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Secretion of c-di-AMP by Listeria monocytogenes Leads to a

STING-Dependent Antibacterial Response

Alexander Louie,®* Varaang Bhandula,® (2 Daniel A. Portnoy®*

2Department of Molecular and Cell Biology, University of California, Berkeley, Berkeley, California, USA
bDepartment of Plant and Microbial Biology, University of California, Berkeley, Berkeley, California, USA

ABSTRACT Stimulator of interferon genes (STING) acts as a cytoplasmic signaling
hub of innate immunity that is activated by host-derived or bacterially derived cyclic
dinucleotides. Listeria monocytogenes is a foodborne, facultative intracellular patho-
gen that secretes c-di-AMP and activates STING, yet the in vivo role of the STING
pathway during bacterial pathogenesis remains unclear. In this study, we found that
STING-deficient mice had increased weight loss and roughly 10-fold-increased sys-
temic bacterial burden during L. monocytogenes-induced enterocolitis. Infection with
a L. monocytogenes mutant impaired in c-di-AMP secretion failed to elicit a protec-
tive response, whereas a mutant with increased c-di-AMP secretion triggered en-
hanced protection. Type | interferon (IFN) is a major output of STING signaling; how-
ever, disrupting IFN signaling during L. monocytogenes-induced enterocolitis did not
recapitulate STING deficiency. In the absence of STING, the intestinal immune re-
sponse was associated with a reduced influx of inflammatory monocytes. These
studies suggest that in barrier sites such as the intestinal tract, where pathogen-
associated molecular patterns are abundant, cytosolic surveillance systems such as
STING are well positioned to detect pathogenic bacteria.

KEYWORDS Listeria monocytogenes, gastrointestinal infection, innate immunity,
monocytes, pathogenesis

isteria monocytogenes is a Gram-positive bacterium that lives on decaying organic

matter in the environment, and upon ingestion by a mammalian host, it transforms
into a facultative intracellular pathogen (1). In humans, L. monocytogenes causes a
foodborne disease that often leads to a mild, self-limiting gastroenteritis, but in rare
instances, L. monocytogenes infection can become a life-threatening condition that is
characterized by bacteremia, meningoencephalitis, and pregnancy loss (2, 3). In mice,
infection through the intravenous (i.v.) route leads to highly reproducible bacterial
burdens in the spleen and liver. Although the i.v. model recapitulates the severe
systemic form of L. monocytogenes infection, it completely bypasses the initial intestinal
phase of pathogenesis. Like humans, mice are also generally resistant to L. monocyto-
genes infection though the oral route. In mice, administration of doses as high as 10°
CFU p.o. leads to a mild infection with minor clinical symptoms (4, 5). Recently, it was
shown that the induction of intestinal dysbiosis by streptomycin treatment before
administering L. monocytogenes per os (p.o.) dramatically improved L. monocytogenes
colonization of mouse intestines (6). In this model, mice develop enterocolitis, diarrhea,
and systemically disseminated L. monocytogenes. Importantly, bacterial mutants that
are unable to escape from a phagosome (LLO-minus) or mediate cell-to-cell spread
(ActA-minus) still colonize the intestinal lumen but fail to induce host pathology,
demonstrating the requirement for virulence factors in developing intestinal disease
and thus establishing the basis for the use of the enterocolitis model to study L.
monocytogenes pathogenesis (7).
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In this study, we explored the role of innate immune signaling during L. monocy-
togenes enterocolitis. Although much is known about activation of innate immunity
during systemic spread, less is known about innate immunity during the natural route
of infection. The intestinal tract is populated with a dense and diverse microbial
community, and the host immune system can distinguish pathogens from normal
members of the microbiota by monitoring for microbial activities that are associated
with pathogenesis (8). For example, the presence of c-di-AMP in the host cytosol alerts
the innate immune system to the presence of intracellular L. monocytogenes (9, 10).
C-di-AMP belongs to a broad family of cyclic dinucleotides (CDNs), and c-di-AMP
and c-di-GMP are highly conserved among diverse bacteria (11, 12). In L. monocyto-
genes, c-di-AMP functions as an essential allosteric activator of metabolic functions (13).
L. monocytogenes mutants that lack c-di-AMP are extremely debilitated, making it
difficult to define the in vivo role of c-di-AMP in pathogenesis and the host immune
response (14). Of note, the induction of multidrug resistance (MDR) transporters, which
mediate c-di-AMP secretion in L. monocytogenes, increases between 4- and 200-fold
during intracellular growth relative to induction levels when grown in broth. L. mono-
cytogenes encodes at least 8 MDR transporters of the major facilitator superfamily, and
deleting 4 accounts for 80% of c-di-AMP secretion (15). Adjacent transcriptional repres-
sors regulate the induction of MDR transporters. For example, TetR regulates mdrT
expression, and AtetR mutants have 100-fold-increased induction of mdrT, leading to
increased c-di-AMP secretion in host cells (16).

There are 3 major pathways of innate immune recognition during L. monocytogenes
infection (17): a MyD88-dependent pathway that emanates from a phagosome that is
triggered by bacterial lipoproteins and nucleic acid released during bacteriolysis (18),
DNA-dependent AIM2-mediated inflammasome activation that is induced primarily by
the infrequent lysis of cytosolic bacteria (19), and the stimulator of interferon (IFN)
genes (STING)-dependent pathway, which is triggered by the secretion of L. monocy-
togenes c-di-AMP (9). In this study, we focused on the role of the STING pathway. STING
is an innate immune sensor and cytosolic signaling hub that acts as a cytosolic CDN
receptor (20). Both endogenously and bacterially produced CDNs bind and activate
STING. In vertebrates, aberrant double-stranded DNA activates cyclic GMP-AMP syn-
thase (cGAS) to produce c-GMP-AMP (21). L. monocytogenes c-di-AMP activates STING
directly and does not require cGAS (22). STING signaling contributes to the production
of type I IFN during L. monocytogenes infection (23). The route of infection influences
how type | IFN impacts pathogenesis. In the i.v. model, type | IFNs promote bacterial
pathogenesis (24-26), but in various p.o. models, type | IFNs have modest antibacterial
effects (27, 28). In addition to type | IFN, STING activation also results in NF-«B activation
(29), autophagy (30), and STAT6 activation (31). Active STAT6 can lead to the produc-
tion of the chemokine CCL2 (31), which binds CCR2 on the surfaces of monocytes. CCR2
signaling initiates the egress of monocytes from the bone marrow and entry to the
bloodstream (32, 33). Monocytes represent a heterogenous population of phagocytic
white blood cells that rapidly traffic to sites of infection. Mice lacking CCR2 or CCL2 or
that have undergone monocyte depletion develop high bacterial burdens following i.v.
L. monocytogenes infection (32, 34, 35). Furthermore, adoptive transfer of monocytes
leads to a reduction of systemic L. monocytogenes (36). During intestinal infection,
monocytes represent the predominant cell type that associates with L. monocytogenes
and fail to support intracellular replication (37). Together, these findings demonstrate
an essential role for monocytes in the immune response to L. monocytogenes infection.
Given that the activation of a single innate immune sensor leads to a wide array of
functional outputs that provide both pro- and antibacterial responses, a common
theme for the role of the STING in bacterial pathogenesis has not yet emerged.

In this study, we found that STING activation led to reduced bacterial burden
and correlated with the recruitment of monocytes to the intestines during L.
monocytogenes-induced enterocolitis. This STING-mediated protective response was
triggered by the secretion of L. monocytogenes c-di-AMP, while disruption of type | IFN
signaling during L. monocytogenes-induced enterocolitis did not recapitulate STING
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FIG 1 STING activation during the intestinal phase of L. monocytogenes infection leads to an antibacterial
response. (A to C) B6 (n = 24) and Sting9¥9t (n = 24) mice were pretreated with streptomycin and infected
with L. monocytogenes (108 CFU per os [p.o.]). (A) Body weights 5 days postinfection expressed as a
percentage of initial weight. (B) L. monocytogenes CFU recovered from stool samples collected 1 day
postinfection. (C) L. monocytogenes CFU recovered from the indicated organs 5 days postinfection. (D) B6
(n = 10) and Sting9¥9t (n = 10) mice were infected with L. monocytogenes (105 CFU intravenously [i.v.]).
L. monocytogenes CFU were recovered from the indicated organs at 2 days postinfection. For panels B to
D, results are presented as log-transformed values. For all panels, horizontal lines represent means and
error bars represent SEM. Asterisks indicate statistically significant differences by two-tailed t test (***,
P < 0.001). Data are pooled from at least two experiments.

deficiency. Collectively, these findings broaden our understanding of the in vivo
functional outcomes of STING activation and may help us to understand how sensors
of the innate immune system coordinate to detect pathogens at barrier sites.

