 

preventing necroptosis and TNFR1&2−/− macrophages are not resistant to death from 

infection of S. typhimurium, which is different from the initial study where necroptosis is 

induced by TNFR1 ligation[70, 71].

Compared to the massive necroptosis and induction of type I interferon (IFN-α and IFN-β) 

in the WT macrophages, Ifnar1−/− macrophages can resist necroptosis induction by S. 

typhimurium infection even primed with LPS. Consistent with its intact cytokine signaling, 

these Ifnar1−/− macrophages have almost the same level of NF-κB subunit p65, 

phosphorylated IκB, phosphatidylinositol-3-OH kinase, p10 fragment of casp-1 and the 

transcription factor STAT1, STAT3 and secretion of type I interferon, IL-6 and IL-12. The 

only observed difference is that Ifnar1−/− macrophages do release more IL-1β than the WT 

macrophages but its resistance to S. typhimurium infection seems to be independent of IL-1β 

release. Although neutralization of IL-1β has no substantial influence on the burden of S. 

typhimurium in Ifnar1−/− mice, treatment with anti-IFN-β but not anti-IFN-α, or L-NMMA 

prevents necroptosis of WT macrophages in vitro.

In the absence of type I interferon signaling, survival of intravenous and intraperitoneal S. 

typhimurium-infected Ifnar1−/− mice is enhanced and the bacterial burden in spleen and liver 

is much lower, whereas those TNFR1 and TNFR2, or iNOS2 or IFN-r deficient mice have a 

slightly higher susceptibility to S. typhimurium infection and IL-6 seems insignificant for 

infection. Furthermore, 5 days PI of S. typhimurium, spleens of Rip3−/− mice have 

remarkably more CD11b+F4/80+ macrophages and contain less TUNEL+ or propidium 

iodide positive staining macrophages than those of the WT. In summary, S. typhimurium 

infection leads to casp-8 downregulation, type I interferon (IFN-α and IFN-β) induction and 

necroptosis mediated by RIP1- and RIP3, and ultimately lost control of pathogen in 

macrophages.

Oncosis

Oncosis is eukaryotic cell death featured by cellular swelling[72, 73] with unclear mechanism, 

although ATP depletion or increase of intracellular calcium level has been suggested to be 

the cues that eventually leads to cellular swelling and further malfunction of ion 

channels[74].

HMDM undergo oncosis one hour PI with S. flexneri uninhibitable with caspase inhibitor 

ZVAD-fmk[19, 75], and human monoblastic U937 cells undifferentiated or differentiated 
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with all-trans-retinoic acid die with features of oncosis 2 h after S. flexneri infection[22]. 

Intracellular Salmonella can induce oncosis in three kinds of macrophages (RAW264.7, 

J774A.1, and BALB/c peritoneal macrophage cells)[76]. RAW264.7 macrophages infected 

with opsonized log phase Salmonella show morphology of oncosis after 6 h and exhibit 

casp-1 and -3 activities but are TUNEL negative[76]. PARP activity or DNA fragmentation 

is not required in the lysis of S. typhimurium-infected macrophages, which distinguishes 

oncosis from pyroptosis[77]. How macrophages will react to stationary phase Salmonella 

infection under this experimental setting remains to be tested.

Pyronecrosis

A novel type of necrotic macrophage death termed pyronecrosis mediated by the CIAS1/

Cryopyrin/NLRP3 and ASC is reported in S. flexneri infection[78].

Peritoneal macrophages and BMDM from WT or CIAS1−/− mice, and ASC-deficient THP-1 

macrophages infected with S. flexneri undergo pyronecrosis within 6 h with no cleavage of 

PARP. WT Shigella but not the plasmid-cured BS103 strain causes CIAS1-dependent 

pyronecrosis in primary macrophages. In contrast, S. flexneri-induced pyronecrosis is 

substantially reduced in CIAS1−/− BMDM and ASC-deficient THP-1 cells. Whereas 

casp-1−/− BMDM die a similar rate relative to its WT counterpart upon S. flexneri infection, 

casp-1 remains essential for IL-1β activation. In addition, Shigella-induced pyronecrosis 

triggers the release of HMGB1, a chromatin-associated protein and a proinflammatory 

mediator from necrotic cells. Although the casp-1-specific inhibitor YVAD abrogates IL-1β 

and IL-18 secretion substantially, it fails to block pyronecrosis. Glycine, previously effective 

for reducing Shigella-induced apoptosis and IL-1β release[79], is not effective at all for 

pyronecrosis. Among all the inhibitors tested, only the cathepsin B inhibitor Ca-074-Me 

substantially blocks cell death. Taken together, these results suggest that Shigella-induced 

pyronecrosis proceeds through cathepsin B, is mediated by cryopyrin and ASC, independent 

of either casp-1, IL-1β, IL-18 or the inflammasome. Macrophage cell death induced by 

Francisella, S. typhi and S. typhimurium are cryopyrin-independent, in sharp contrast to the 

cryopyrin-dependence of Shigella, demonstrating that the role of cryopyrin is pathogen 

specific and cannot be generalized to any intracellular bacteria.

Pyroptosis

Depending on casp-1 and whether suppressible by genetic means or with specific exogenous 

caspase inhibitors, pyroptosis is related to the generation of pyrogenic mediators and 

regulated by inflammasome which contains cytosolic pattern recognition receptors (PRRs), 

casp-1, and often the adapter protein ASC[1]. There are at least 8 different inflammasomes 

identified so far[80], and 5 of them are involved in bacterium-induced pyroptosis[81]. 

