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Abstract
Listeria monocytogenes is both a life-threatening pathogen of humans and a model organism that
is widely used to dissect the mechanisms of innate and adaptive immune resistance to infection.
Specific aspects of the immune response to systemic Lm infection can be protective, neutral, or in
some cases deleterious. In this review, we seek to provide an overview of the early events during
Lm infection that dictate or regulate host innate and adaptive immune responses. We highlight
several recent developments that add to our understanding of the complex interplay between
inflammatory responses, host susceptibility to infection, and the development of protective
immunity.

Listeria and Listeriosis
Listeria monocytogenes (Lm) is a Gram-positive bacterium that replicates in the cytosol of
eukaryotic cells to cause severe gastrointestinal, systemic, and central nervous system
infections collectively referred to as Listeriosis. Listeriosis is often associated with food-
borne epidemics and is amongst the deadliest of food-borne diseases. A recent U.S.
epidemic during summer-fall 2011 resulted in 146 confirmed cases with 30 (20.5%) deaths
[1]. Listeriosis is most frequently diagnosed in elderly, pregnant, or immune compromised
individuals. It is thus thought that altered or deficient immune responses predispose to
Listeriosis. However, it remains unclear precisely which aspects of the immune response are
responsible for the increased susceptibility to severe Lm infections in these human
populations.

Much of what we do know about immunity to Lm comes from studies using the murine
model of Listeriosis (see Text box 1). Recent studies using this model have provided new
insights into our understanding of the complex interplay between Lm and the murine host,
many of which likely also have relevance to human Listeriosis. In addition, these findings
likely have implications for our understanding of how immunity develops and is regulated in
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the context of other diseases. Below, we review several of these recent findings. We focus
first on studies revealing features of innate host defenses that Lm evades, subverts, or
possibly even commandeers during establishment of systemic infection. These studies
suggest ways in which Lm infection creates an immunological environment favorable for
early bacterial expansion and dissemination within the host. We then discuss how
inflammatory and innate immune factors impact development of adaptive immunity. At least
in some cases, immune responses that benefit the pathogen at early stages of infection also
help to ensure development of potent adaptive immune responses.

During systemic infection, Lm are rapidly engulfed by myeloid cells
Lm that enter the bloodstream are taken up within 1-2 min of inoculation by various myeloid
cells in the spleen and other tissues [2]. In the spleen, the bacteria are primarily filtered out
of the blood by cells present in the marginal zone [3]. Resident myeloid cells in the marginal
zone include dendritic cells (DCs) and professional phagocytes such as marginal zone and
metallophilic macrophages, F4/80+ macrophages, and neutrophils [4,5]. Inflammatory
stimuli also induce the recruitment of Ly6Chi inflammatory monocytes to infected tissues
[6]. It seems that all of these cell types participate in the engulfment of circulating bacteria
(Fig. 1). However, the fate of Lm within the different cell types is quite distinct. Some
phagocytes protect the host by killing engulfed bacteria, while uptake by other myeloid cells
instead correlates with increase host susceptibility. Presumably, infection of these cells
creates an environment hospitable for rapid Lm replication and dissemination.

Relatively few Lm within the circulation are initially phagocytosed by patrolling neutrophils
[2,4]. However, these neutrophils are extremely effective at bacterial killing. Early work
using antibody-mediated depletion of neutrophils with the Gr-1 monoclonal antibody (mAb)
suggested that neutrophils reduce Lm burdens in the liver by 10-100 fold within 12-24 hrs
post infection (hpi), whereas significant protective effects were not seen in spleens or the
peritoneal cavity [7]. An important caveat to these conclusions is that the Gr-1 mAb
recognizes both Ly6G and Ly6C. Ly6G expression is largely restricted to neutrophils,
whereas Ly6C is expressed also by inflammatory monocytes and some lymphocytes. Three
more recent studies thus investigated the effects of neutrophil depletion using the anti-Ly6G
mAb 1A8 [8-10]. In two of these studies, the 1A8 mAb was administered 1 d prior to
infection and increased bacterial burdens in the livers by 10-1000 fold between 1-3 d after
infection. With a higher infectious dose, the 1A8 treatment also increased bacterial burdens
in the spleens [8]. In the third study, the authors failed to see significant effects of 1A8
treatment on bacterial burdens [10]. However, this study used a lower amount of mAb and
administered it at the time of infection, which may have enabled the neutrophils to engulf
and kill Lm prior to their depletion. This study also showed that depletion of Ly6Chi cells
using either CCR2-DTR mice or anti-Gr-1 caused increased susceptibility to Lm [10].
Moreover, a low dose of anti-Gr-1 mAb that selectively depleted neutrophils caused a mild
increase in Lm burdens at 48 hpi, while higher doses of anti-Gr-1 also depleted Ly6Chi