RESULTS

STING activation during the intestinal phase of L. monocytogenes infection
leads to an antibacterial response. To investigate the role of STING signaling in the
intestinal phase of L. monocytogenes pathogenesis, we chose to use a recently devel-
oped mouse model of L. monocytogenes-induced enterocolitis (7). Groups of wild-type
C57BL/6 (B6) and STING-deficient Sting9¥9t mice received a 2-day course of streptomy-
cin (5 mg/ml)-supplemented drinking water and underwent an overnight fast followed
by infection p.o. through the voluntarily consumption of a breadcrumb soaked with 108
L. monocytogenes CFU. At 5 days postinfection, Sting9¥9t mice had lost nearly 3 times
more weight than B6 mice (Fig. TA). The difference in disease severity between B6 and
Stingg¥9t mice could not be explained by a change in the ability of L. monocytogenes to
colonize the intestinal tract in STING-deficient mice, as the number of L. monocytogenes
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FIG 2 STING activation restricts intracellular L. monocytogenes in intestinal tissues. B6 and Stingg¥9t mice
were pretreated with streptomycin and infected with L. monocytogenes (108 CFU per os). (A) Cecal masses
of B6 (n = 17) and Sting9¥9t (n = 17) mice. (B) L. monocytogenes CFU recovered from cecal contents at
5 days postinfection for B6 (n = 21) and Sting9“st (n = 21) mice. (C) Gentamicin-resistant L. monocyto-
genes CFU recovered from cecum samples at indicated time points. For 3 days postinfection (3DPI), n =
8 and n = 9 for B6 and Sting9¥9t mice, respectively; for 5 days postinfection (5DPI), n = 7 and n = 8 for
B6 and Stingg¥9t mice, respectively. For panels B and C, results are presented as log-transformed values.
Horizontal lines represent means and error bars represent SEM. Asterisks indicate statistically significant
differences by two-tailed t test (**, P < 0.01;***, P < 0.005). Data are pooled from at least two experi-
ments. (D) Hematoxylin and eosin-stained cecal samples collected 5days postinfection. Scale bars
represent 2 mm.

CFU recovered from stool samples collected 24 h postinfection were comparable for
both mouse strains (Fig. 1B). From the intestinal tract, L. monocytogenes spreads locally
to the mesenteric lymph nodes (mLN) and systemically to organs, including the spleen
and the liver. At both local and distal sites of dissemination, Sting9”9t mice carried
higher bacterial burdens than did B6 mice: a 6-fold increase in the mLN, a 10-fold
increase in the spleen, and a 31-fold increase in the liver (Fig. 1C). Differences in the
bacterial burdens of systemic sites were also observed between Stingg”9t and littermate
controls, suggesting that the intestinal microbiota could not account for this pheno-
type (see Fig. S1 in the supplemental material). Interestingly and consistent with
previous studies, the bacterial burdens of the spleen, liver, and gallbladder did not
significantly differ between B6 and Stingg9t mice when L. monocytogenes was admin-
istered intravenously (Fig. 1D), indicating that STING signaling plays a minor role in
controlling bacterial growth during the systemic phase of the infection. Collectively,
these results are consistent with a requirement for STING signaling in the intestinal tract
to coordinate an immune response that reduces the severity of L. monocytogenes
infection.

STING activation restricts intracellular L. monocytogenes in intestinal tissues.
During the collection of tissues to enumerate CFU at 5 days postinfection, we noticed
that the ceca of Sting9“9t mice were noticeably smaller and weighed 30% less than
those of B6 mice (Fig. 2A). The difference in weights appeared to be due to a reduction
in cecal contents and could have been caused by a reduction in food intake or the
development of diarrhea, which was observed in the animal bedding. Given the striking
visual difference in the ceca, we considered that this phenotype might relate to the
more severe disease exhibited by Stingg”9t mice. Within the intestinal tract, L. mono-
cytogenes replicates in the lumen as free-living bacteria, and in the tissues, L. monocy-
togenes replicates intracellularly in host cells. To examine these two populations, the
luminal content was collected and plated to obtain the extracellular bacteria fraction,
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FIG 3 STING activation by L. monocytogenes-derived c-di-AMP is antibacterial. B6 and Sting9¥9t mice were
pretreated with streptomycin and infected with L. monocytogenes (108 CFU of indicated strains per os).
L. monocytogenes CFU were recovered from indicated organs 5 days postinfection. Sample sizes are as
follows: for Stingg¥st mice, 10, 15, and 10 for the tetR:tn, wild-type, and AmdrMTAC strains, respectively;
for B6 mice, 9 each for the tetR:tn, wild-type, and AmdrMTAC strains. Results are presented as log-
transformed values. Horizontal lines represent means and error bars represent SEM. Asterisks indicate
statistically significant differences by one-way analysis of variance (ANOVA) and Dunnett’s posttest (**,
P < 0.01; ***, P < 0.005). Data are pooled from at least two experiments. ns, not significant.

and tissues were washed, treated with gentamicin, and homogenized to obtain the
intracellular bacterial fraction. The host cell membrane protects intracellular bacteria
from the bactericidal activity of gentamicin; therefore, the gentamicin-resistant bacteria
represent the number of intracellular bacteria. At 5 days postinfection, the numbers of
extracellular bacteria in the ceca were not significantly different between B6 and
Sting9¥9t mice (Fig. 2B). However, the number of intracellular bacteria in the ceca of
Stingg¥9t mice was increased 11-fold at 3 days postinfection and 90-fold at 5 days
postinfection relative to that in B6 mice (Fig. 2C). These data indicate a requirement for
STING signaling in the control of intracellular bacteria in the intestines. Histological
samples of the cecum showed no remarkable differences between uninfected B6 and
Stingg¥9t mice, but upon L. monocytogenes infection, inflammation of the Stinggv9t
mouse cecum appeared more diffuse (Fig. 2D). The increase in intracellular L. mono-
cytogenes of the Sting9¥9t ceca could explain this difference in inflammation.

L. monocytogenes-derived c-di-AMP activates STING to provide a protective
response. Many bacterial species, including the commensals that occupy the intestinal
tract, produce CDNs (11). We used bacterial and mouse mutants to address the
functional significance of c-di-AMP secretion by L. monocytogenes during the intestinal
phase of infection. L. monocytogenes strains that completely lacked c-di-AMP, such as
a AdacA strain, could not be tested because loss of c-di-AMP synthesis leads to severe
growth defects (14). As an alternative, we used a strain that is deficient in four MDR
transporters (AmdrMTAC) and secretes 7-fold less c-di-AMP than a wild-type strain (15).
We also evaluated the tetR:tn strain, in which the transcriptional repressor of mdrT is
disrupted by a transposon insertion, resulting in increased mdrT expression and a
20-fold increase in c-di-AMP secretion (16). The contribution of host-derived CDNs was
ruled out because bacterial burdens of Cgas—~ mice and B6 mice did not significantly
differ when infected with wild-type L. monocytogenes (Fig. S2).

To investigate the impact of increased c-di-AMP secretion on virulence, we com-
pared a AtetR mutant to wild-type L. monocytogenes in B6 mice. The tetR:tn bacterial
burdens were 5-fold lower in the spleen and mLN than in mice infected with wild-type
L. monocytogenes. However, the bacterial burdens of Stingg”/9t mice infected with
tetR:tn or wild-type L. monocytogenes did not significantly differ, indicating that L.
monocytogenes-derived c-di-AMP contributes to a STING-mediated antibacterial re-
sponse (Fig. 3).
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FIG 4 Disrupting IFN signaling during L. monocytogenes-induced enterocolitis leads to reduced bacterial
loads at systemic sites. (A and B) B6 (n = 10) and Ifnar—/~ (n = 8) mice were pretreated with streptomycin
and infected with L. monocytogenes (108 CFU per os). (A) L. monocytogenes CFU recovered from stool
samples collected 1 day postinfection. (B) L. monocytogenes CFU recovered from the indicated organs at
5 days postinfection. (C and D) B6 (n = 7) and Irf3/7~/~ (n = 6) mice were pretreated with streptomycin
and infected with L. monocytogenes (108 CFU per os). (C) L. monocytogenes CFU recovered from stool
samples collected 1 day postinfection. (D) L. monocytogenes CFU recovered from the indicated organs at
5 days postinfection. Results are presented as log-transformed values. Horizontal lines represent means
and error bars represent SEM. Asterisks indicate statistically significant differences by two-tailed t test (¥,
P < 0.05; **, P < 0.01). Data are pooled from at least two experiments.