NLRP1, AIM2, IPAF, NLRP3 are activated by anthrax lethal toxin, cytosol DNA, flagellin 

or T3SS component, and a broad range of stimuli, respectively. Aggregation of ASC with 

NLR/PYHIN and casp-1 leads to the formation of one large ASC focus, which mediates 

very efficient processing of pro-inflammatory cytokines and release of cytokines[82].
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Salmonella

First used in 2000 to define the cell death in macrophages infected by Salmonella[72], the 

proinflammatory pyroptosis is induced by Salmonella which is detected by NLRP3 and 

NLRC4 inflammasomes, resulting in casp-1 activation which is required to bypass 

apoptosis[83, 84]. Although both S. typhi and S. typhimurium can induce pyroptosis in naive 

macrophages[85], prior activation by LPS or IFN-γ lowers the threshold to pyroptosis for 

RAW 264.7 macrophages[4]. Salmonella-induced pyroptosis in IFN-γ sensitized RAW264.7 

cells that express guanylate binding protein 5 requires T3SS SPI-1 and the activation of 

casp-1[86]. S. typhimurium infection of the non-mammal sea bream macrophages also 

induces a casp-1-dependent pyroptotic cell death, and processing and secretion of IL-1β that 

is casp-1-independent[87], indicating that pyroptosis is reserved among vertebrate animals. 

Ca2+ and potassium fluxes are not necessarily required for Salmonella to activate casp-1 and 

induce inflammasome formation[88], different to occasions where they are needed for casp-1 

activation. Salmonella induces expression and activation of casp-11 through a Toll-like 

receptor 4 (TLR4)-dependent and TIR-domain containing adaptor-inducing IFN-β (TRIF)-

mediated IFNβ signaling pathway. Consistent with this, Ifnar1−/− or Irf3−/−, or Stat-1−/− 

macrophages infected with mutant Salmonella does not process casp-11 or activate the non-

canonical cell death pathway. Furthermore, casp1−/− mice are significantly more susceptible 

to Salmonella infection than the double knockout mice (casp-1−/−/casp-11−/−)[89].

Francisella

Although seems dispensable for normal NF-kB and ERK signaling, ASC is essential for 

casp-1 activation in WT F. novicida and LVS-induced pyroptosis whereas NLRP3, NLRC4, 

IPAF are not, and Nod2 is not needed for detection of intracellular F. tularensis[90]. Cytosol 

Francisella or their DNA induces type I IFN in an IRF3-dependent manner[91] and Aim2 

inflammasome activation and pyroptosis[90–92], and in Irf3−/− and Ifnar−/− BMDM, Aim2 

inflammasome activation and IL-1β secretion are abrogated[93]. Further study reveals that a 

group of F. novicida hypercytotoxic mutants lyse more intracellularly, thus cause more 

AIM2-dependent pyroptosis and enhance other innate immune signaling pathways[94]. 

During F. novicida infection in vivo, extensive type I IFN–dependent pyroptosis occurs, 

resulting in macrophage depletion and control of bacterial replication[91].

Shigella

Shigella needs an intact T3SS to induce the IPAF-dependent, flagellin and ASC-independent 

macrophage pyroptosis[95]. A recent study reports that other proteases can contribute to 

proIL-1β cleavage in addition of casp-1[95]. Purified IpaB can form ion channels by 

spontaneous oligomerization and inserting into the host plasma membrane, which perturbs 

homeostasis of monovalent anorganic cations in the endolysosomal compartments. The 

chain reaction of membrane disintegration, endolysosomal leakage, IPAF/ASC 

inflammasome formation and casp-1 activation ultimately causes macrophage pyroptosis[96].

Yersinia

Pyroptosis of activated macrophages infected with Y. pseudotuberculosis requires the T3SS, 

a process without involvement of either YopJ or any of the other known translocated 
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effector molecules from the bacterial side[97], or RIPK1, FADD, or casp-8 from the host cell 

side[98]. Casp-1 activation by a yet unknown ligand translocated by the T3SS of Y. pestis 

leads to casp-1-dependent pyroptosis in activated macrophages[97]. Currently two Yops are 

found to be able to inhibit casp-1 activation, in particular YopK can inhibit inflammasome 

activation in naïve, LPS-primed or LPS-activated macrophages[99]. YopM blocks pyroptosis 

in LPS-activated macrophages in vitro by inhibiting casp-1 activity via binding directly to 

and sequestering casp-1 and aborting inflammasome formation, and its role for Yersinia 

pathogenesis in vivo is demonstrated in disease development[99].

IPAF is critical in pathogen-induced pyroptosis but the role of the host adaptor protein ASC 

is controversial. For Salmonella, one study claims ASC is required for[100] whereas another 

suggests it is dispensable in casp-1 activation[95] and the resolution awaits. In the absence of 

ASC, casp-1 activation may be dispensable to Shigella-induced pyroptosis, which is a 

defining point much different from other cases of pyroptosis. While Shigella induces 

pyroptosis depending on cryopyrin, S. typhimurium or F. tularensis do in a cryopyrin-

independent fashion[90, 101]. AIM2 is critical to Francisella but dispensable to S. 

typhimurium induction of pyroptosis[93].