inflammatory cells and more dramatically increased Lm burden [2]. The early uptake of Lm
by neutrophils and inflammatory monocytes thus both appear capable of increasing innate
resistance. However, these cells “compete” with other myeloid cells for uptake of blood-
borne Lm. Such competition appears to dramatically impact the host-pathogen interaction.

Infection of DCs helps to establish more severe systemic Listeriosis
Although Lm initially enters the spleen via the marginal zone, by 24 h post-infection (hpi)
most bacteria are found in the T cell zones within periarteriolar lymphoid sheath (PALS)
[4,5,11]. There has been considerable interest in defining the mechanisms for this rapid re-
localization of Lm, as it precedes a dramatic burst of bacterial growth and severe systemic
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infection. It is now clear that most Lm present within the white pulp at 24 hpi are associated
with CD8α+CD11c+ DCs (Fig. 2). To address the question of how DCs impact Lm uptake
and traffic within the spleen, one group evaluated the effects of diptheria-toxin (DT)
treatment in CD11c-DTR mice, which have expression of a DT receptor (DTR) transgenic
in all CD11c+ populations [4]. DT treatment of these mice eliminates all splenic DC subsets,
but also MOMA-1+ metallophilic and ERTR-9+ marginal zone macrophages [12]. When
DT was administered prior to (but not after) Lm infection, bacterial numbers recovered from
spleens (but not livers) were reduced by ~500 fold by 72 hpi [4]. The effects of DT
treatment seemed due to depletion of the DC population, as inoculation of depleted mice
with Lm-infected bone marrow-derived DCs (BMDCs) led to efficient spleen infection. The
authors further confirmed that CD8α+ DCs are present within the splenic marginal zone and
red pulp prior to infection. By quantifying bacterial cfu from sorted splenic phagocytes, it
was also clear that a substantial proportion of CD8α+ DCs (but not CD8α- DCs) were
infected and contained the majority of live bacteria present in the spleen by 1-3 hpi.

More recent work further supports the notion that CD8α+ DCs play an important role in
establishment of systemic Lm infection. Mice deficient for expression the basic leucine
zipper transcription factor ATF-like 3 (Batf3) lack functional CD8α+ DCs [13]. Batf3-/-

mice were more susceptible to death during infection by the parasite Toxoplasma gondii
[14], but survived an otherwise lethal dose of Lm [9]. These differing phenotypes suggest
that, unlike T. gondii, Lm has evolved the ability to benefit from the presence of CD8α+
DCs and/or other effects of Batf3 expression. Consistent with this notion and data from the
CD11c-DTR mice, spleens of batf3-/- mice harbored ~10-fold fewer Lm at 24 hpi and failed
to support the rapid ~1000-fold increase in bacterial burdens seen in wt spleens by 72 hpi.
However, unlike CD11c-DTR mice, Lm growth was also reduced in livers of the batf3-/-

mice [9]. Since depletion of liver CD11c+ cells was also observed in CD11c-DTR mice [4],
the more pronounced phenotype of batf3-/- mice may reflect earlier or more complete loss of
hepatic CD103+ DCs [9]. Alternatively, the differences in liver colonization in batf3-/- and
CD11c-DTR mice may reflect use of a different Lm strain, use of mice on different genetic
backgrounds (129 vs. B6), or confounding secondary effects of the Batf3 deficiency.
Regardless, findings with both batf3-/- and CD11c-DTR models are suggestive that splenic
CD8α+DC harbor Lm early after infection of the spleen and this contributes to enhanced
bacterial growth. However, data indicating that spleens of wt mice and batf3-/- mice had
similar Lm burdens at 3 hpi [9], and data showing that infected bone marrow-derived
macrophages (BMM) seeded splenic infection in DT-treated CD11c-DTR mice [4], argue
that other myeloid cell types may also be able to support replication of splenic Lm under
specific conditions.