We next investigated the effects of decreased c-di-AMP secretion on virulence. To
deduce STING-independent effects of deleting four MDR transporters on virulence, we
evaluated AmdrMTAC and wild-type L. monocytogenes in Sting9“9t mice. Compared to
wild-type L. monocytogenes in Sting9¥9t mice, the bacterial burdens of AmdrMTAC in
Stingg¥9t mice were 240-fold lower in the liver and 25-fold lower in the spleen and
trended lower in the mLN, indicating a role for MDR transporters in virulence that is
independent of STING signaling. To evaluate the STING-dependent antibacterial
response in a setting of low L. monocytogenes-derived c-di-AMP, we compared
AmdrMTAC and wild-type L. monocytogenes in B6 mice. The bacterial burdens of B6
mice infected with AmdrMTAC and wild-type L. monocytogenes did not significantly
differ (Fig. 3). In the absence of a STING-independent virulence defect, we would have
expected the AmdrMTAC strain to have increased virulence by evading STING activa-
tion. However, because we observed a significant STING-independent virulence defect,
the bacterial burden in B6 mice represents a STING-dependent phenotypic rescue.
These observations suggest that the extent by which the AmdrMTAC strain induces a
STING-dependent antibacterial response is minimal compared to that of wild-type L.
monocytogenes, and the potential benefit of reduced STING activation is neutralized by
the STING-independent virulence defect of the AmdrMTAC strain. Taken together, these
results provide genetic evidence for the initiation of a STING-mediated antibacterial
response by L. monocytogenes-derived c-di-AMP.

Disrupting IFN signaling during L. monocytogenes-induced enterocolitis leads
to reduced bacterial loads at systemic sites. L. monocytogenes infection elicits a
robust STING-dependent type | IFN response (23). To address the contributions of type
I IFN to a protective response during L. monocytogenes-induced enterocolitis, groups of
B6 and Ifnar—'— mice received streptomycin pretreatment and 108 CFU of L. monocy-
togenes p.o. L. monocytogenes CFU recovered from stool samples revealed no differ-
ences in the abilities to colonize the intestinal tracts of B6 and Ifnar—/— mice (Fig. 4A).
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FIG 5 Reduced monocyte recruitment in the absence of STING signaling. (A and B) B6 (n =5) and
Stingg¥9t (n = 6) mice were pretreated with streptomycin and infected with L. monocytogenes (108 CFU
per o0s). (A) Monocyte counts at 3 days postinfection of indicated tissues by flow cytometry. (B) Neutrophil
counts at 3 days postinfection of indicated tissues by flow cytometry. Horizontal lines represent means
and error bars represent SEM. Asterisks indicate statistically significant differences by two-tailed t test (*,
P < 0.05; **, P < 0.01; ***, P < 0.005). Data are pooled from at least two experiments.

In stark contrast to the case with Stingg¥9t mice, the mLN, spleens, and livers of Ifnar—"—
mice contained significantly lower bacterial burdens than those of B6 mice (Fig. 4B). We
also examined Irf3/7—/~ mice, which lack two transcription factors that act downstream
of STING signaling to induce transcription of type | IFN (38). L. monocytogenes colonized
the intestinal tracts of Irf3/7—/~ mice slightly better than those of B6 mice, but at 5 days
postinfection, we observed 14-fold fewer CFU in mLN of /rf3/7—/~ mice than of B6 mice
and no statistically significant differences in the spleen and liver (Fig. 4C and D).
Collectively, these data suggest that the type | IFN response does not contribute to
protection during L. monocytogenes-induced enterocolitis. Consistent with what had
been reported with i.v. L. monocytogenes infection (24-26), the type | IFN response has
a detrimental effect in controlling bacterial growth.

Reduced monocyte recruitment in the absence of STING signaling. STING
signaling leads to the production of chemokines which mobilize immune cells to sites
of inflammation (31). To investigate the functional consequences of chemokine pro-
duction by STING signaling during L. monocytogenes-induced enterocolitis, we charac-
terized the immune cell composition of the colon and mLN by flow cytometry. Colon
samples from mice were separated into fractions containing cells associated with the
epithelial layer (intraepithelial IE) and cells of the lamina propria (LP). Under homeo-
static conditions, the mLN and colon contained very few neutrophils (CD11b™ LyG™)
and monocytes (CD11b™ Ly6C™), but during L. monocytogenes infection, the intestines
became markedly infiltrated with neutrophils and monocytes (Fig. 5; see Fig. S3 for
gating strategy). Compared to those of B6 mice, both the mLN and colons of Stingg¥9t
mice at 3 days postinfection contained roughly half the number of monocytes, indi-
cating that the monocyte response was dependent on STING signaling (Fig. 5A). We
also observed an increase in the presence of neutrophils associated with the colonic
epithelium of Stingg”9t mice (Fig. 5B). Given that efficient clearance of systemic L.
monocytogenes is highly dependent on monocytes and that neutrophils appear to be
dispensable (35), our observations are consistent with a model in which STING signaling
contributes to the recruitment of monocytes to the sites of infection, where they
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participate in an immune response that effectively eliminates intracellular bacteria in
the intestinal tract, leading to reduced systemic disease.

DISCUSSION

The results of our study revealed that STING signaling provides a protective immune
response that limits the severity of L. monocytogenes-induced enterocolitis as measured
by weight loss and bacterial burdens at systemic sites. We observed that disrupting
STING signaling during infection impaired monocyte recruitment to intestinal tissues.
We also found that the magnitude of protection was dependent on the level of
c-di-AMP secretion by L. monocytogenes. Although type | IFN is a widely accepted
output of STING signaling, disrupting IFN signaling during intestinal infection did not
reproduce the increased susceptibility observed in STING-deficient mice; in contrast,
loss of IFN signaling led to reduced bacterial loads in systemic sites. Together, our
results support a model in which the secretion of c-di-AMP by L. monocytogenes in the
cytosol of host cells in the intestinal tract activates STING and initiates a monocyte
response that inhibits the local replication of intracellular bacteria, leading to a reduced
systemic burden. To further advance this model, additional experiments will be needed
to delineate the signaling cascades that lead to the functional consequences of STING
activation during L. monocytogenes infection. In addition, experiments to characterize
the cell types that initiate the immune response to L. monocytogenes infection and the
cell types that represent the L. monocytogenes intracellular niche within the distal
intestinal tract will advance our understanding of L. monocytogenes pathogenesis.

Given the general consensus that monocytes play an essential role in the elimina-
tion of L. monocytogenes in vivo (35), the impaired monocyte response of Sting¥9t mice
provides a likely explanation for increased bacterial burden and increased disease
severity. This dependency of the monocyte response on STING signaling was also
observed in studies using i.v. L. monocytogenes infections, in which STING signaling
contributes to monocyte recruitment in the liver (36). Observations from viral infections
offer a possible mechanism for how STING regulates the monocyte response. Infections
with Sendai virus, vesicular stomatitis virus, and herpes simplex virus 1 demonstrate
that the in vitro and in vivo production of CCL2, a key monocyte chemokine, occurs
through STING signaling in a STAT6-dependent manner (31). Conceivably, monocyte
recruitment during L. monocytogenes infection also relies on STAT6-dependent
CCL2 production. At the site of infection, monocytes acquire the capacity to produce
inducible nitric oxide synthase (iNOS) and tumor necrosis factor alpha (TNF-«) (39). The
cellular identity of this cell population remains to be fully defined, but these cells
constitute the major source of TNF-a and iNOS during L. monocytogenes infection (39,
40). iNOS and TNF-a are potent effector molecules that mediate bacterial killing
through cell intrinsic and extrinsic mechanisms. Mice that lack either iNOS or TNF-« are
highly susceptible to intravenous L. monocytogenes infection (41-43). Future experi-
ments will be needed to test the direct links between STING, STAT6, CCL2, monocyte
recruitment, and antibacterial activity.