Summary

Macrophage response during host–pathogen interactions is a complex process and bacterial 

pathogens can manipulate macrophage death pathways to influence the fate and outcome of 

infection/disease and the integrity of the host defense barrier/immunity. Some seemingly 

differences regarding the nature of macrophage death may simply attribute to the different 

experimental settings, such as the differences of host species, host cell types and 

pretreatments, bacterial strain and its preparation (for instance, culture), infection protocol in 

vitro/in vivo (route, dose/ multiplicity of infection, and duration), and the methodology used 

to analyze cells, and so forth. It appears that caspases can tip the balance and make the 

delicate decision which mode of macrophage cell death to go. In the absence (inhibition or 

depletion) of active apoptotic caspases, macrophages can die by an inflammatory cell death 

such as necrosis, oncosis, pyroptosis with the participation of IFNs and interleukins. 

Activation of the apoptotic caspase cascade can block the cGAS/STING pathway, inactivate 

the IFN response, and generate the classical "eat me" signal[102–104] to make the 

macrophage death immunologically silent.

Activated macrophages can be classified as M1 and M2[105] and some pathogens have 

evolved strategies to actively polarize cells toward the M2 phenotype as a virulence 

mechanism. S. typhimurium associates with M2 macrophages at later stages of infection[106] 

and requires them as a unique niche for long-term intracellular survival and persistence[107]. 

Francisella can redirect macrophage differentiation from M1 to M2 and survive at the 

expense of the host[108]. Whether M1 or M2 macrophages would die differently upon 

infection in vivo and in vitro remains to be investigated. Better understanding the molecular 

details of the macrophage death response during host–pathogen interactions will definitely 

provide new avenues for better control of bacterial infection and inflammatory disease 

progression.

Lai et al. Page 11

Macrophage (Houst). Author manuscript; available in PMC 2015 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgement

This work was supported by the National Natural Scientific Fund (81371748) and National Institutes of Health 
(R01GM100474-04).

References

1. Galluzzi L, Vitale I, Abrams JM, Alnemri ES, Baehrecke EH, Blagosklonny MV, et al. Molecular 
definitions of cell death subroutines: recommendations of the Nomenclature Committee on Cell 
Death 2012. Cell Death Differ. 2012; 19:107–120. [PubMed: 21760595] 

2. Zychlinsky A, Prevost MC, Sansonetti PJ. Shigella flexneri induces apoptosis in infected 
macrophages. Nature. 1992; 358:167–169. [PubMed: 1614548] 

3. Chen LM, Kaniga K, Galán JE. Salmonella spp. are cytotoxic for cultured macrophages. Mol 
Microbiol. 1996; 21:1101–1115. [PubMed: 8885278] 

4. Monack DM, Raupach B, Hromockyj AE, Falkow S. Salmonella typhimurium invasion induces 
apoptosis in infected macrophages. Proc Natl Acad Sci U S A. 1996; 93:9833–9838. [PubMed: 
8790417] 

5. Mills SD, Boland A, Sory MP, van der Smissen P, Kerbourch C, Finlay BB, et al. Yersinia 
enterocolitica induces apoptosis in macrophages by a process requiring functional type III secretion 
and translocation mechanisms and involving YopP, presumably acting as an effector protein. Proc 
Natl Acad Sci U S A. 1997; 94:12638–12643. [PubMed: 9356502] 

6. Keim P, Johansson A, Wagner DM. Molecular epidemiology, evolution, and ecology of Francisella. 
Ann N Y Acad Sci. 2007; 1105:30–66. [PubMed: 17435120] 

7. Clemens DL, Ge P, Lee BY, Horwitz MA, Zhou ZH. Atomic Structure of T6SS Reveals Interlaced 
Array Essential to Function. Cell. 2015; 160:940–951. [PubMed: 25723168] 

8. Galán JE. Interaction of Salmonella with host cells through the centisome 63 type III secretion 
system. Curr Opin Microbiol. 1999; 2:46–50. [PubMed: 10047557] 

9. Waterman SR, Holden DW. Functions and effectors of the Salmonella pathogenicity island 2 type 
III secretion system. Cell Microbiol. 2003; 5:501–511. [PubMed: 12864810] 

10. Buchrieser C, Glaser P, Rusniok C, Nedjari H, D'Hauteville H, Kunst F, et al. The virulence 
plasmid pWR100 and the repertoire of proteins secreted by the type III secretion apparatus of 
Shigella flexneri. Mol Microbiol. 2000; 38:760–771. [PubMed: 11115111] 

11. Cossart P, Sansonetti PJ. Bacterial invasion: the paradigms of enteroinvasive pathogens. Science. 
2004; 304:242–248. [PubMed: 15073367] 

12. Cornelis GR, Wolf-Watz H. The Yersinia Yop virulon: a bacterial system for subverting 
eukaryotic cells. Mol Microbiol. 1997; 23:861–867. [PubMed: 9076724] 

13. Clemens DL, Horwitz MA. Uptake and intracellular fate of Francisella tularensis in human 
macrophages. Ann N Y Acad Sci. 2007; 1105:160–186. [PubMed: 17435118] 

14. Aderem A, Underhill DM. Mechanisms of phagocytosis in macrophages. Annu Rev Immunol. 
1999; 17:593–623. [PubMed: 10358769] 

