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NK-cell function as a whole during the

chronic phase of infection. Clearly, the

study by Shah et al. (2010) marks only

the beginning of a fascinating story that

will shed new light on an important but still

poorly understood aspect of the interac-

tion of HIV-1 with NK cells.
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Intracellular bacterial pathogens engage in a tug-of-war with innate host defenses. In this issue ofCell Host &
Microbe, Mostowy et al. (2010) identify a role for the septin family of cytoskeletal proteins in targeting intra-
cellular Shigella to the autophagy pathway.
Several pathogenic bacteria, including

Listeria monocytogenes, Salmonella

spp., Legionella pneumophila, Yersinia

spp., and Shigella spp., cause disease

by entering into and surviving within cells.

These intracellular bacteria engage in

a tug-of-warwith host cell defenses, being

pulled between bacterial restriction and

death on one side and dissemination

and survival on the other. In the time

immediately after infection, the former is

mediated to a large extent by the host

cell autophagy pathway. In this pathway,

intracellular bacteria are engulfed in intra-

cytosolic membrane-bound vacuoles

called autophagosomes that fuse with

lysosomes, leading to bacterial destruc-

tion (Deretic and Levine, 2009). Shigella

spp. are among a subset of intracellular

bacterial pathogens that, after entry into

cells, escape the vacuole and replicate in

the cytosol. Once in the cytosol, each

member of this group, which includes

Shigella spp., L. monocytogenes, Bur-

kholderia spp., Rickettsia spp., and

Mycobacterium marinum, induces actin

polymerization on its surface, which
propels it to the cell periphery, whereupon

it spreads into adjacent cells (Stevens

et al., 2006). The ability of these organisms

to spread directly into adjacent cells is

critical to virulence. Of the population

of organisms that enter the cytosol in a

given infection, a substantial percentage

escape autophagy, while others are

brought into the autophagy pathway

where they are destroyed (Ogawa et al.,

2005). The intracellular fate of these cyto-

solic bacteria is a delicate balance

between bacterial and host factors. For

Shigella, autophagy proteins bind the

bacterial protein IcsA (VirG), which is

required for actin-based motility, and this

interaction is inhibited by a second bacte-

rial protein, IcsB (Ogawa et al., 2005). Few

host factors that determine the fate of

intracellular Shigella have been previously

identified. In this issue, Mostowy et al.

(2010) demonstrate a role for the host

septin family of cytoskeletal proteins in

targeting intracytosolic Shigella flexneri

to the autophagy pathway.

Septins are a large class of proteins

involved in many diverse cellular pro-
cesses that have been shown to function-

ally interact with cellular membranes and

the cytoskeleton. Originally discovered in

1971 through a genetic screen for yeast

mutants defective in budding, septins

assemble into rings at the yeast bud

neck and are thought to act as membrane

diffusion barriers that separate themother

from the daughter cell (Cao et al., 2009).

Septins are conserved across animals

and fungi, but are absent in plants. Hu-

mans have 14 septins that are divided

into four groups, among which there is

partial functional redundancy. Impor-

tantly, septins from the different groups

form hetero-oligomeric protein com-

plexes that assemble into nonpolar fila-

ments (Weirich et al., 2008). The variation

in septin proteins and their ability to form

higher order hetero-oligomeric structures

translates into many combinatorial possi-

bilities, leading to distribution throughout

the cell and multiple diverse protein inter-

actions and functions.

Several notable functions of septins

relate to their ability to interact with

membranes. In addition to serving as
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Figure 1. Model of the Tug-of-War between Intracytosolic Shigella and Host Cell Defenses
Early after Cellular Infection, as Demonstrated by Mostowy et al. in the Current Issue of Cell
Host & Microbe
A subset of intracytosolic Shigella polymerizes actin tails and spreads into adjacent cells, while other intra-
cytosolic Shigella are trapped in cages formed by cellular septin proteins. Septin cages play a critical role
in targeting Shigella to the autophagocytic pathway. Myosin II contributes to the targeting of Shigella to the
autophagosome, and its inhibition enables Shigella to escape from septin cages.
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membrane diffusion barriers in yeast, in

mammalian cells, septins interact with

the plasma membrane via a conserved

polybasic region in the N terminus that

binds membrane-associated phosphati-

dylinositol (4,5)-bisphosphate and phos-

phatidylinositol (3,4,5)-triphosphate (Cao

et al., 2009). Moreover, the mammalian

septin SEPT5 plays a role in the fusion

of exocytic vesicles with the plasma

membrane through its direct association

with SNARE proteins (Cao et al., 2009).

The intrinsic bent shape of septin fila-

ments seen in crystal structures may

allow for it to accommodate interactions

with the curvature of membranes.

While able to connect with cellular

membranes on one hand, septins interact

with both the actin and the microtubule

cytoskeleton on the other (Spiliotis,

2010). Biochemical reconstitution studies

show that septins polymerize into fila-

ments using F-actin fibers as a tem-

plate and actin-binding proteins such as
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myosin II as adaptors. Six types of mam-

malian septins have been shown to coloc-

alize with microtubules, in a process that

may be facilitated by an association of

microtubules with the GTPase domain at

the N terminus of septins. The GTPase

binding domain and the membrane-

binding polybasic domain, which inter-

acts with membranes, form distinct inter-

faces in the crystal structure (Weirich

et al., 2008), suggesting that simulta-

neous interaction with membrane and

cytoskeleton may be possible. Given their

ability to interact with both membranes

and the cytoskeleton, septins are ideally

poised to function in cellular trafficking.