Although type I IFN is a major output of STING signaling during L. monocytogenes
infection, disruption of type | IFN signaling during L. monocytogenes-induced entero-
colitis resulted in reduced bacterial burdens, suggesting that in this setting, type | IFN
benefits the pathogen. The promotion of L. monocytogenes pathogenesis by type | IFN
has been previously reported for the i.v. mouse model (24-26). In studies in which
infection occurred through the oral route, the propathogen effect of type | IFN was not
observed, and in some instances, type | IFN helped to control bacterial growth (27, 28).
An important distinction from previously reported infections by the oral route is that
the enterocolitis model used in this study leads to robust intestinal colonization by L.
monocytogenes and notable intestinal inflammation. An explanation that may help to
reconcile this discrepancy in the effects of type | IFN on L. monocytogenes pathogenesis
comes from studies of Mycobacterium tuberculosis, another intracellular pathogen. Mice
carrying the “sensitive” allele of the “super susceptibility to tuberculosis 1” loci (Sst7°)
have decreased survival following M. tuberculosis infection that is associated with
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enhanced production of type | IFN, and susceptibility to M. tuberculosis is rescued by
disrupting type | IFN signaling (44, 45). B6 mice carry the resistant Sstl allele, and
disrupting type | IFN in B6 mice has a modest effect. Interestingly, Sst7° mice are also
more susceptible to L. monocytogenes infection (46); it is tempting to speculate that
type | IFN explains this phenotype as well. Together, these observations suggest that
type | IFN can drive L. monocytogenes pathogenesis when sufficient type | IFN is
produced, which can be influenced by multiple factors, such as route of infection, host
genetics, and pathogen burden.

In the CDN-STING dialog between host and microbe, our results provide a clear
benefit from the host's perspective; however, consideration of this interaction from the
microbe’s perspective is also warranted. The expression of MDR transporters which
secrete c-di-AMP is induced by intracellular growth of L. monocytogenes. The transcrip-
tional induction of all MDR transporters is at least 4-fold higher, with some transporters
being induced up to 200-fold more than in bacteria grown in broth (15). Given that the
L. monocytogenes genome also encodes at least two phosphodiesterases that degrade
c-di-AMP, what benefit does c-di-AMP secretion afford (47, 48)? According to the
“Trojan horse” hypothesis of bacterial dissemination, infected monocytes help dissem-
inate bacteria to the brain and placenta (49-51). In humans and livestock, invasive
listeriosis is characterized by neurological involvement and miscarriage (52). L. mono-
cytogenes transmission can occur through consumption of bacteria present in high
numbers in the placenta during miscarriage. Therefore, we suggest the possibility that
STING activation by L. monocytogenes-derived c-di-AMP leads to the recruitment of
monocytes to sites of infection, and then infected monocytes help disseminate the
infection to privileged tissues such as the brain and placenta. Perhaps L. monocytogenes
has evolved to make a trade-off between immune evasion and dissemination.

In our efforts to define the roles of c-di-AMP secretion by L. monocytogenes in the
host immune response, we revealed a striking STING-independent virulence phenotype
associated with the AmdrMTAC strain. Infected Sting9¥9t mice had 240-fold-decreased
bacterial burdens in the liver when infected with the AmdrMTAC strain compared to the
wild type. In L. monocytogenes, MDR transporters contribute to bile resistance (53), and
the liver is the site of primary bile acid biosynthesis. Interestingly, bile appears to
transcriptionally regulate nearly 400 L. monocytogenes genes (53). Although more work
is needed, a proper response to bile appears to be a critical feature of L. monocytogenes
pathogenesis.

Regulation of autophagy by STING signaling predates the emergence of the type |
IFN response (54), and L. monocytogenes can be targeted by cell-autonomous defenses
that require autophagy machinery. For these reasons, autophagy and related mecha-
nisms might contribute to STING-mediated antibacterial responses. Entry to the host
cytosol results in damage to the L. monocytogenes-containing vacuole, which serves as
a signal to eliminate the bacteria through a process called LC3-associated phagocytosis.
Additionally, during transit through the intestinal tract or blood, L. monocytogenes can
become coated in complement C3, and when internalized by host cells, complement
C3 recruits ATG16L through a direct interaction and directs the bacterium to degrada-
tive compartments (55). Cytosolic L. monocytogenes is further subjected to the activity
of ubiquitin ligases and autophagy adaptors to initiate a process called xenophagy
which entraps the bacteria in membranes before delivery to degradative compartments
(56). While these processes are distinct, these mechanisms likely act in concert to
provide adequate defense because many pathogens possess virulence factors that
neutralize these antibacterial responses. The activity of two L. monocytogenes phos-
pholipases C decreases the pool of phosphatidylinositol 3-phosphate, which serves as
a critical signal that recruits autophagy machinery (57). L. monocytogenes can also avoid
autophagy by using actin-based motility to evade ubiquitin ligases and to escape from
LC3™ membranes (58). Studies with macrophages suggest that these countermeasures
are largely effective because only 30% of L. monocytogenes colocalize with autophagy
machinery (56). The mechanisms by which L. monocytogenes is targeted by xenophagy
appear to be distinct from the mechanisms by which STING signaling induces au-
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TABLE 1 Strains used in this study

Strain Description Reference
10403S Wild-type L. monocytogenes 63
DP-L5387 tetR:Tn 16
DP-L7247 AmdrMTAC 15

tophagy. STING-induced activation of autophagy machinery is TBK1 and Beclin 1
independent, whereas the xenophagy of L. monocytogenes requires both factors (30,
56). Further investigation will be needed to determine the extent of cross talk between
STING signaling and cell-autonomous defenses that require autophagy machinery. Of
particular interest, how does a diffusible molecule like CDN regulate the selective
targeting of bacteria in the cytosol?

Pattern recognition receptors (PRRs) recognize conserved pathogen-associated mo-
lecular patterns (PAMPs), but many nonpathogens also contain these ligands (59).
Therefore, mechanisms must be in place to distinguish pathogens from commensals in
order to avoid unnecessary activation of the immune system (8, 64). Here, we showed
that STING signaling provides a protective response following L. monocytogenes infec-
tion through the p.o. route, but with infection through the i.v. route, STING signaling
appeared to be dispensable. This discrepancy could reflect differences in the tissue-
specific requirements for immune response activation. In the context of disseminated
disease, where bacteria are present in the spleen or liver, the detection of PAMPs in
these tissues would be teleologically sufficient to discriminate pathogens from com-
mensals because commensals do not typically reach internal organs. In the context of
mucosal barriers, where PAMPs are abundant, external surveillance systems alone
would not be sufficient, as commensals would trigger immune system activation.
Cytosolic surveillance systems such as STING possess an additional requirement for
activation: the PAMP needs to be present in the host cytosol. Many pathogens rely on
host cytosol access to carry out virulence strategies, and these activities can inadver-
tently introduce PAMPs into the cytosol. Therefore, cytosolic surveillance provides a
mechanism to distinguish the presence of a pathogen from that of a commensal.
Further experimentation is needed to fully define the cell types in the intestines that are
responsible for initiating the immune response to L. monocytogenes. Given the differ-
ential requirements of tissues to assess microbe encounters, it is possible that the
activity of other immune sensors can compensate for STING function during dissemi-
nated disease, but at the initial site of infection in the mucosal barrier, STING signaling
could provide more pronounced contributions to immune responses.

MATERIALS AND METHODS

Ethics statement. This study was carried out in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National Research Council of the National
Academy of Sciences (60). All protocols were reviewed and approved by the Animal Care and Use
Committee at the University of California, Berkeley (UC Berkeley; AUP-2016-05-8811).

Mice. All mice were specific pathogen free, maintained under a 12-h light-dark cycle (7 a.m. to 7
p.m.), and given a standard chow diet (Harlan irradiated laboratory animal diet) ad libitum. Within each
experiment, mice of all genotypes were age matched at 8 to 12 weeks old and had been cohoused for
at least 2 weeks at the start of infections. Ifnar—/~ (the Jackson Laboratory; 028288) mice were provided
by R. Vance. Irf3/7/~ (61) mice were provided by G. Barton. Sting9¥9t (23) and Cgas—/~ (62) mice were
previously described. All mouse strains were bred at UC Berkeley except for C57BL/6 mice, which were
purchased from the Jackson Laboratory. All mice were maintained at the University of California,
Berkeley, animal facility according to institutional guidelines for animal care. Mouse work was not
subjected to randomization or data blinding.