15. Zheng Y, Lilo S, Brodsky IE, Zhang Y, Medzhitov R, Marcu KB, et al. A Yersinia effector with 
enhanced inhibitory activity on the NF-κB pathway activates the NLRP3/ASC/caspase-1 
inflammasome in macrophages. PLoS Pathog. 2011; 7:e1002026. [PubMed: 21533069] 

16. Zychlinsky A, Kenny B, Ménard R, Prévost MC, Holland IB, Sansonetti PJ. IpaB mediates 
macrophage apoptosis induced by Shigella flexneri. Mol Microbiol. 1994; 11:619–627. [PubMed: 
8196540] 

17. Zychlinsky A, Fitting C, Cavaillon JM, Sansonetti PJ. Interleukin 1 is released by murine 
macrophages during apoptosis induced by Shigella flexneri. J Clin Invest. 1994; 94:1328–1332. 
[PubMed: 8083373] 

18. Guichon A, Zychlinsky A. Clinical isolates of Shigella species induce apoptosis in macrophages. J 
Infect Dis. 1997; 175:470–473. [PubMed: 9203676] 

19. Fernandez-Prada CM, Hoover DL, Tall BD, Venkatesan MM. Human monocyte-derived 
macrophages infected with virulent Shigella flexneri in vitro undergo a rapid cytolytic event 
similar to oncosis but not apoptosis. Infect Immun. 1997; 65:1486–1496. [PubMed: 9119491] 

Lai et al. Page 12

Macrophage (Houst). Author manuscript; available in PMC 2015 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



20. Hilbi H, Chen Y, Thirumalai K, Zychlinsky A. The interleukin 1beta-converting enzyme, caspase 
1, is activated during Shigella flexneri-induced apoptosis in human monocyte-derived 
macrophages. Infect Immun. 1997; 65:5165–5170. [PubMed: 9393811] 

21. Nonaka T, Kuwabara T, Mimuro H, Kuwae A, Imajoh-Ohmi S. Shigella-induced necrosis and 
apoptosis of U937 cells and J774 macrophages. Microbiology. 2003; 149:2513–2527. [PubMed: 
12949176] 

22. Nonaka T, Kuwae A, Sasakawa C, Imajoh-Ohmi S. Shigella flexneri YSH6000 induces two types 
of cell death, apoptosis and oncosis, in the differentiated human monoblastic cell line U937. 
FEMS Microbiol Lett. 1999; 174:89–95. [PubMed: 10234825] 

23. Chen Y, Smith MR, Thirumalai K, Zychlinsky A. A bacterial invasin induces macrophage 
apoptosis by binding directly to ICE. EMBO J. 1996; 15:3853–3860. [PubMed: 8670890] 

24. Thirumalai K, Kim KS, Zychlinsky A. IpaB, a Shigella flexneri invasin, colocalizes with 
interleukin-1 beta-converting enzyme in the cytoplasm of macrophages. Infect Immun. 1997; 
65:787–793. [PubMed: 9009343] 

25. Schroeder GN, Hilbi H. Cholesterol is required to trigger caspase-1 activation and macrophage 
apoptosis after phagosomal escape of Shigella. Cell Microbiol. 2007; 9:265–278. [PubMed: 
16925787] 

26. Hilbi H, Moss JE, Hersh D, Chen Y, Arondel J, Banerjee S, et al. Shigella-induced apoptosis is 
dependent on caspase-1 which binds to IpaB. J Biol Chem. 1998; 273:32895–32900. [PubMed: 
9830039] 

27. Nano FE, Zhang N, Cowley SC, Klose KE, Cheung KK, Roberts MJ, et al. A Francisella tularensis 
pathogenicity island required for intramacrophage growth. J Bacteriol. 2004; 186:6430–6436. 
[PubMed: 15375123] 

28. Lai XH, Golovliov I, Sjöstedt A. Francisella tularensis induces cytopathogenicity and apoptosis in 
murine macrophages via a mechanism that requires intracellular bacterial multiplication. Infect 
Immun. 2001; 69:4691–4694. [PubMed: 11402018] 

29. Lai XH, Sjöstedt A. Delineation of the molecular mechanisms of Francisella tularensis-induced 
apoptosis in murine macrophages. Infect Immun. 2003; 71:4642–4646. [PubMed: 12874344] 

30. Rasmussen JW, Cello J, Gil H, Forestal CA, Furie MB, Thanassi DG, et al. Mac-1+ cells are the 
predominant subset in the early hepatic lesions of mice infected with Francisella tularensis. Infect 
Immun. 2006; 74:6590–6598. [PubMed: 17000726] 

31. Wickstrum JR, Bokhari SM, Fischer JL, Pinson DM, Yeh HW, Horvat RT, et al. Francisella 
tularensis induces extensive caspase-3 activation and apoptotic cell death in the tissues of infected 
mice. Infect Immun. 2009; 77:4827–4836. [PubMed: 19703976] 

32. Lindgren M, Eneslätt K, Bröms JE, Sjöstedt A. Importance of PdpC, IglC, IglI, and IglG for 
modulation of a host cell death pathway induced by Francisella tularensis. Infect Immun. 2013; 
81:2076–2084. [PubMed: 23529623] 

33. Doyle CR, Pan JA, Mena P, Zong WX, Thanassi DG. TolC-dependent modulation of host cell 
death by the Francisella tularensis live vaccine strain. Infect Immun. 2014; 82:2068–2078. 
[PubMed: 24614652] 