Indeed, SEPT2 and SEPT11 localize with

cortical actin at the plasma membrane

during Fc receptor phagocytosis (Cao

et al., 2009).

In the current issue of Cell Host &

Microbe, Mostowy et al. (2010) make

a compelling argument that septins play

a critical role in barricading the intracel-
0 ª2010 Elsevier Inc.
lular trafficking of Shigella, thereby inhibit-

ing dissemination and survival. Only

a subset of intracytosolic Shigella assem-

bles actin tails. Mostowy et al. demon-

strate that intracytosolic Shigella without

actin tails are surrounded by septin ‘‘ca-

ges’’; using immunofluorescence, they

show that the septins SEPT2, SEPT9,

and SEPT11 each form spirals along the

length of the bacterium. Interestingly,

these three septins belong to different

groups in the septin family and therefore,

in theory, may be associating into

a hetero-oligomeric complex. Using inter-

ference RNA to deplete SEPT2 or SEPT9,

the authors demonstrate a functional role

for each of these two septins, finding that

in their absence, septin cages are formed

significantly less frequently and the per-

centage of intracellular bacteria associ-

ated with actin tails is significantly

increased. SEPT11 depletion does not

inhibit colocalization of SEPT2 and

SEPT9, perhaps due to functional redun-

dancy that does not apply to SEPT2 and

SEPT9. The association of septin cages

predominantly withShigella that lack actin

tails is consistent with amodel in which in-

tracytosolic Shigella are either encaged

by septins in conjunction with other

cellular factors or are able to escape

host cell capture by assembly of an actin

tail (Figure 1).

Consistent with prior publications of an

association of septins with cytoskeletal

components (Cao et al., 2009; Spiliotis,

2010), Mostowy et al. (2010) show that

host cytoskeletal actin, N-WASP, andmy-

sosin II not only colocalize with but also

have functional roles in the formation of

septin cages around Shigella. The pres-

ence of actin polymerization and

N-WASP are required for the association

of septins with Shigella (Mostowy et al.,

2010), perhaps contributing to the previ-

ously reported requirement for IcsA in

the recruitment of autophagy markers

(Ogawa et al., 2005). Labeled actin or

N-WASP forms spirals that alternate with

those of septins, suggesting that each

one’s role in septin assembly is indirect.

In contrast, myosin II labeling overlaps

with septin, perhaps indicating that

myosin II plays a more direct role in septin

assembly or stabilization. The results are

consistent with the ability of septins to

use F-actin as a template for filament

formation with myosin II functioning as

an adaptor between the two. Using
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pharmacologic inhibitors, Mostowy et al.

(2010) show that association of septin ca-

ges around Shigella is dependent upon

myosin II activity. Disruption of myosin II

activity enables bacteria to ‘‘break free’’

from the septin cage and initiate actin-

based motility, clearly demonstrating the

switch from one intracellular fate, that of

septin association, to another, that of

actin polymerization and intercellular

spread (Figure 1).

Most interesting among the findings

from Mostowy et al. (2010) is a previously

unrecognized link between septins and

the autophagy pathway in mammalian

cells. Many markers of the autophagy

pathway colocalize with Shigella in septin

cages, suggesting that the purpose of

the cagesmay be not only to prevent actin

polymerization, tail formation, and spread

of bacteria, but also to target intracyto-

solic bacteria for degradation. Mutant

Shigella lacking IcsB have been shown

to enter the autophagy pathway with

increased frequency (Ogawa et al.,

2005). Mostowy et al. (2010) found that

an icsB mutant is significantly more

frequently associated with septin cages,

while an icsA mutant, which has been

previously shown to be relatively resistant

to autophagy (Ogawa et al., 2005), is

significantly less frequently associated

with cages. These results seem to suggest

a codependence of septins with factors

that mediate autophagy; when septins

are absent, autophagy markers accumu-
late less, and vice versa. Thus, these

results indicate an ongoing pull between

host and bacterial factors in determining

the fate of intracellular Shigella.

The dynamics of higher order septin

assembly and function is complex and

incompletely understood, yet is likely

coordinated by a variety of intracellular

and extracellular cues. The findings

presented in Mostowy et al. (2010)

suggest that one player in this process is

the proinflammatory cytokine TNF-a,

which is known to be important in host

responses to intracellular bacteria. Addi-

tion of TNF-a to cells prior to infection

with Shigella increases septin assembly

on intracytosolic bacteria and correlates

with less frequent actin tail formation

and bacterial dissemination. Thus, the

cytokine TNF-a modulates septin as-

sembly and targeting of cytosolic Shigella

to the autophagy pathway.

Taken together, the findings presented

in Mostowy et al. (2010) demonstrate

a continuous struggle between intracyto-

solic Shigella and the host autophagy

pathway, in which the assembly of septin

cages plays a critical role (Figure 1).

Precisely how these findings can or will

be generalized to other intracellular

bacteria is uncertain. The authors indicate

that while L. monocytogenes and Rick-

ettsia conorii do not associate with septin

cages, M. marinum, which is thought to

have amechanism of actin polymerization

more similar to that of Shigella, does
Cell Host & Microbe 8, N
associate with them. These data suggest

that certainmechanisms of actin polymer-

ization may be better suited for septin-

mediated entrapment than others.

Whether L. monocytogenes andR. conorii

might be captured by a parallel septin-

independent pathway and whether other

intracellular bacterial pathogens are

captured by a septin-dependent mecha-

nism remain unknown. Nevertheless, this

paper contributes to our insight into the

mechanisms involved in the tug-of-war

between host and intracellular pathogen,

identifying septin proteins as key players

in this struggle.
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