Bacterial strains and growth conditions. All L. monocytogenes strains used in this study were
derived from streptomycin-resistant wild-type 10403S (Table 1) and propagated in filter-sterilized brain
heart infusion (BHI) medium (BD) at 37°C with shaking and without antibiotics unless otherwise stated
in Materials and Methods. Cell density was spectrophotometrically measured by optical density at a
wavelength of 600 nm (ODg,). Frozen bacterial stocks were stored at —80°C in BHI medium plus 40%
glycerol. Culture medium supplements were used at the following concentrations: streptomycin at
200 pg/ml, nalidixic acid at 15 pg/ml, LiCl at 6 mg/ml, and glycine at 6 mg/ml.

L. monocytogenes-induced enterocolitis. Prior to infection, 5 mg/ml of streptomycin sulfate was
added to the drinking water. After 32 h, mice were transferred to fresh cages, and chow was removed
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to initiate an overnight fast. At 48 h after streptomycin was added to the water, mice were isolated, fed
a 3-mm piece of bread soaked with 3 ul of butter and an inoculum of L. monocytogenes in phosphate-
buffered saline (PBS), and returned to cages containing standard drinking water and chow. Following
infection, stool samples were collected and homogenized in PBS by vortexing for 5 min at 4°C, and
dilutions were plated. In instances where streptomycin was not sufficient to restrict growth of intestinal
bacteria, plates were supplemented with nalidixic acid, LiCl, and glycine. To confirm the identity of
colonies recovered from feces, PCR for actA was performed. To determine bacterial burden in organs,
mice were euthanized and tissues were collected. Livers were homogenized in 10 ml of 0.1% IGEPAL
(Sigma CA-630), and ceca, mLN, and spleens were homogenized in 2 ml, of 0.1% IGEPAL. Dilutions of
homogenates were plated to enumerate CFU.

Gentamicin treatment. Cecal tissues were cut longitudinally, washed with cold PBS, and incubated
in RPMI medium (Gibco) containing 5% fetal calf serum, HEPES, L-glutamine, and 100 ng/ml of genta-
micin for 45 min at 37°C. Tissues were washed by placing the sample into 10 ml of PBS on a rotator at
4°C for 20 min, and washing was repeated 6 times. Tissues were homogenized in 2 ml of 0.1% IGEPAL,
and dilutions were plated.

Histology. For hematoxylin and eosin staining, tissues were fixed in buffered 4% paraformaldehyde
(PFA). Histology was performed by HistoWiz Inc. (Brooklyn, NY) using a standard operating procedure
and fully automated workflow. Samples were processed, embedded in paraffin, and sectioned at 4 um.
After staining, sections were dehydrated and film coverslipped using a TissueTek-Prisma and Coverslip-
per (Sakura). Whole-slide scanning (X40 magnification) was performed on an Aperio AT2 instrument
(Leica Biosystems).

Flow cytometry. Single-cell suspensions were incubated with Fc Block (eBiosciences; clone 93) and
fixable viability stain (BD-Horizon), followed by staining with antibodies to surface markers: CD45
(30-F11), Ly6C (HK1.4), Ly6G (IA8), CD11b (M1170), CD64 (x-54-4/7.1), CD11c (N418), and major histo-
compatibility complex class Il (MHC-ll; M5/144.15.2). Samples were analyzed on a LSRFortessa (BD
Biosciences) with five lasers (351 nm, 405 nm, 488 nm, 561 nm, and 640 nm). Samples were gated by
FSC-A and SSC-A to exclude debris, FSC-H and FSC-W for single cells, and to exclude dead cells. Data
analysis was performed using FlowJo (Treestar).

Tissue dissociation. Colons were opened, thoroughly cleaned with PBS, and incubated for 20 min in
20 ml of Hanks balanced salt solution (HBSS; Ca2*/Mg2* free) supplemented with 2% fetal calf serum
(FCS), 10 MM HEPES, and 5 mM dithiothreitol. Supernatants were discarded, and intestines were incu-
bated for 15 min in 10 ml of HBSS (Ca2*/Mg2* free) supplemented with 2% FCS, 10 mM HEPES, and 5 mM
EDTA solution. This step was repeated twice using fresh solution. Supernatants were collected and
represent the intraepithelial fraction. Next, intestines were incubated for 10 min in 20 ml of HBSS (with
Ca2*/Mg?*) supplemented with 3% FCS and 10 mM HEPES. After incubation, intestines were gently
vortexed, cut into small pieces, and incubated for 30 min in 5ml of HBSS (with Ca2*/Mg?*) supple-
mented with 3% FCS, 10 mM HEPES, 100 png/ml of Liberase, and 30 ug/ml of DNase I. All incubations
were performed with gentle rocking at 37°C. After digestion, samples were passed through a 100-um
filter and washed. The resulting cell pellet was resuspended in 5 ml of 40% Percoll (Sigma-Aldrich) and
centrifuged at 2,000 rpm for 20 min at 20°C. The debris on the surface was aspirated away and the
remainder was washed and stained for flow cytometry. mLN were gently dissociated over a 70-um nylon
filter using a syringe plunger and washed with PBS with 3% FCS.

Statistical analysis. Statistical analyses were carried out with GraphPad Prism software (version 7.0a).
See the figure legends for details.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
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ACKNOWLEDGMENTS

Research reported in this publication was supported by funding from the National
Institute of Allergy and Infectious Diseases of the National Institutes of Health (1PO1
Al063302 and 1R01 AI27655 to D.A.P.) and the National Institutes of Health Immunol-
ogy and Pathogenesis Program training grant (2T32 Al 100829-06A1 to A.L.).

We thank Russell E. Vance and Gregory M. Barton for helpful discussions and sharing
mice. We thank Claire O’Leary for providing technical advice. We thank Brittney N.
Nguyen and Samuel H. Light for critically reading the manuscript.

Conceptualization, A.L. and D.A.P.; Methodology, A.L. and D.A.P.; Investigation, A.L.,
V.B., and D.A.P,, Analysis, A.L. and D.A.P,; and Writing, A.L. and D.A.P.

We declare no competing interests.

Infection and Immunity

REFERENCES
1. Freitag NE, Port GC, Miner MD. 2009. Listeria monocytogenes—from 2. Charlier C, Perrodeau E, Leclercq A, Cazenave B, Pilmis B, Henry B, Lopes
saprophyte to intracellular pathogen. Nat Rev Microbiol 7:623-628. A, Maury MM, Moura A, Goffinet F, Dieye HB, Thouvenot P, Ungeheuer
https://doi.org/10.1038/nrmicro2171. MN, Tourdjman M, Goulet V, de Valk H, Lortholary O, Ravaud P, Lecuit M,

December 2020 Volume 88 Issue 12 e00407-20

jaiasm.org 11


https://doi.org/10.1038/nrmicro2171
https://iai.asm.org

Louie et al.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

December 2020 Volume 88

MONALISA study group. 2017. Clinical features and prognostic factors of
listeriosis: the MONALISA national prospective cohort study. Lancet
Infect Dis 17:510-519. https://doi.org/10.1016/S1473-3099(16)30521-7.

. Aureli P, Fiorucci CF, Caroli D, Marchiaro G, Novara O, Leone L, Salmaso

S. 2000. An outbreak of febrile gastroenteritis associated with corn
contaminated by Listeria monocytogenes. N Engl J Med 342:1236-1241.
https://doi.org/10.1056/NEJM200004273421702.

. Bou Ghanem EN, Jones GS, Myers-Morales T, Patil PD, Hidayatullah

AN, D'Orazio SEF. 2012. InlA promotes dissemination of Listeria mono-
cytogenes to the mesenteric lymph nodes during food borne infec-
tion of mice. PLoS Pathog 8:1003015. https://doi.org/10.1371/
journal.ppat.1003015.

. Pitts MG, Orazio SEFD. 2018. A comparison of oral and intravenous

mouse models of listeriosis. Pathogens 7:13. https://doi.org/10.3390/
pathogens7010013.

. Becattini S, Littmann ER, Carter RA, Kim SG, Morjaria SM, Ling L, Gyalt-

shen Y, Fontana E, Taur Y, Leiner IM, Pamer EG. 2017. Commensal
microbes provide first line defense against Listeria monocytogenes infec-
tion. J Exp Med 214:1973-1989. https://doi.org/10.1084/jem.20170495.

. Louie A, Zhang T, Becattini S, Waldor MK, Portnoy DA. 2019. A multior-

gan trafficking circuit provides purifying selection of Listeria monocyto-
genes virulence genes. mBio 10:02948-19. https://doi.org/10.1128/mBio
.02948-19.