34. Platz GJ, Bublitz DC, Mena P, Benach JL, Furie MB, Thanassi DG. A tolC mutant of Francisella 
tularensis is hypercytotoxic compared to the wild type and elicits increased proinflammatory 
responses from host cells. Infect Immun. 2010; 78:1022–1031. [PubMed: 20028804] 

35. Weiss DS, Brotcke A, Henry T, Margolis JJ, Chan K, Monack DM. In vivo negative selection 
screen identifies genes required for Francisella virulence. Proc Natl Acad Sci U S A. 2007; 
104:6037–6042. [PubMed: 17389372] 

36. Santic M, Pavokovic G, Jones S, Asare R, Kwaik YA. Regulation of apoptosis and anti-apoptosis 
signalling by Francisella tularensis. Microbes Infect. 2010; 12:126–134. [PubMed: 19925880] 

37. Hrstka R, Stulík J, Vojtesek B. The role of MAPK signal pathways during Francisella tularensis 
LVS infection-induced apoptosis in murine macrophages. Microbes Infect. 2005; 7:619–625. 
[PubMed: 15820149] 

38. Rajaram MV, Butchar JP, Parsa KV, Cremer TJ, Amer A, Schlesinger LS, et al. Akt and SHIP 
modulate Francisella escape from the phagosome and induction of the Fas-mediated death 
pathway. PLoS One. 2009; 4:e7919. [PubMed: 19936232] 

Lai et al. Page 13

Macrophage (Houst). Author manuscript; available in PMC 2015 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



39. Lai XH, Golovliov I, Sjöstedt A. Expression of IglC is necessary for intracellular growth and 
induction of apoptosis in murine macrophages by Francisella tularensis. Microb Pathog. 2004; 
37:225–230. [PubMed: 15519043] 

40. Pierini R, Juruj C, Perret M, Jones CL, Mangeot P, Weiss DS, et al. AIM2/ASC triggers caspase-8-
dependent apoptosis in Francisella-infected caspase-1-deficient macrophages. Cell Death Differ. 
2012; 19:1709–1721. [PubMed: 22555457] 

41. Lindgren SW, Stojiljkovic I, Heffron F. Macrophage killing is an essential virulence mechanism of 
Salmonella typhimurium. Proc Natl Acad Sci U S A. 1996; 93:4197–4201. [PubMed: 8633040] 

42. Takaya A, Suzuki A, Kikuchi Y, Eguchi M, Isogai E, Tomoyasu T, et al. Derepression of 
Salmonella pathogenicity island 1 genes within macrophages leads to rapid apoptosis via 
caspase-1- and caspase-3-dependent pathways. Cell Microbiol. 2005; 7:79–90. [PubMed: 
15617525] 

43. Hersh D, Monack DM, Smith MR, Ghori N, Falkow S, Zychlinsky A. The Salmonella invasin 
SipB induces macrophage apoptosis by binding to caspase-1. Proc Natl Acad Sci U S A. 1999; 
96:2396–2401. [PubMed: 10051653] 

44. Lundberg U, Vinatzer U, Berdnik D, von Gabain A, Baccarini M. Growth phase-regulated 
induction of Salmonella-induced macrophage apoptosis correlates with transient expression of 
SPI-1 genes. J Bacteriol. 1999; 181:3433–3437. [PubMed: 10348855] 

45. Valle E, Guiney DG. Characterization of Salmonella-induced cell death in human macrophage-like 
THP-1 cells. Infect Immun. 2005; 73:2835–2840. [PubMed: 15845488] 

46. Chander H, Majumdar S, Sapru S, Rishi P. Macrophage cell death due to Salmonella enterica 
serovar Typhi and its acid stress protein has features of apoptosis. Microbiol Immunol. 2005; 
49:323–330. [PubMed: 15840957] 

47. Zhou X, Mantis N, Zhang XR, Potoka DA, Watkins SC, Ford HR. Salmonella typhimurium 
induces apoptosis in human monocyte-derived macrophages. Microbiol Immunol. 2000; 44:987–
995. [PubMed: 11220687] 

48. Jesenberger V, Procyk KJ, Yuan J, Reipert S, Baccarini M. Salmonella-induced caspase-2 
activation in macrophages: a novel mechanism in pathogen-mediated apoptosis. J Exp Med. 2000; 
192:1035–1046. [PubMed: 11015444] 

49. Santos RL, Tsolis RM, Bäumler AJ, Smith R 3rd, Adams LG. Salmonella enterica serovar 
typhimurium induces cell death in bovine monocyte-derived macrophages by early sipB-
dependent and delayed sipB-independent mechanisms. Infect Immun. 2001; 69:2293–2301. 
[PubMed: 11254586] 

50. van der Velden AW, Lindgren SW, Worley MJ, Heffron F. Salmonella pathogenicity island 1-
independent induction of apoptosis in infected macrophages by Salmonella enterica serotype 
typhimurium. Infect Immun. 2000; 68:5702–5709. [PubMed: 10992474] 

51. Chanana V, Ray P, Rishi DB, Rishi P. Reactive nitrogen intermediates and monokines induce 
caspase-3 mediated macrophage apoptosis by anaerobically stressed Salmonella typhi. Clin Exp 
Immunol. 2007; 150:368–374. [PubMed: 17888027] 