Histology and flow cytometry revealed a substantial impact of Batf3 deficiency on
migration of Lm and (Langerin+) CD8α+ DC from the splenic marginal zone to the PALS
[9]. Early after infection, Lm were contained within the red pulp in both wt and batf3-/-

mice. However, in wt mice only, uninfected and infected Langerin+ DCs had migrated to
follicles of the PALS by 18 hpi. There was also abundant neutrophil infiltration at these
sites. Antigen from Lm was detected by intracellular staining in neutrophils and
inflammatory monocytes as well as CD8α+ DC. The number of infected neutrophils and
monocytes staining positive for Lm antigen increased with infection dose, and was much
greater in wt versus batf3-/- spleens. Surprisingly, however, the staining failed to detect Lm
antigen in the CD8α+ cells from wt mice. The authors concluded that rapid intracellular
bacterial growth caused death of any infected CD8α+ DCs, consistent with an observed
reduction in CD8α+ DC numbers. A separate study also observed reduced DC numbers in
the spleen by 48 hpi [15]. However both this and other studies reported isolation of viable
Lm from CD8α+DCs at 24 hpi using sensitive cfu-based assays [4,16] [15]. Whether the
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reduction in splenic DC numbers is a direct consequence of bacterial replication and killing
of infected DCs thus remains to be determined.

Lm uptake by CD8α+DCs was recently shown to be enhanced by deposition of the
complement component C3 on the bacterial surface [16]. C3-/- mice had ~10-fold reduced
splenic Lm burdens at 1 dpi and failed to increase during the first 3 dpi. These effects were
independent of the C3a receptor, and opsonization of Lm with C3b prior to infection
resulted in increased bacterial burdens in spleens of the C3-/- mice ~10-fold at 1 hpi. Pre-
opsonization of Lm with C3b also increased recovery of viable Lm from sorted CD8α+DCs
at 1 hpi. Prior to binding DCs, opsonized Lm rapidly aggregated with CD41+ platelets via
the platelet protein GPIb. Depletion of platelets impaired Lm targeting to DCs and bacterial
replication in the spleens. Thus, the rapid (within minutes) association of C3 and platelets
with circulating Lm caused a more rapid clearance of bacteria from the blood and appeared
to direct them to CD8α+ DCs. Such direction appears to “shield” the bacteria from uptake
and killing by other phagocytes, such as neutrophils and macrophages. Yet, depletion of
DCs did not impact the rate of Lm clearance from the blood. This suggests that in the
absence of CD8α+DCs, the C3 opsonization process may direct Lm to other cells types that
are presumably less-susceptible to Lm growth and establishment of systemic infection.
Overall, the findings suggest that Lm initially benefits from C3 opsonization and DC uptake.
However, infection of CD8α+DCs also leads to a more robust stimulation of innate and
adaptive immune responses.

DC infection is important for natural killer (NK) cell activation
Migration of Lm-infected DCs into the PALS early after infection is accompanied by co-
migration of natural killer (NK) cells [17]. The kinetics of NK cell activation and production
of type II interferon (IFNγ) also peak at 24 hpi [18], when both cell types are clustered in
the PALS [17]. Hence, it seems likely that contact with Lm-infected DCs can directly
stimulate activation of NK cells within the PALS. Consistent with this model the depletion
of CD11c+ cells using CD11c-DTR mice [19], or CD11c-cre x flox-stop-flox-DTR mice
[17], impaired NK cell activation during Lm infection. In addition, contact with Lm-infected
BMDCs stimulates naive NK cells to produce IFNγ in vitro [20]. However, while over
>70% of splenic NK cells produce IFNγ by 24 hpi [17,18], only a small fraction of the total
CD8α+DC population in the PALS contain Lm at 24 hpi [4,9,16]. It thus seems that NK
cells need not actually contact Lm-infected DCs to become activated. Rather, an abundantly
secreted bacterial protein (p60) has been found to drive the robust NK cell activation during
Lm infection [18]. Purified p60 binds DCs and stimulates them to activate NK cells in the
absence of other Lm factors [21]. The host cytokine Interleukin (IL)-18 was also crucial for
this NK cell activation.