. Vance RE, Isberg RR, Portnoy DA. 2009. Patterns of pathogenesis: dis-

crimination of pathogenic and nonpathogenic microbes by the innate
immune system. Cell Host Microbe 6:10-21. https://doi.org/10.1016/j
.chom.2009.06.007.

. Woodward JJ, lavarone AT, Portnoy DA. 2010. c-di-AMP secreted by

intracellular Listeria monocytogenes activates a host type | interferon
response. Science 328:1703-1705. https://doi.org/10.1126/science
.1189801.

Moretti J, Roy S, Bozec D, Martinez J, Chapman JR, Ueberheide B,
Lamming DW, Chen ZJ, Horng T, Yeretssian G, Green DR, Blander JM.
2017. STING senses microbial viability to orchestrate stress-mediated
autophagy of the endoplasmic reticulum. Cell 171:809-823.e13. https://
doi.org/10.1016/j.cell.2017.09.034.

Krasteva PV, Sondermann H. 2017. Versatile modes of cellular regulation
via cyclic dinucleotides. Nat Chem Biol 13:350-359. https://doi.org/10
.1038/nchembio.2337.

Stulke J, Kruger L. 2020. Cyclic di-AMP signaling in bacteria. Annu Rev
Microbiol 74:159-179. https://doi.org/10.1146/annurev-micro-020518
-115943.

Sureka K, Choi PH, Precit M, Delince M, Pensinger DA, Huynh TN, Jurado
AR, Goo YA, Sadilek M, lavarone AT, Sauer JD, Tong L, Woodward JJ.
2014. The cyclic dinucleotide c-di-AMP is an allosteric regulator of
metabolic enzyme function. Cell 158:1389-1401. https://doi.org/10
.1016/j.cell.2014.07.046.

Whiteley AT, Pollock AJ, Portnoy DA. 2015. The PAMP c-di-AMP is
essential for Listeria monocytogenes Growth in rich but not minimal
media due to a toxic increase in (p)ppGpp. Cell Host Microbe 17:
788-798. https://doi.org/10.1016/j.chom.2015.05.006.

Zeevi MK, Shafir NS, Shaham S, Friedman S, Sigal N, Paz RN, Boneca IG,
Herskovits AA. 2013. Listeria monocytogenes multidrug resistance trans-
porters and cyclic Di-AMP, which contribute to type | interferon induc-
tion, play a role in cell wall stress. J Bacteriol 195:5250-5261. https://
doi.org/10.1128/JB.00794-13.

Crimmins GT, Herskovits AA, Rehder K, Sivick KE, Lauer P, Dubensky TW,
Portnoy DA. 2008. Listeria monocytogenes multidrug resistance trans-
porters activate a cytosolic surveillance pathway of innate immunity.
Proc Natl Acad Sci U S A 105:10191-10196. https://doi.org/10.1073/pnas
.0804170105.

Witte CE, Archer KA, Rae CS, Sauer JD, Woodward JJ, Portnoy DA. 2012.
Innate immune pathways triggered by Listeria monocytogenes and their
role in the induction of cell-mediated immunity. Adv Immunol 113:
135-156. https://doi.org/10.1016/B978-0-12-394590-7.00002-6.

Nguyen BN, Alfredo C-A, Cheng MI, Krasilnikov M, Louie A, Portnoy DA.
2020. TLR2 and endosomal TLR-mediated secretion of IL-10 and immune
suppression in response to phagosome-confined Listeria monocyto-
genes. PLoS Pathog 16:€1008622. https://doi.org/10.1371/journal.ppat
.1008622.

Sauer JD, Witte CE, Zemansky J, Hanson B, Lauer P, Portnoy DA. 2010.
Listeria monocytogenes triggers AIM2-mediated pyroptosis upon infre-
quent bacteriolysis in the macrophage cytosol. Cell Host Microbe
7:412-419. https://doi.org/10.1016/j.chom.2010.04.004.

Issue 12 e00407-20

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

Infection and Immunity

. Burdette DL, Monroe KM, Sotelo-Troha K, Iwig JS, Eckert B, Hyodo M,

Hayakawa Y, Vance RE. 2011. STING is a direct innate immune sensor of
cyclic di-GMP. Nature 478:515-518. https://doi.org/10.1038/nature10429.
Ablasser A, Goldeck M, Cavlar T, Deimling T, Witte G, Réhl I, Hopfner KP,
Ludwig J, Hornung V. 2013. CGAS produces a 2'-5'-linked cyclic dinu-
cleotide second messenger that activates STING. Nature 498:380-384.
https://doi.org/10.1038/nature12306.

Watson RO, Bell SL, MacDuff DA, Kimmey JM, Diner EJ, Olivas J, Vance RE,
Stallings CL, Virgin HW, Cox JS. 2015. The cytosolic sensor cGAS detects
Mycobacterium tuberculosis DNA to induce type | interferons and acti-
vate autophagy. Cell Host Microbe 17:811-819. https://doi.org/10.1016/
j.chom.2015.05.004.

Sauer JD, Sotelo-Troha K, Von Moltke J, Monroe KM, Rae CS, Brubaker
SW, Hyodo M, Hayakawa Y, Woodward JJ, Portnoy DA, Vance RE. 2011.
The N-ethyl-N-nitrosourea-induced Goldenticket mouse mutant reveals
an essential function of sting in the in vivo interferon response to Listeria
monocytogenes and cyclic dinucleotides. Infect Immun 79:688-694.
https://doi.org/10.1128/1A1.00999-10.

Auerbuch V, Brockstedt DG, Meyer-Morse N, O'Riordan M, Portnoy DA.
2004. Mice lacking the type | interferon receptor are resistant to Listeria
monocytogenes. J Exp Med 200:527-533. https://doi.org/10.1084/jem
.20040976.

Carrero JA, Calderon B, Unanue ER. 2004. Type | interferon sensitizes
lymphocytes to apoptosis and reduces resistance to Listeria infection. J
Exp Med 200:535-540. https://doi.org/10.1084/jem.20040769.
O’Connell RM, Saha SK, Vaidya SA, Bruhn KW, Miranda GA, Zarnegar B,
Perry AK, Nguyen BO, Lane TF, Taniguchi T, Miller JF, Cheng G. 2004.
Type | interferon production enhances susceptibility to Listeria monocy-
togenes infection. J Exp Med 200:437-445. https://doi.org/10.1084/jem
.20040712.

Kernbauer E, Maier V, Rauch I, Muller M, Decker T. 2013. Route of
infection determines the impact of type | interferons on innate immunity
to Listeria monocytogenes. PLoS One 8:e65007. https://doi.org/10.1371/
journal.pone.0065007.

Pitts MG, Myers-Morales T, D'Orazio SEF, D'Orazio SEF. 2016. Type | IFN
does not promote susceptibility to foodborne Listeria monocytogenes. J
Immunol 196:3109-3116. https://doi.org/10.4049/jimmunol.1502192.
Abe T, Barber GN. 2014. Cytosolic-DNA-mediated, STING-dependent
proinflammatory gene induction necessitates canonical NF-«B acti-
vation through TBK1. J Virol 88:5328-5341. https://doi.org/10.1128/
JVI.00037-14.

Gui X, Yang H, Li T, Tan X, Shi P, Li M, Du F, Chen ZJ. 2019. Autophagy
induction via STING trafficking is a primordial function of the cGAS
pathway. Nature 567:262-266. https://doi.org/10.1038/541586-019
-1006-9.

Chen H, Sun H, You F, Sun W, Zhou X, Chen L, Yang J, Wang Y, Tang H,
Guan Y, Xia W, Gu J, Ishikawa H, Gutman D, Barber G, Qin Z, Jiang Z.
2011. Activation of STAT6 by STING is critical for antiviral innate immu-
nity. Cell 147:436-446. https://doi.org/10.1016/j.cell.2011.09.022.

Jia T, Serbina NV, Brandl K, Zhong MX, Leiner IM, Charo IF, Pamer EG. 2008.
Additive roles for MCP-1 and MCP-3 in CCR2-mediated recruitment of
inflammatory monocytes during Listeria monocytogenes infection. J Immu-
nol 180:6846-6853. https://doi.org/10.4049/jimmunol.180.10.6846.
Serbina NV, Pamer EG. 2006. Monocyte emigration from bone marrow
during bacterial infection requires signals mediated by chemokine re-
ceptor CCR2. Nat Immunol 7:311-317. https://doi.org/10.1038/ni1309.
Kurihara T, Warr G, Loy J, Bravo R. 1997. Defects in macrophage recruit-
ment and host defense in mice lacking the CCR2 chemokine receptor. J
Exp Med 186:1757-1762. https://doi.org/10.1084/jem.186.10.1757.