52. Jesenberger V, Procyk KJ, Rüth J, Schreiber M, Theussl HC, Wagner EF, Baccarini M. Protective 
role of Raf-1 in Salmonella-induced macrophage apoptosis. J Exp Med. 2001; 193:353–364. 
[PubMed: 11157055] 

53. Puri AW, Broz P, Shen A, Monack DM, Bogyo M. Caspase-1 activity is required to bypass 
macrophage apoptosis upon Salmonella infection. Nat Chem Biol. 2012; 8:745–747. [PubMed: 
22797665] 

54. Monack DM, Hersh D, Ghori N, Bouley D, Zychlinsky A, Falkow S. Salmonella exploits 
caspase-1 to colonize Peyer's patches in a murine typhoid model. J Exp Med. 2000; 192:249–258. 
[PubMed: 10899911] 

55. Forsberg M, Blomgran R, Lerm M, Särndahl E, Sebti SM, Hamilton A, et al. Differential effects of 
invasion by and phagocytosis of Salmonella typhimurium on apoptosis in human macrophages: 
potential role of Rho-GTPases and Akt. J Leukoc Biol. 2003; 74:620–629. [PubMed: 12960245] 

56. Ruckdeschel K, Roggenkamp A, Lafont V, Mangeat P, Heesemann J, Rouot B. Interaction of 
Yersinia enterocolitica with macrophages leads to macrophage cell death through apoptosis. Infect 
Immun. 1997; 65:4813–4821. [PubMed: 9353070] 

Lai et al. Page 14

Macrophage (Houst). Author manuscript; available in PMC 2015 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



57. Monack DM, Mecsas J, Ghori N, Falkow S. Yersinia signals macrophages to undergo apoptosis 
and YopJ is necessary for this cell death. Proc Natl Acad Sci U S A. 1997; 94:10385–10390. 
[PubMed: 9294220] 

58. Zauberman A, Cohen S, Mamroud E, Flashner Y, Tidhar A, Ber R, et al. Interaction of Yersinia 
pestis with macrophages: limitations in YopJ-dependent apoptosis. Infect Immun. 2006; 74:3239–
3250. [PubMed: 16714551] 

59. Lilo S, Zheng Y, Bliska JB. Caspase-1 activation in macrophages infected with Yersinia pestis 
KIM requires the type III secretion system effector YopJ. Infect Immun. 2008; 76:3911–3923. 
[PubMed: 18559430] 

60. Denecker G, Declercq W, Geuijen CA, Boland A, Benabdillah R, van Gurp M, et al. Yersinia 
enterocolitica YopP-induced apoptosis of macrophages involves the apoptotic signaling cascade 
upstream of bid. J Biol Chem. 2001; 276:19706–19714. [PubMed: 11279213] 

61. Peters KN, Dhariwala MO, Hughes Hanks JM, Brown CR, Anderson DM. Early apoptosis of 
macrophages modulated by injection of Yersinia pestis YopK promotes progression of primary 
pneumonic plague. PLoS Pathog. 2013; 9:e1003324. [PubMed: 23633954] 

62. Noel BL, Lilo S, Capurso D, Hill J, Bliska JB. Yersinia pestis can bypass protective antibodies to 
LcrV and activation with gamma interferon to survive and induce apoptosis in murine 
macrophages. Clin Vaccine Immunol. 2009; 16:1457–1466. [PubMed: 19710295] 

63. Zhang Y, Ting AT, Marcu KB, Bliska JB. Inhibition of MAPK and NF-kappa B pathways is 
necessary for rapid apoptosis in macrophages infected with Yersinia. J Immunol. 2005; 174:7939–
7949. [PubMed: 15944300] 

64. Monack DM, Mecsas J, Bouley D, Falkow S. Yersinia-induced apoptosis in vivo aids in the 
establishment of a systemic infection of mice. J Exp Med. 1998; 188:2127–2137. [PubMed: 
9841926] 

65. Hernandez LD, Pypaert M, Flavell RA, Galán JE. A Salmonella protein causes macrophage cell 
death by inducing autophagy. J Cell Biol. 2003; 163:1123–1131. [PubMed: 14662750] 

66. Brennan MA, Cookson BT. Salmonella induces macrophage death by caspase-1-dependent 
necrosis. Mol Microbiol. 2000; 38:31–40. [PubMed: 11029688] 

67. Koterski JF, Nahvi M, Venkatesan MM, Haimovich B. Virulent Shigella flexneri causes damage to 
mitochondria and triggers necrosis in infected human monocyte-derived macrophages. Infect 
Immun. 2005; 73:504–513. [PubMed: 15618190] 

68. Suzuki T, Nakanishi K, Tsutsui H, Iwai H, Akira S, Inohara N, et al. A novel caspase-1/toll-like 
receptor 4-independent pathway of cell death induced by cytosolic Shigella in infected 
macrophages. J Biol Chem. 2005; 280:14042–14050. [PubMed: 15695506] 

69. Zhou W, Yuan J. Necroptosis in health and diseases. Semin Cell Dev Biol. 2014; 35:14–23. 
[PubMed: 25087983] 

70. Vandenabeele P, Declercq W, Van Herreweghe F, Vanden Berghe T. The role of the kinases RIP1 
and RIP3 in TNF-induced necrosis. Sci Signal. 2010; 3:re4. [PubMed: 20354226] 