It is unclear how Lm benefits from activation of NK cells. NK cells contribute to defense
against some viruses and tumors and, as mentioned above, are potent producers of IFNγ
early after infection. Early IFNγ production by NK cells could in theory increase
inflammation and macrophage activation. However, an older study found that antibody-
mediated depletion of NK1.1+ cells (both NK and NKT) reduced Lm burdens following
systemic infection [22]. The mechanisms for this effect have also remained undefined, but
NK cells mediate immune suppressive roles in the context of neuroinflammation [23].
Perhaps NK cell activation is similarly immune suppressive during systemic Lm infection.
With regards to the production of IFNγ by NK cells, production of type I IFNs during this
same time period has been shown to suppress macrophage activation by IFNγ [24]. This
effect of type I IFNs is one of several mechanisms that have been proposed to explain why
mice deficient in IFNAR expression are ~1000 fold more resistant to Lm infection than are
type I IFN-responsive mice [24-28]. Perhaps suppression of IFNγ responsiveness and/or
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other proposed mechanisms function in parallel with NK cell activation to increase host
susceptibility to Lm.

Inflammasome activation and its impact on the innate immune response to
Lm

The cytokines IL-1 and IL-18 play important roles in regulating the inflammatory response
and the production of other cytokines and chemokines. IL-1β and IL-18 are synthesized in
the cytosol of macrophages, DCs, and other cells as biologically inactive pro-proteins. They
become active when cleaved by cysteine proteases, including caspase-1 and 11, and are
secreted from the cell. The activation of these proteases occurs in multi-protein complexes
termed “inflammasomes,” which contain scaffold components such as ASC along with
adaptor/sensor proteins that respond to various pathogen-associated molecular patterns
(PAMPs) and danger-associated molecular patterns (DAMPs). Recently, production of
IL-1β and IL-18 by Lm infected BMM was shown to be regulated by each of the NLRP3,
NLRC4, and AIM2 inflammasomes (Fig. 3).

The in vivo roles of inflammasomes and of the inflammasome-regulated cytokines IL-1β
and IL-18 remain incompletely understood. In the context of Lm infection, one group
reported that caspase-1 deficient (casp1-/-) mice were more susceptible, which correlated
with impaired IL-18 production [29], while another reported that burdens of Lm were
similar following systemic infections of control, casp1-/- and ASC-deficient mice [30]. Two
commercially-available casp1-/- mouse strains were made using 129 embryonic stem cells
[31,32], and a recent report revealed that the casp1 linked gene encoding caspase 11
(casp11) is non-functional in the 129 strain background [33]. Whether and how casp11
mutations impact the results of these and other studies using casp1-/- mice is unclear. With
regards to IL-1β and IL-18 prior studies have also given variable results. In some settings,
IL-1β reportedly promotes immunity to Lm by increasing production of IL-6 and TNFα and
recruitment of neutrophils and macrophages [34-36]. Yet, responses to IL-1β were
dispensable for resistance to Lm in other settings [37,38]. IL-18 can stimulate innate
production of IFNγ by memory T cells and NK cells [29,39,40], and was reported to
enhance Lm clearance in synergy with TNFα in the absence of IFNγ [39] Yet, in one study
neutralization of IL-18 or IL-18 deficiency increased host resistance to systemic Lm
infection [41]. It will be important to reconcile the roles of IL-1β and IL-18 during systemic
Lm infection. Clearly these cytokines can regulate innate and adaptive immune responses,
but it remains uncertain precisely how they impact pathogen burdens.

Pattern recognition and initiation of adaptive immunity to Lm
Innate immune responses play a key role in mediating the transition to effective cell-
mediated immunity. The most common view is that potent innate responses are favorable for
the development of potent adaptive immunity, but in recent years it has become clear that
inflammatory responses also have regulatory effects on the development of adaptive
immunity. As discussed below, the needs of the innate and T cell-mediated responses appear
in some cases to be opposed.

Lm mutants that lack Hly or are otherwise unable to exit endosomal compartments into the
cytosol are highly attenuated and fail to establish long-term protective immunity to
secondary infections [42]. Similarly, mice lacking the endosomally-restricted enzyme GILT,
an important component of MHC Class II antigen processing that reduces disulfide bonds in
the LLO protein and thus mediates its activation, showed defects in antigen processing and
poor generation of anti-bacterial immunity but more rapid control of infection [43,44].
Failure of Lm to enter the cytosol impairs T cell responses not simply due to a lack of
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appropriate antigen presentation. Entry of Lm into the cytosol stimulates distinct pattern
recognition receptors (PRRs) and diverse transcriptional programs [45,46]. Thus, retention
of Lm in the phagosome is itself immunomodulatory. Co-infection with phagosome-retained
Lm prevented the generation of optimal adaptive immunity to an Lm strain with normal
ability to escape phagosomes and enter the cytosol [47]. This effect was IL-10-dependent,
suggesting that restricting Lm to the phagosome was actively immunomodulatory and not
necessarily related to antigen sequestration [47].

The idea that triggering of PRRs in the cytosol can enhance adaptive cell-mediated
responses to Lm is supported by the observation that mice lacking the cytoplasmic PRR,
Nod2, are defective in their ability to generate adaptive responses in the gut to bacterial
infection [48]. As mentioned above, cytosolic entry of Lm can also cause activation of one
or more inflammasomes. Inflammasome activation provides enhanced adaptive immunity to
a variety of pathogens [49-52]. Yet, the activation of cytosolic PRRs is not always beneficial
to the adaptive response. For example, Lm engineered to stimulate increased NLRC4
inflammasome activation was more susceptible to innate response-mediated protection, as
judged by faster clearance of primary Lm challenge. However, such engineering dampened
adaptive cell-mediated responses, leading to impaired control of secondary Lm challenge
[30,47].

The induction of adaptive immunity is similarly impacted by mutations to Lm that alter its
cytosolic lifestyle, including changes in genes that control its secretion of virulence factors.
For example, immunization of mice with heat-killed Lm induces the formation of CD8+

“memory” T cells that are unable to provide efficient protection from Lm rechallenge [53],
whereas immunization with irradiated Lm that still retained its stimulatory properties and at
least some of its cytosolic lifestyle readily induced protective CTL memory [54]. One well-
studied example is the SecA2 secretion system. SecA2-mediated secretion in the cytosol
promotes Lm pathogenesis, and Lm deletion mutants are attenuated [55,56]. Yet, while
more readily cleared by the immune system, SecA2 deletion mutants fail to induce
protective CD8+ T cell immunity [57,58]. In particular, SecA2 is required for the generation
of CCL3-secreting CD8+ memory T cells in response to Lm infection [11], an important
component of protective anti-Listeria immunity provided by this population [59]. These
findings illustrate that the link between innate and adaptive immunity to Lm is not a simple
correlation. Rather, the specific flavor of innate immune stimulation is likely to have
profound effects on the outcome of the adaptive immune response.

DCs are crucial for initiating adaptive immunity to Lm
Dendritic cells (DCs) are required to initiate primary and secondary anti-Lm CTL responses
and form the central lynchpin for initiation of adaptive immunity in other infectious settings
[60,61]. The CD8α+ subset of DCs most efficiently presents Lm-derived antigens [62].
Additionally, the cross-priming capabilities of this DC subset are required for optimal
immunity to Lm [63]. DC maturation is likely a key event in the development of protective
immunity. However, the precise mechanisms of DC maturation and the specific DC
functional phenotypes for the optimal induction of T cell immunity remain unclear. MyD88
activity is a critical element in the development of both innate and adaptive responses to Lm
[64,65], suggesting a critical role of TLR activation in coordinating cells of the innate
response as well as mediating the transition to effective T cell-dependent immunity.
However, both MyD88 and type I IFN signaling may be somewhat dispensable in APCs
[66]. Conversely, Lm-infected monocytes, while able to produce pro-inflammatory
cytokines such as TNFα and IL-12, attenuate the ability of CD8α+ DCs to prime T cell
responses [67].
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The precise inflammatory environment that promotes optimal APC activation, antigen
presentation and subsequent T cell immunity during Lm, as well as the mechanisms by
which this is accomplished, remain incompletely defined. While much of the attention is
rightly focused on Th1-type cytokines and classically restricted T cell responses, a variety of
other factors have been recently identified that promote effective DC maturation and T cell
priming during Lm infection. For example, IL-23, a cytokine associated with the
development of Th17 responses, is required for optimal clearance of Lm [68]. IL-23 may
regulate the generation of IL-17-producing γδ T cells. IL-17 produced by these cells in turn
enhances DC cross-presentation [69]. Lm elicits non-classically restricted T cells responses
involving the non-classical MHC Class I molecule H2-M3 [70,71]. T cells restricted to H2-
M3 are activated quickly after infection and promote DC maturation and priming of
conventional T cell responses [72]. Additionally, GM-CSF enhances cross-presentation by
CD8α+ DCs during Lm infection [73]. Overall, emerging information suggests a complex
and not necessarily intuitive interplay between innate immune responses, DC maturation and
T cell priming. In particular, the requirement for cross-presentation in the generation of anti-
Lm T cell responses suggests that DCs that are directly infected may not be particularly
effective in priming T cell responses. Perhaps innate recognition mechanisms in the
endosomal and cytosolic compartments of infected DCs counteract the signals required for
their maturation and T cell priming capabilities.

The complement component C3 is required for the efficient generation of anti-Lm CTL
responses, with a potentially direct role in influencing and potentiating CTL activation [74].
However, as discussed above, C3 serves as a mediator of platelet-dependent shuttling of live
Lm from the blood to CD8α+ DCs in the subcapsular region of the spleen [16]. Thus, the
role of C3 in promoting CTL responses may not necessarily reflect its inflammatory impact.
Indeed, Lm trafficking to the PALS correlated with enhanced adaptive immunity [16], and
rapid Lm associations with subcapsular DCs are followed by interactions of T cells with
both infected and uninfected DCs [2]. The enhanced innate resistance of batf3-/-deficient
mice also correlated with impaired adaptive immunity to Lm [9]. CD8α+ DCs therefore
serve the beneficial function of inducing adaptive immunity while also serving as a cellular
port of entry for bacterial spread within the spleen during bacteremia.

Other factors regulating development of anti-Lm adaptive immunity
Anti-Lm T cell responses are dominated by the presence of CTLs and Th1 cells [75].
However, the presence of Th17 cells [76], follicular helper T cells [77] and regulatory T
cells (Tregs) [78] has also been documented, although their specific roles in supplementing
or counteracting Th1 and CTL-mediated immunity needs to be further resolved. While Tregs
do not expand during Lm infection [79], they do play an early role in impeding the priming
of protective CTLs [80]. Both γδTCR+ [68] and conventional Th17 responses [81] can be
detected during Lm infection, but they appear to be short-lived in comparison to Th1
responses and their generation is dependent on the route of infection [81]. The quality and
duration of the initial priming event can play a role not only in the differentiation and
magnitude of primary and secondary of effector Th1 responses, but also in the generation of
long-lived Th1 memory cells [82,83]. However, environmental factors also play an
important role, as cytokines present at the time of T cell priming can have a profound impact
on the generation of both T cell effector and memory responses. Additionally, the presence
of CD4+ T cell “help” at the time of CTL priming and during memory CTL maintenance
influence both the size and functional capacity of long-lived immune protection provided by
memory CTLs [84,85,86,87]. The amount of IL-12 and other inflammatory cytokines
regulates the differentiation of short-lived effector CTL [88-91], while IL-2 plays a key role
in the generation of Th1 and CTL-mediated protective immunity [77,92-94]. While Lm has
served as an immensely helpful model system for understanding fundamental aspects of
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effector and memory T cell differentiation, further work is needed to understand the specific
mechanisms that control the effective presentation of antigen to promote T cell priming
while promoting robust innate immune responses. In particular, a better understanding of the
mechanisms controlling the maturation, antigen presentation and T cell priming capabilities
of DCs during Lm infection will provide better insight into the nature and protective
functions of the complex adaptive T cell response that they induce.