Shi C, Hohl TM, Leiner I, Michele J, Fan X, Pamer EG, Shi C, Hohl TM,
Leiner |, Equinda MJ, Fan X, Pamer EG. 2011. Ly6G+ neutrophils are
dispensable for defense against systemic Listeria monocytogenes in-
fection. J Immunol 187:5293-5298. https://doi.org/10.4049/jimmunol
1101721,

Jin L, Getahun A, Knowles HM, Mogan J, Akerlund LJ, Packard T. a,
Perraud A-L, Cambier JC. 2013. STING/MPYS mediates host defense
against Listeria monocytogenes infection by regulating Ly6C(hi)
monocyte migration. J Immunol 190:2835-2843. https://doi.org/10
4049/jimmunol.1201788.

Jones GS, D'Orazio SEF, Orazio SEFD. 2017. Monocytes are the predom-
inant cell type associated with Listeria monocytogenes in the gut, but
they do not serve as an intracellular growth niche. J Immunol 198:
2796-2804. https://doi.org/10.4049/jimmunol.1602076.

Stockinger S, Kastner R, Kernbauer E, Pilz A, Westermayer S, Reutterer B,

iaiasm.org 12


https://doi.org/10.1016/S1473-3099(16)30521-7
https://doi.org/10.1056/NEJM200004273421702
https://doi.org/10.1371/journal.ppat.1003015
https://doi.org/10.1371/journal.ppat.1003015
https://doi.org/10.3390/pathogens7010013
https://doi.org/10.3390/pathogens7010013
https://doi.org/10.1084/jem.20170495
https://doi.org/10.1128/mBio.02948-19
https://doi.org/10.1128/mBio.02948-19
https://doi.org/10.1016/j.chom.2009.06.007
https://doi.org/10.1016/j.chom.2009.06.007
https://doi.org/10.1126/science.1189801
https://doi.org/10.1126/science.1189801
https://doi.org/10.1016/j.cell.2017.09.034
https://doi.org/10.1016/j.cell.2017.09.034
https://doi.org/10.1038/nchembio.2337
https://doi.org/10.1038/nchembio.2337
https://doi.org/10.1146/annurev-micro-020518-115943
https://doi.org/10.1146/annurev-micro-020518-115943
https://doi.org/10.1016/j.cell.2014.07.046
https://doi.org/10.1016/j.cell.2014.07.046
https://doi.org/10.1016/j.chom.2015.05.006
https://doi.org/10.1128/JB.00794-13
https://doi.org/10.1128/JB.00794-13
https://doi.org/10.1073/pnas.0804170105
https://doi.org/10.1073/pnas.0804170105
https://doi.org/10.1016/B978-0-12-394590-7.00002-6
https://doi.org/10.1371/journal.ppat.1008622
https://doi.org/10.1371/journal.ppat.1008622
https://doi.org/10.1016/j.chom.2010.04.004
https://doi.org/10.1038/nature10429
https://doi.org/10.1038/nature12306
https://doi.org/10.1016/j.chom.2015.05.004
https://doi.org/10.1016/j.chom.2015.05.004
https://doi.org/10.1128/IAI.00999-10
https://doi.org/10.1084/jem.20040976
https://doi.org/10.1084/jem.20040976
https://doi.org/10.1084/jem.20040769
https://doi.org/10.1084/jem.20040712
https://doi.org/10.1084/jem.20040712
https://doi.org/10.1371/journal.pone.0065007
https://doi.org/10.1371/journal.pone.0065007
https://doi.org/10.4049/jimmunol.1502192
https://doi.org/10.1128/JVI.00037-14
https://doi.org/10.1128/JVI.00037-14
https://doi.org/10.1038/s41586-019-1006-9
https://doi.org/10.1038/s41586-019-1006-9
https://doi.org/10.1016/j.cell.2011.09.022
https://doi.org/10.4049/jimmunol.180.10.6846
https://doi.org/10.1038/ni1309
https://doi.org/10.1084/jem.186.10.1757
https://doi.org/10.4049/jimmunol.1101721
https://doi.org/10.4049/jimmunol.1101721
https://doi.org/10.4049/jimmunol.1201788
https://doi.org/10.4049/jimmunol.1201788
https://doi.org/10.4049/jimmunol.1602076
https://iai.asm.org

STING-Dependent Antibacterial Response to Listeria

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

December 2020 Volume 88

Soulat D, Stengl G, Vogl C, Frenz T, Waibler Z, Taniguchi T, Riilicke T,
Kalinke U, Miiller M, Decker T. 2009. Characterization of the interferon-
producing cell in mice infected with Listeria monocytogenes. PLoS Pat-
hog 5:€1000355. https://doi.org/10.1371/journal.ppat.1000355.

Serbina NV, Salazar-Mather TP, Biron CA, Kuziel WA, Pamer EG. 2003.
TNF/iNOS-producing dendritic cells mediate innate immune defense
against bacterial infection. Immunity 19:59-70. https://doi.org/10.1016/
$1074-7613(03)00171-7.

Satpathy AT, Kc W, Albring JC, Edelson BT, Kretzer NM, Bhattacharya
D, Murphy TL, Murphy KM. 2012. Zbtb46 expression distinguishes
classical dendritic cells and their committed progenitors from other
immune lineages. J Exp Med 209:1135-1152. https://doi.org/10.1084/
jem.20120030.

MacMicking JD, Nathan C, Hom G, Chartrain N, Fletcher DS, Trumbauer
M, Stevens K, Xie QW, Sokol K, Hutchinson N, Chen H, Mudget JS. 1995.
Altered responses to bacterial infection and endotoxic shock in mice
lacking inducible nitric oxide synthase. Cell 81:641-650. https://doi.org/
10.1016/0092-8674(95)90085-3.

Pfeffer K, Matsuyama T, Kiindig TM, Wakeham A, Kishihara K, Shahinian
A, Wiegmann K, Ohashi PS, Kronke M, Mak TW. 1993. Mice deficient for
the 55 kd tumor necrosis factor receptor are resistant to endotoxic
shock, yet succumb to L. monocytogenes infection. Cell 73:457-467.
https://doi.org/10.1016/0092-8674(93)90134-C.

Rothe J, Lesslauer W, Létscher H, Lang Y, Koebel P, Kontgen F, Althage
A, Zinkernagel R, Steinmetz M, Bluethmann H. 1993. Mice lacking the
tumour necrosis factor receptor 1 are resistant to IMF-mediated toxicity
but highly susceptible to infection by Listeria monocytogenes. Nature
364:798-802. https://doi.org/10.1038/364798a0.

Ji DX, Yamashiro LH, Chen KJ, Mukaida N, Kramnik I, Darwin KH, Vance
RE. 2019. Type | interferon-driven susceptibility to Mycobacterium tuber-
culosis is mediated by interleukin-1 receptor antagonist IL-1Ra. Nat
Microbiol 4:2128-2135. https://doi.org/10.1038/s41564-019-0578-3.

Ji DX, Witt KC, Kotov DI, Margolis SR, Louie A, Chen KJ, Dhaliwal HS, Lee
AY, Zamboni DS, Kramnik I, Portnoy DA, Darwin KH, Vance RE. 2020. Role
of the transcriptional regulator SP140 in resistance to bacterial infections
via repression of type | interferons. bioRxiv https://doi.org/10.1101/2020
.01.07.897553.

Boyartchuk V, Rojas M, Yan B-S, Jobe O, Hurt N, Dorfman DM, Higgins DE,
Dietrich WF, Kramnik I. 2004. The host resistance locus sst1 controls
innate immunity to Listeria monocytogenes infection in immunodeficient
mice. J Immunol 173:5112-5120. https://doi.org/10.4049/jimmunol.173
8.5112.

Huynh TAN, Luo S, Pensinger D, Sauer JD, Tong L, Woodward JJ. 2015.
An HD-domain phosphodiesterase mediates cooperative hydrolysis of
c-di-AMP to affect bacterial growth and virulence. Proc Natl Acad Sci
U S A 112:E747-E756. https://doi.org/10.1073/pnas.1416485112.

Huynh TAN, Woodward JJ. 2016. Too much of a good thing: regulated
depletion of c-di-AMP in the bacterial cytoplasm. Curr Opin Microbiol
30:22-29. https://doi.org/10.1016/j.mib.2015.12.007.