71. Robinson N, McComb S, Mulligan R, Dudani R, Krishnan L, Sad S. Type I interferon induces 
necroptosis in macrophages during infection with Salmonella enterica serovar Typhimurium. Nat 
Immunol. 2012; 13:954–962. [PubMed: 22922364] 

72. Fink SL, Cookson BT. Apoptosis, pyroptosis, and necrosis: mechanistic description of dead and 
dying eukaryotic cells. Infect Immun. 2005; 73:1907–1916. [PubMed: 15784530] 

73. Majno G, Joris I. Apoptosis, oncosis, and necrosis. An overview of cell death. Am J Pathol. 1995; 
146:3–15. [PubMed: 7856735] 

74. Trump BF, Berezesky IK, Chang SH, Phelps PC. The pathways of cell death: oncosis, apoptosis, 
and necrosis. Toxicol Pathol. 1997; 25:82–88. [PubMed: 9061857] 

75. Fernandez-Prada CM, Hoover DL, Tall BD, Hartman AB, Kopelowitz J, Venkatesan MM. Shigella 
flexneri IpaH(7.8) facilitates escape of virulent bacteria from the endocytic vacuoles of mouse and 
human macrophages. Infect Immun. 2000; 68:3608–3619. [PubMed: 10816519] 

76. Sano G, Takada Y, Goto S, Maruyama K, Shindo Y, Oka K, et al. Flagella facilitate escape of 
Salmonella from oncotic macrophages. J Bacteriol. 2007; 189:8224–8232. [PubMed: 17873035] 

77. Fink SL, Cookson BT. Caspase-1-dependent pore formation during pyroptosis leads to osmotic 
lysis of infected host macrophages. Cell Microbiol. 2006; 8:1812–1825. [PubMed: 16824040] 

Lai et al. Page 15

Macrophage (Houst). Author manuscript; available in PMC 2015 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



78. Willingham SB, Bergstralh DT, O'Connor W, Morrison AC, Taxman DJ, Duncan JA, et al. 
Microbial pathogen-induced necrotic cell death mediated by the inflammasome components 
CIAS1/cryopyrin/NLRP3 and ASC. Cell Host Microbe. 2007; 2:147–159. [PubMed: 18005730] 

79. Edgeworth JD, Spencer J, Phalipon A, Griffin GE, Sansonetti PJ. Cytotoxicity and 
interleukin-1beta processing following Shigella flexneri infection of human monocyte-derived 
dendritic cells. Eur J Immunol. 2002; 32:1464–1471. [PubMed: 11981835] 

80. Le HT, Harton JA. Pyrin- and CARD-only Proteins as Regulators of NLR Functions. Front 
Immunol. 2013; 4:275. [PubMed: 24062743] 

81. Vladimer GI, Weng D, Paquette SW, Vanaja SK, Rathinam VA, Aune MH, et al. The NLRP12 
inflammasome recognizes Yersinia pestis. Immunity. 2012; 37:96–107. [PubMed: 22840842] 

82. Broz P, von Moltke J, Jones JW, Vance RE, Monack DM. Differential requirement for Caspase-1 
autoproteolysis in pathogen-induced cell death and cytokine processing. Cell Host Microbe. 2010; 
8:471–483. [PubMed: 21147462] 

83. Miao EA, Alpuche-Aranda CM, Dors M, Clark AE, Bader MW, Miller SI, et al. Cytoplasmic 
flagellin activates caspase-1 and secretion of interleukin 1beta via Ipaf. Nat Immunol. 2006; 
7:569–575. [PubMed: 16648853] 

84. Franchi L, Amer A, Body-Malapel M, Kanneganti TD, Ozören N, Jagirdar R, et al. Cytosolic 
flagellin requires Ipaf for activation of caspase-1 and interleukin 1beta in salmonella-infected 
macrophages. Nat Immunol. 2006; 7:576–582. [PubMed: 16648852] 

85. Monack DM, Detweiler CS, Falkow S. Salmonella pathogenicity island 2-dependent macrophage 
death is mediated in part by the host cysteine protease caspase-1. Cell Microbiol. 2001; 3:825–
837. [PubMed: 11736994] 

86. Rupper AC, Cardelli JA. Induction of guanylate binding protein 5 by gamma interferon increases 
susceptibility to Salmonella enterica serovar Typhimurium-induced pyroptosis in RAW 264.7 
cells. Infect Immun. 2008; 76:2304–2315. [PubMed: 18362138] 

87. Angosto D, López-Castejón G, López-Muñoz A, Sepulcre MP, Arizcun M, Meseguer J, et al. 
Evolution of inflammasome functions in vertebrates: Inflammasome and caspase-1 trigger fish 
macrophage cell death but are dispensable for the processing of IL-1β. Innate Immun. 2012; 
18:815–824. [PubMed: 22456941] 

88. Fink SL, Bergsbaken T, Cookson BT. Anthrax lethal toxin and Salmonella elicit the common cell 
death pathway of caspase-1-dependent pyroptosis via distinct mechanisms. Proc Natl Acad Sci U 
S A. 2008; 105:4312–4317. [PubMed: 18337499] 

89. Broz P, Ruby T, Belhocine K, Bouley DM, Kayagaki N, Dixit VM, et al. Caspase-11 increases 
susceptibility to Salmonella infection in the absence of caspase-1. Nature. 2012; 490:288–291. 
[PubMed: 22895188] 

90. Mariathasan S, Weiss DS, Dixit VM, Monack DM. Innate immunity against Francisella tularensis 
is dependent on the ASC/caspase-1 axis. J Exp Med. 2005; 202:1043–1049. [PubMed: 16230474] 

91. Henry T, Brotcke A, Weiss DS, Thompson LJ, Monack DM. Type I interferon signaling is 
required for activation of the inflammasome during Francisella infection. J Exp Med. 2007; 
204:987–994. [PubMed: 17452523] 

92. Jones JW, Kayagaki N, Broz P, Henry T, Newton K, O'Rourke K, et al. Absent in melanoma 2 is 
required for innate immune recognition of Francisella tularensis. Proc Natl Acad Sci U S A. 2010; 
107:9771–9776. [PubMed: 20457908] 

93. Fernandes-Alnemri T, Yu JW, Juliana C, Solorzano L, Kang S, Wu J, et al. The AIM2 
inflammasome is critical for innate immunity to Francisella tularensis. Nat Immunol. 2010; 
11:385–393. [PubMed: 20351693] 

94. Peng K, Broz P, Jones J, Joubert LM, Monack D. Elevated AIM2-mediated pyroptosis triggered by 
hypercytotoxic Francisella mutant strains is attributed to increased intracellular bacteriolysis. Cell 
Microbiol. 2011; 13:1586–1600. [PubMed: 21883803] 

95. Suzuki T, Franchi L, Toma C, Ashida H, Ogawa M, Yoshikawa Y, et al. Differential regulation of 
caspase-1 activation, pyroptosis, and autophagy via Ipaf and ASC in Shigella-infected 
macrophages. PLoS Pathog. 2007; 3:e111. [PubMed: 17696608] 

Lai et al. Page 16

Macrophage (Houst). Author manuscript; available in PMC 2015 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



96. Senerovic L, Tsunoda SP, Goosmann C, Brinkmann V, Zychlinsky A, Meissner F, et al. 
Spontaneous formation of IpaB ion channels in host cell membranes reveals how Shigella induces 
pyroptosis in macrophages. Cell Death Dis. 2012; 3:e384. [PubMed: 22951981] 

97. Bergsbaken T, Cookson BT. Macrophage activation redirects yersinia-infected host cell death from 
apoptosis to caspase-1-dependent pyroptosis. PLoS Pathog. 2007; 3:e161. [PubMed: 17983266] 

98. Philip NH, Dillon CP, Snyder AG, Fitzgerald P, Wynosky-Dolfi MA, Zwack EE, et al. Caspase-8 
mediates caspase-1 processing and innate immune defense in response to bacterial blockade of 
NF-κB and MAPK signaling. Proc Natl Acad Sci U S A. 2014; 111:7385–7390. [PubMed: 
24799700] 

99. LaRock CN, Cookson BT. The Yersinia virulence effector YopM binds caspase-1 to arrest 
inflammasome assembly and processing. Cell Host Microbe. 2012; 12:799–805. [PubMed: 
23245324] 

100. Mariathasan S, Newton K, Monack DM, Vucic D, French DM, Lee WP, et al. Differential 
activation of the inflammasome by caspase-1 adaptors ASC and Ipaf. Nature. 2004; 430:213–
218. [PubMed: 15190255] 

101. Sutterwala FS, Ogura Y, Szczepanik M, Lara-Tejero M, Lichtenberger GS, Grant EP, et al. 
Critical role for NALP3/CIAS1/Cryopyrin in innate and adaptive immunity through its regulation 
of caspase-1. Immunity. 2006; 24:317–327. [PubMed: 16546100] 

102. White MJ, McArthur K, Metcalf D, Lane RM, Cambier JC, Herold MJ, et al. Apoptotic caspases 
suppress mtDNA-induced STING-mediated type I IFN production. Cell. 2014; 159:1549–1562. 
[PubMed: 25525874] 

103. Rongvaux A, Jackson R, Harman CC, Li T, West AP, de Zoete MR, et al. Apoptotic caspases 
prevent the induction of type I interferons by mitochondrial DNA. Cell. 2014; 159:1563–1577. 
[PubMed: 25525875] 

104. Ren Y, Savill J. Apoptosis: the importance of being eaten. Cell Death Differ. 1998; 5:563–568. 
[PubMed: 10200510] 

105. Italiani P, Boraschi D. From Monocytes to M1/M2 Macrophages: Phenotypical vs. Functional 
Differentiation. Front Immunol. 2014; 5:514. [PubMed: 25368618] 

106. McCoy MW, Moreland SM, Detweiler CS. Hemophagocytic macrophages in murine typhoid 
fever have an anti-inflammatory phenotype. Infect Immun. 2012; 80:3642–3649. [PubMed: 
22868497] 

107. Eisele NA, Ruby T, Jacobson A, Manzanillo PS, Cox JS, Lam L, et al. Salmonella require the 
fatty acid regulator PPARδ for the establishment of a metabolic environment essential for long-
term persistence. Cell Host Microbe. 2013; 14:171–182. [PubMed: 23954156] 

108. Shirey KA, Cole LE, Keegan AD, Vogel SN. Francisella tularensis live vaccine strain induces 
macrophage alternative activation as a survival mechanism. J Immunol. 2008; 181:4159–4167. 
[PubMed: 18768873] 

Lai et al. Page 17

Macrophage (Houst). Author manuscript; available in PMC 2015 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