Concluding remarks
A common theme of several recent studies highlighted in this review is that of a trade-off
between the requirements for initiating innate and adaptive responses to Lm, and potentially
other intracellular bacterial infections as well. Certain innate immune responses appear to be
crucial for creating an environment in which Lm can rapidly replicate within the host and
establish a high titer systemic infection. Presumably these responses are beneficial to the
bacterium and there is evidence that bacterial factors may drive certain of these responses.
However, other “pro-bacterial” innate immune responses, such as complement fixation and
bacterial uptake by CD8α+ DCs, play also important roles in priming of protective adaptive
immune responses. These findings provide a platform for understanding how the
pathogenesis of Lm infection ultimately contributes to the establishment of CTL and Th1
responses. They also suggest several steps where defects in innate or adaptive immunity
may render human hosts more susceptible to infection by Lm and other pathogens.
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Text box 1 - The mouse model of systemic Listeriosis

The systemic murine infection model first developed in the early 1960s by George
Mackaness remains the most prevalent for studying immune responses to Lm [95]. In this
model, Lm are inoculated intravenously (i.v.) directly into the bloodstream. Low dose
Lm infections are cleared within 7-10 d after infection of immune competent naïve mice.
This clearance correlates well with development of potent CTL responses as well as the
formation of Th1 effector cells [96,97]. Deficiency in either MHC class I or MHC class
II delays clearance of Lm infection [98], and mice lacking all T cells develop chronic
infections and ultimately die from an otherwise sublethal infection [99]. Most
intracellular pathogens, and particularly for those that gain access to the cytosol, require
activated CTL for immune protection and this is indeed the case for Lm [75,100-102]. By
contrast, antibody responses are typically not a significant means of immune protection
during natural infection [75,102], presumably because cytosolic Lm spreads directly from
infected cells to establish secondary infection to neighboring cells via actin-based
motility. In mice, clearance of Lm is associated with long-lived protective cellular
immune responses. Although T cell responses are crucial for sterilizing immunity to Lm,
certain innate and inflammatory events are important for initial containment of the
infection. Moreover, inflammatory responses contribute to antigen presentation by
appropriately activated APCs and subsequent initiation of T cell responses.
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Figure 1. Immediate-early uptake of Lm from the blood
Marginal zone phagocytes, including neutrophils, monocytes, macrophages (MΦ), and
dendritic cells (DC) engulf blood-borne Lm. Ly6G+ neutrophils and Ly6G- macrophages
kill phagocytosed Lm to control bacterial growth. Deposition of complement component
C3b on Lm promotes bacterial binding to and aggregation of CD41+ platelets. These
aggregates are phagocytosed by CD8α+CD11c+ DCs, shielding Lm from other more
microbicidal phagocytes. Migration of DCs to the PALS permits increased bacterial
replication during systemic infection.
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Figure 2. Consequences of Lm infection in the splenic PALS
By 24 h post-infection (hpi), both uninfected and Lm-associated CD8α+CD11c+ dendritic
cells migrate from the marginal zone into the PALS. Rapid bacterial expansion ensues in
one or more cell types. Dendritic cells mature in response to inflammatory cytokines,
allowing them to activate natural killer cells and prime naïve CD4+ and CD8+ T cells.
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Figure 3. Inflammasome activation by Lm
In cultured macrophages the activity of the secreted Lm hemolysin (Hly/LLO) is essential
for the ability of Lm to escape from phagosomes and growth in the cytosol of infected cells.
Mutant ΔHly Lm strains elicit weak IL-1β/IL18 secretion from these cells [103-106],
suggesting poor stimulation of cytosolic adaptors and/or poor growth. AIM2 was recently
identified as a DNA-sensing inflammasome sensor and mediates secretion of IL-1β and
IL-18 by Lm infected macrophages [105,106]. DNA presumably leaks from Lm at a low
frequency during infection of the host cell cytosol. Lm flagellin is detected by the NLRC4/
Ipaf inflammasome [104]. However, NLRC4 plays very little role in responding to infection
by the EGD Lm strain, which suppresses flagellin expression at 37C [106]. Lm strains
engineered to over-express Lm or Legionella flagellin hyperactivate the NLRC4
inflammasome [30,107]. Activation of AIM2 and NLRC4 inflammasomes in Lm-infected
macrophages also induces cell death via a process termed “pyroptosis” [30,105,107,108]. In
these studies, increased pyroptosis in cultured macrophages correlated with reduced
bacterial burdens in vivo, suggesting that lysis of infected cells impairs Lm growth or
dissemination during systemic infection. The NLRP3 inflammasome is sensitive to a variety
of signals, including membrane damage and signaling from dectins or other cell surface
receptors [109]. Hly may itself modulate activation of the NLRP3 inflammasome [110],
though the mechanism is unclear. The Lm p60 protein also affects secretion of IL-18 [21],
suggesting it may activate one or more inflammasomes.
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