Drevets DA, Jelinek TA, Freitag NE. 2001. Listeria monocytogenes-infected
phagocytes can initiate central nervous system infection in mice. Infect
Immun 69:1344-1350. https://doi.org/10.1128/IA1.69.3.1344-1350.2001.
Drevets DA, Dillon MJ, Jennifer S, Rooijen NV, Ehrchen J, Leenen PJM,
Drevets DA, Dillon MJ, Schawang JS, Rooijen NV, Ehrchen J, Sunderko C,
Leenen PJM. 2004. The Ly-6C high monocyte subpopulation transports
Listeria monocytogenes into the brain during systemic infection of mice. J
Immunol 172:4418-4424. https://doi.org/10.4049/jimmunol.172.7.4418.
Bakardjiev Al, Theriot JA, Portnoy DA. 2006. Listeria monocytogenes

Issue 12 e00407-20

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Infection and Immunity

traffics from maternal organs to the placenta and back. PLoS Pathog
2:e66. https://doi.org/10.1371/journal.ppat.0020066.

de Noordhout CM, Devleesschauwer B, Angulo FJ, Verbeke G, Haagsma
J, Kirk M, Havelaar A, Speybroeck N. 2014. The global burden of
listeriosis: a systematic review and meta-analysis. Lancet Infect Dis 14:
1073-1082. https://doi.org/10.1016/51473-3099(14)70870-9.

Quillin SJ, Schwartz KT, Leber JH. 2011. The novel Listeria monocyto-
genes bile sensor BrtA controls expression of the cholic acid efflux
pump MdrT. Mol Microbiol 81:129-142. https://doi.org/10.1111/j
.1365-2958.2011.07683.x.

Margolis SR, Wilson SC, Vance RE. 2017. Evolutionary origins of cGAS-
STING signaling. Trends Immunol 38:733-743. https://doi.org/10.1016/j
.it.2017.03.004.

Sorbara MT, Foerster EG, Tsalikis J, Abdel-Nour M, Mangiapane J, Sirluck-
Schroeder |, Tattoli I, van Dalen R, Isenman DE, Rohde JR, Girardin SE,
Philpott DJ. 2018. Complement C3 drives autophagy-dependent restric-
tion of cyto-invasive bacteria. Cell Host Microbe 23:644-652.e5. https:/
doi.org/10.1016/j.chom.2018.04.008.

Mitchell G, Cheng MI, Chen C, Nguyen BN, Whiteley AT, Kianian S, Cox JS,
Green DR, McDonald KL, Portnoy DA. 2018. Listeria monocytogenes
triggers noncanonical autophagy upon phagocytosis, but avoids subse-
quent growth-restricting xenophagy. Proc Natl Acad Sci U S A 115:
E210-E217. https://doi.org/10.1073/pnas.1716055115.

Tattoli I, Sorbara MT, Yang C, Tooze SA, Philpott DJ, Girardin SE. 2013.
Listeria phospholipases subvert host autophagic defenses by stalling
pre-autophagosomal structures. EMBO J 32:3066-3078. https://doi.org/
10.1038/emboj.2013.234.

Cheng MI, Chen C, Engstrom P, Portnoy DA, Mitchell G. 2018. Actin-
based motility allows Listeria monocytogenes to avoid autophagy in the
macrophage cytosol. Cell Microbiol 20:e12854. https://doi.org/10.1111/
cmi.12854.

Janeway CA. 1989. Approaching the asymptote? Evolution and revolu-
tion in immunology. Cold Spring Harbor Symp Quant Biol 54:1-13.
https://doi.org/10.1101/SQB.1989.054.01.003.

National Research Council. 2011. Guide for the care and use of labora-
tory animals, 8th ed. National Academies Press, Washington, DC.

Sato M, Suemori H, Hata N, Asagiri M, Ogasawara K, Nakao K, Nakaya T,
Katsuki M, Noguchi S, Tanaka N, Taniguchi T. 2000. Distinct and essential
roles of transcription factors IRF-3 and IRF-7 in response to viruses for
IFN-a/B gene induction. Immunity 13:539-548. https://doi.org/10.1016/
$1074-7613(00)00053-4.

Schoggins JW, MacDuff DA, Imanaka N, Gainey MD, Shrestha B, Eitson JL,
Mar KB, Richardson RB, Ratushny AV, Litvak V, Dabelic R, Manicassamy B,
Aitchison JD, Aderem A, Elliott RM, Garcia-Sastre A, Racaniello V, Snijder
EJ, Yokoyama WM, Diamond MS, Virgin HW, Rice CM. 2014. Pan-viral
specificity of IFN-induced genes reveals new roles for cGAS in innate
immunity. Nature 505:691-695. https://doi.org/10.1038/nature12862.
Bécavin C, Bouchier C, Lechat P, Archambaud C, Creno S, Gouin E, Wu Z,
Kihbacher A, Brisse S, Pucciarelli MG, Garcia-del Portillo F, Hain T,
Portnoy DA, Chakraborty T, Lecuit M, Pizarro-Cerdd J, Moszer |, Bierne H,
Cossart P. 2014. Comparison of widely used Listeria monocytogenes
strains EGD, 10403S, and EGD-e highlights genomic differences under-
lying variations in pathogenicity. mBio 5:e00969-14. https://doi.org/10
.1128/mBi0.00969-14.

Mourao-Sa D, Roy S, Blander JM. 2013. Vita-PAMPs: signatures of micro-
bial viability, p 1-8. In Advances in Experimental Medicine and Biology.
Springer, New York, NY.

jaiasm.org 13


https://doi.org/10.1371/journal.ppat.1000355
https://doi.org/10.1016/S1074-7613(03)00171-7
https://doi.org/10.1016/S1074-7613(03)00171-7
https://doi.org/10.1084/jem.20120030
https://doi.org/10.1084/jem.20120030
https://doi.org/10.1016/0092-8674(95)90085-3
https://doi.org/10.1016/0092-8674(95)90085-3
https://doi.org/10.1016/0092-8674(93)90134-C
https://doi.org/10.1038/364798a0
https://doi.org/10.1038/s41564-019-0578-3
https://doi.org/10.1101/2020.01.07.897553
https://doi.org/10.1101/2020.01.07.897553
https://doi.org/10.4049/jimmunol.173.8.5112
https://doi.org/10.4049/jimmunol.173.8.5112
https://doi.org/10.1073/pnas.1416485112
https://doi.org/10.1016/j.mib.2015.12.007
https://doi.org/10.1128/IAI.69.3.1344-1350.2001
https://doi.org/10.4049/jimmunol.172.7.4418
https://doi.org/10.1371/journal.ppat.0020066
https://doi.org/10.1016/S1473-3099(14)70870-9
https://doi.org/10.1111/j.1365-2958.2011.07683.x
https://doi.org/10.1111/j.1365-2958.2011.07683.x
https://doi.org/10.1016/j.it.2017.03.004
https://doi.org/10.1016/j.it.2017.03.004
https://doi.org/10.1016/j.chom.2018.04.008
https://doi.org/10.1016/j.chom.2018.04.008
https://doi.org/10.1073/pnas.1716055115
https://doi.org/10.1038/emboj.2013.234
https://doi.org/10.1038/emboj.2013.234
https://doi.org/10.1111/cmi.12854
https://doi.org/10.1111/cmi.12854
https://doi.org/10.1101/SQB.1989.054.01.003
https://doi.org/10.1016/s1074-7613(00)00053-4
https://doi.org/10.1016/s1074-7613(00)00053-4
https://doi.org/10.1038/nature12862
https://doi.org/10.1128/mBio.00969-14
https://doi.org/10.1128/mBio.00969-14
https://iai.asm.org

	RESULTS
	STING activation during the intestinal phase of L. monocytogenes infection leads to an antibacterial response. 
	STING activation restricts intracellular L. monocytogenes in intestinal tissues. 
	L. monocytogenes-derived c-di-AMP activates STING to provide a protective response. 
	Disrupting IFN signaling during L. monocytogenes-induced enterocolitis leads to reduced bacterial loads at systemic sites. 
	Reduced monocyte recruitment in the absence of STING signaling. 

	DISCUSSION
	MATERIALS AND METHODS
	Ethics statement. 
	Mice. 
	Bacterial strains and growth conditions. 
	L. monocytogenes-induced enterocolitis. 
	Gentamicin treatment. 
	Histology. 
	Flow cytometry. 
	Tissue dissociation. 
	Statistical analysis. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES



