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ABSTRACT

Listeriosis is a rare and severe foodborne infection caused by Listeria monocytogenes. It manifests
as septicemia, neurolisteriosis, and maternal-fetal infection. In pregnancy, it may cause maternal
fever, premature delivery, fetal loss, neonatal systemic and central nervous system infections.
Maternal listeriosis is mostly reported during the 2nd and 3rd trimester of pregnancy, as sporadic
cases or in the context of outbreaks. Strains belonging to clonal complexes 1, 4 and 6, referred to
as hypervirulent, are the most associated to maternal-neonatal infections. Here we review the
clinical, pathophysiological, and microbiological features of maternal-neonatal listeriosis.
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Introduction

Clinical and microbiological epidemiology

Listeria monocytogenes is the Gram-positive facultative intracellular bacillus responsible for listeriosis,
a rare but particularly severe foodborne infection.
Listeriosis can present as a self-limited gastroenteritis
in immunocompetent individuals, as bacteremia and
central nervous system infection (neurolisteriosis)
mainly in immunocompromised individuals, the
elderly, and maternal-neonatal (MN) listeriosis in
pregnant women.
As evidenced by recent outbreaks, including that
of South Africa 1,2, maternal-neonatal listeriosis
remains one of the infections associated with the
highest fetal and neonatal morbidity, leading to fetal
losses in at least 25% of cases, and to severe neonatal
infections or prematurity in most other cases [3–5].
After ingestion, L. monocytogenes can actively cross
the intestinal barrier, disseminate via the bloodstream, and eventually cross the placental barrier,
leading to placental and fetal infection [6,7].
A better understanding of the events leading to fetal
and neonatal infection is critical to better prevent
and manage MN listeriosis. Major advances in this
regard have been made over the two last decades.
Here, we briefly review the epidemiology and clinical
features of MN listeriosis and present the current
understanding of the pathophysiology of MN
listeriosis.

Surveillance – The identification in the nineteen-eighties of L. monocytogenes as a major foodborne pathogen
led to the implementation of a surveillance system in
most countries of the Western hemisphere [8].
Altogether, epidemiological surveillance based on
voluntary or mandatory reporting, microbiological surveillance relying on National reference laboratories and
efficient food control procedures led to a sharp
decrease of listeriosis cases, in particular in pregnant
women [9,10]. The incidence of MN listeriosis, defined
by the presence of Listeria in any sample of maternal,
fetal or neonatal origin (infant 1-month old or
younger), is now estimated around 4-10/100,000 pregnant women/year in Europe and North America
[11,12]. MN listeriosis cases are more frequent in countries where surveillance is not thoroughly implemented
[2,13,14]. Maternal-neonatal infections account for 1120% of hospitalizations for invasive listeriosis in France
and Spain [5,13]. Maternal infections may occur as
sporadic cases or in the context of outbreaks, in particular in countries where food safety regulation or surveillance of listeriosis are not implemented. This is
illustrated by the recent outbreak in South Africa,
which started in late 2017 and is so far the largest
reported worldwide, involving around 1,000 cases,
including 42%-infected fetuses and neonates [2,15,16].
Most cases are reported during pregnancy second and
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third trimester; this could in part reflect a reporting
bias, as Listeria-associated early fetal losses are likely
neither diagnosed nor reported [5,17,18].
Pregnancy is a major risk factor for listeriosis, with
a crude incidence estimated as 10 to 100 times higher in
this group than in the general population [17–20].
Among pregnant women, higher incidences have been
reported in ethnic minorities, probably reflecting specific dietary habits, such as for American Hispanic
women in the US [19], women of African origin in
France [5], and in women from ethnic minorities in
the United Kingdom [21,22]. They may not be as aware
as others of the preventive measures and may not have
readily access to medical care in case of fever or obstetrical signs.
Food sources – L. monocytogenes is ubiquitous in
nature [23] and can contaminate a large array of
unprocessed and processed food of animal and vegetal
origin. Most outbreaks have involved unpasteurized
dairy products, but also meat-derived products and
ready-to-eat food. Other food vehicles have also been
reported, such as caramel apples or soybean sprouts[1].
Genomic characterization of MN-associated strains –
L. monocytogenes may be isolated from clinical, animal, food, or environmental samples. It has been classified in lineages and clonal complexes (CCs) based on
MLST (Multi-Locus Sequence Typing) and sublineages
and cgMLST types based on cgMLST (core genome
MLST) [24,25]. CC1, CC2, CC4, and CC6, which
belong to lineage 1 and serotype 4b, are overrepresented in MN infections isolates in France, with
more than 2/3 of cases due to one of these CCs. These
strains are also overrepresented in dairy products [26].
Among them, CC4 is the most associated with MN
infections, 20% of CC4 isolates being of MN origin
[27]. In contrast, CC9 and CC121, which belong to
lineage 2, are the most frequent clonal complexes isolated from food but are almost never associated with
MN infection [5,27]. This uneven distribution correlates with virulence and L. monocytogenes adaptation
to mammalian gut: CC1, CC4 and CC6 colonize better
the intestinal lumen and are hypervirulent, whereas
CC9 and CC121 are hypovirulent in a mouse model
of listeriosis, in part because they mostly express
a truncated and nonfunctional form of InlA (see
below) [26,27]. Moreover, CC4 displays a greater tropism for the placenta upon intravenous inoculation
than reference strains historically used in research
(EGDe from CC9 and 10403S from CC7) [27]. This
suggests a contribution of CC4-specific genes in placental infection (see below) [27]. Distribution of CCs
and sublineages may differ according to countries. In
China, ST87 is the most frequent MLST type

associated with clinical cases, especially in pregnancyassociated cases [28,29]. Of note, this sequence type,
which has been associated with human cases in Spain
[30] contains the LIPI-4 gene cluster, as does CC4 (see
below) [31].

Clinical features
The incubation period of MN has been estimated from
clinical cases where a contaminating food source had
been identified. MN listeriosis is associated with
a median incubation time of 19 to 27.5 days according
to available studies (range: 7–67 days), longer than for
neurolisteriosis (9 days; range: 1–14 days) and bacteremia (2 days; range: 1–12 days) [32,33]. This may
reflect the time needed for maternal bacteremia, placental, and fetal infection to develop.
Maternal presentation falls into two main patterns,
namely nonspecific obstetrical signs (uterine contractions, labor or abnormal fetal heart rate) and fetal loss
[3,5,18], respectively, reported in 75% and 21% in the
prospective MONALISA cohort from France [5]. It
should be noted that fever is not always present
(reported in 12% to 85% [3,5,18]), explaining why the
diagnosis of MN listeriosis can be challenging.
Maternal central nervous system involvement is absent
in otherwise healthy pregnant women. Indeed, it has
only been exceptionally reported [34], in pregnant
women with immunosuppressive comorbidities [16].
Pregnancy is therefore not a risk factor per se of maternal neurolisteriosis, and CSF assessment should not be
performed in otherwise non-immunosuppressed pregnant women with MN listeriosis. Placental sample culture is the most sensitive method to diagnose MN
listeriosis, and should be performed together with
maternal blood cultures, which are positive in 80%
and 55% of the MN cases of the MONALISA cohort,
respectively [5]. Maternal vaginal samples are usually
negative, reflecting the hematogenous seeding of the
placenta [5].
Obstetrical outcome ranges among the worst among
MN infections. Upon maternal listeriosis, only 5% of
pregnant women experience uneventful subsequent
pregnancy and delivery [5]. Data from the
MONALISA cohort evidenced major complications in
82% of pregnant mothers (88/107), including fetal
losses (25% 27/107), premature deliveries before
32 weeks of gestation (19% of the maternal cohort
(18/107), and 42% of all prematurely born children),
and birth of infants with early or late onset listeriosis in
the remaining cases [5]. Importantly, despite recommendations for ampicillin-based preemptive therapy
for maternal fever in France, the rate of fetal losses
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related to listeriosis has not decreased over the last
decades [3–5,18].

Pathophysiology
Placental tropism of L. monocytogenes – In contrast to
neurolisteriosis and L. monocytogenes bacteremia, MN
listeriosis is not associated with immunosuppression
other than pregnancy itself [5]. Moreover, apart from
nonspecific obstetrical signs, fever or flu-like symptoms
are the only clinical signs in infected mothers, and
maternal mortality rate is 0%, compared to 30% and
46% for neurolisteriosis and bacteremia, respectively,
[5]. Altogether, this suggests that L. monocytogenes
exhibits a specific placental tropism.
Experimental models of MN listeriosis – In vitro, ex
vivo and in vivo models have been instrumental to
study experimentally L. monocytogenes placental infection. Cytotrophoblasts are placental epithelial cells of
fetal origin that constitute the barrier between the
maternal blood and the fetus. They fuse to generate
the syncytiotrophoblast, which is in direct contact
with maternal blood in the villous human placenta.
Human trophoblast cell lines that can fuse in syncytiotrophoblasts, such as BeWo and Jar, allow studying
L. monocytogenes interaction and invasion of cells that
constitute the placental barrier. Human placental
explants of first and third trimester are also instrumental to study L. monocytogenes crossing of the placenta
barrier in a tissue context. L. monocytogenes can infect
extravillous trophoblasts (EVT) [35] and syncytiotrophoblast (SYN) [36] in these experimental systems.
Immunohistochemical analyses have demonstrated
that L. monocytogenes infects SYN of placentas
obtained from women with MN listeriosis [36]. Most
of the reported cases of MN listeriosis occur late during
pregnancy, suggesting that SYN is likely a major entry
point for L. monocytogenes in the placenta [5]. It should
be noted however that the occurrence of first trimester
MN listeriosis is likely underestimated since miscarriage products at this gestational age are usually not
available for microbiological investigations. This
together with the fact that the placenta actively invades
the uterine wall during the first pregnancy trimester
could account for a different placenta entry site of
L. monocytogenes, with EVT being a target of
L. monocytogenes early in pregnancy.
Even though placental explants have proven very
useful to study placental infections [37], in vivo models
are irreplaceable to fully decipher the pathophysiology
of MN listeriosis. L. monocytogenes entry in host cells is
species-specific.
Indeed,
two
proteins
of
L. monocytogenes, InlA (internalin) and InlB, are
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critically involved in L. monocytogenes invasion of cultured epithelial cells and have host-specific receptors.
InlA interacts with the adherens junction protein
human E-cadherin (hEcad), but not with its murine
ortholog (mEcad). This species specificity relies on the
nature of a single amino acid located in position 16th of
mature Ecad. In permissive species (human, guinea pig,
and gerbil), it is a proline, whereas it is a glutamic acid
in non-permissive murine species (mouse and rat) [38].
Similarly, InlB interacts with human, mouse, and gerbil
hepatocyte growth factor receptor c-Met, but not guinea pig and rabbit c-Met [39]. Non-human primates,
especially pregnant Old-world monkeys including
cynomolgus macaques (Macaca fascicularis) and rhesus
monkeys (Macaca mulatta), are relevant models to
study human listeriosis, since they harbor a villous
hemochorial placenta like humans, in contrast to the
labyrinthine placenta of rodents [40,41]. In Old-world
monkeys, L. monocytogenes infection has been shown
to induce stillbirth during the third [42,43] and first trimester [44]. However, ethical and cost limitations
restrict the use of non-human primates for experimental purposes. Gerbil is a natural host for
L. monocytogenes [45], and, as human, is permissive
to both InlA-Ecad and InlB-Met interactions [6,46].
However, there are little genetic and analytical tools
available in this species, which is also outbred and
therefore exhibits significant inter-individual genetic
variability. To circumvent these limitations, a knockin E16P (KIE16P) mouse line has been generated [6],
where the glutamic acid in position 16 of mouse Ecad
(mEcad) is replaced by a proline. This substitution
creates a so-called humanized Ecad enabled to interact
with InlA where it is expressed in vivo [6]. KIE16P mice
constitute therefore a model of choice to study the
pathophysiology of human listeriosis, including maternal-fetal infection.
Dynamic of L. monocytogenes placental infection –
Entry in placenta tends to be clonal in experimentally
infected animals, as shown by the distribution of
competitive indexes in gerbils and KIE16P mice
[6,27]. However, once the placenta is infected, bacterial load increases rapidly, even in InlB nonpermissive animals such as the guinea pig (cf. infra)
[47]. In this species, bacteria shed back from the
placenta to maternal organs, indicating that the placenta can behave as a reservoir that can seed in
return maternal organs thereby enhancing withinhost bacterial load [47].
Mechanism of placental barrier crossing: the critical
role of InlA and InlB – The study of histological sections
of placentas from actual cases of human MN listeriosis
revealed the presence of L. monocytogenes in the SYN
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cytoplasm and villus stroma [36]. Because both Ecad and
c-Met are expressed on the surface of SYNs and EVT, the
role of InlA and InlB in placental barrier invasion has
been investigated in detail (Figure 1) [36]. The potential
role of InlA was first highlighted epidemiologically, since
100% of the clinical strains responsible for MN listeriosis
express a non-truncated InlA, a significantly higher proportion than strains isolated from cases of bacteremia
(93%), and isolated from food (65%) [5,27,48]. InlA is
involved in the attachment to and invasion of human
BeWo (SYN-differentiated) and Jar trophoblastic cell
lines, trophoblastic primary cultures and third trimester
placental explants [36,49,50]. InlB is also involved in the
invasion of Jar cells and placental explants, in which
L. monocytogenes ΔinlA, ΔinlB, and ΔinlAB mutants’
entry levels are identical [36,50]. In apparent contradiction with these in vitro and ex vivo results, InlA is not
involved in placental infection in guinea pig, which is

a

permissive to InlA, but not InlB [6,49]. In addition, InlB
plays no role in placenta infection in wild type mice,
which are permissive to InlB, but not InlA [6,51]. In
contrast in gerbil and KIE16P mice, which are permissive to both InlA and InlB, these two factors are both
involved in placenta and fetus invasion and mediate
a massive fetal lethality after maternal oral inoculation
[6]. These results indicated that the interactions of InlA
and InlB with their respective receptor Ecad and c-Met
act in a conjugated and interdependent manner to mediate placental invasion in vivo [6]. Indeed, although InlA
mediates L. monocytogenes binding to Ecad-expressing
cells, PI3-K activation is required for InlA-dependent
internalization and InlB-c-Met interaction activates
PI3-K [52,53]. In contrast to the intestinal epithelial
cells targeted by L. monocytogenes [54], PI3-K is inactive
at the basal state in SYN [50]. InlB interaction with
c-Met is therefore critical for PI3-K activation in SYN

Accessible E-cadherin

Lm

Syncytiotrophoblast

b

Lm
InlA

InlB

E-cadherin

c-Met
PI3-K

P

PI3-K

Syncytiotrophoblast

Actin cytoskeletal
rearrangements

Figure 1. InlA and InlB dependent breaching of the placental barrier by Listeria monocytogenes.
(a) The placental barrier between the maternal blood and the fetus lies in an epithelium, the syncytiotrophoblast, which results from the
fusion of underlying cytotrophoblast cells. Syncytiotrophoblast expresses E-cadherin, which is accessible for bacteria in the maternal blood.
(b) Listeria monocytogenes adheres to syncytiotrophoblast via InlA interaction with Ecad. InlB is required for L. monocytogenes entry by
activating PI3-K via c-Met in the syncytiotrophoblast, leading to the actin cytoskeleton rearrangements needed for bacterial internalization.
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and required for InlA-mediated L. monocytogenes
breaching of the placental barrier [50] (Figure 1).
Other bacterial factors involved in placental invasion –
Listeriolysin O (LLO) is a pore-forming toxin, which
mediates L. monocytogenes escape from its internalization vacuole and modulates a large array of host signaling pathways [55]. As expected from its central role in
virulence, LLO is involved in L. monocytogenes replication in mouse placenta, when a sufficient amount of
L. monocytogenes is injected to force entry [51]. ActA
mediates actin polymerization leading to the formation
of comet tails which propel L. monocytogenes in the
cytoplasm and intercellularly via protrusions. ActA is
also involved in L. monocytogenes fetal-placental infection in mice as well as in guinea pigs [51,56]. This
illustrates that LLO and ActA play major roles in
L. monocytogenes intracellular survival, growth and
propagation in the fetal-placental unit.
A screen by negative selection of hypovirulent
mutants in an intravenously-inoculated guinea pig
infection model led to the identification of an additional factor involved in placental colonization, which
was called InlP [57]. The inlP gene productbelongs to
the internalin family and interacts with afadin,
a cytoplasmic protein associated with cell junctions
[58]. Deletion of inlP also leads to a decrease of infection of the liver, spleen, and uterus of non-pregnant
intravenously inoculated mice, indicating that its action
is not specific to the placenta, consistent with afadin
expression pattern [57].
The analysis of the pan-genome of the 6,600
strains of L. monocytogenes allowed highlighting specific hypervirulent CC-specific accessory genes,
absent from the core genome of L. monocytogenes,
which contains the aforementioned L. monocytogenes
virulence factors [27]. A cluster of six genes annotated as encoding aputative sugar transporter system
of the PTS family, named LIPI-4, is present in CC4,
a CC significantly associated with MF listeriosis and
neurolisteriosis in human. Deletion of LIPI-4 in CC4
results in a decrease of CNS infection in nonpregnant KIE16P mice, as well as a decrease in placental and fetal infection, but not of the maternal
organs in pregnant KIE16P mice [27]. The mechanism by which LIPI-4 is involved in L. monocytogenes
fetal-placental infection is unknown.
Host immune response to L. monocytogenes infection –
Viviparity in mammals requires that maternal tissues tolerate the fetal allograft. At low dose, L. monocytogenes is
contained by the colony stimulating factor CSF-1, which is
secreted by the uterine epithelium and acts on trophoblasts
that express CSF-1 receptor in experimentally infected
mice, leading to the secretion of chemoattractants of
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inflammation proteins (MIP)-2 by trophoblasts, that recruit
neutrophils and macrophages in the decidual tissue to
control infection [59,60]. In human, L. monocytogenes
infection mainly leads to fetal loss by spontaneous abortion
[5]. In mice, Foxp3+ regulatory T cells (T-regs), which are
involved in immune tolerance toward the fetus enhance
susceptibility to L. monocytogenes infection [61]. During
pregnancy, L. monocytogenes induces fetal injury and eventually fetal resorption, directly by infection of the fetus, or
indirectly by inhibiting the fetal tolerance property of Tregs [62]. Fetal resorption itself is induced by the influx of
inflammatory neutrophils and macrophages, leading to the
recruitment of maternal T cells specific to fetal antigens.
These CD8+ T cells activate the expression of the chemoreceptor CXCR3, leading to the accumulation of CD8+
T cells in the decidual tissue and fetal loss [63].

Conclusions
Listeriosis is a rare but extremely severe foodborne
maternal-neonatal infection, that frequently leads to
fetal loss and neonatal infection. L. monocytogenes has
proven as an invaluable model microorganism to decipher the events associated with placental invasion by
a pathogen; in the same way, it has allowed key discoveries in basic immunology and cell biology. MN listeriosis is a direct consequence of L. monocytogenes specific
placental tropism, which is mediated by the conjugated
action of InlA and InlB at the placental barrier. Other key
virulence factors of L. monocytogenes, such as ActA and
LLO, are also involved in L. monocytogenes replication in
the placental and dissemination into fetal tissues, in
a nonspecific manner, as is InlP. LIPI-4 is also involved
in placental infection, as well as CNS infection, by so far
unknown mechanisms. Despite these advances, a number
of scientific, experimental, and medical challenges
remain to fully understand how and why
L. monocytogenes is able to reach and invade so efficiently
and silently the placenta and induce its devastating consequences on the developing fetus.

Disclosure statement
The Biology of Infection Unit is supported financially by
Institut Pasteur, Inserm, ANR, ERC and the Inception program. The National Reference Center Listeria is supported
financially by Santé Publique France and Institut Pasteur.
No potential conflict of interest was reported by the
authors.

Funding
This work was supported by the Institut Pasteur; Santé
Publique France.

396

C. CHARLIER ET AL.

ORCID
http://orcid.org/0000-0002-7791-9782
Olivier Disson
http://orcid.org/0000-0002-4491-1063
Marc Lecuit

References
[1] Center for Diseases Control. Listeria outbreaks.2017.
Available from: https://www.cdc.gov/listeria/out
breaks/index.html
[2] Thomas J, Govender N, McCarthy KM, et al. Outbreak
of listeriosis in South Africa Associated with processed
meat. N Engl J Med. 2020;382(7):632–643.
[3] Mylonakis E, Paliou M, Hohmann EL, et al. Listeriosis
during pregnancy: a case series and review of 222 cases.
Medicine (Baltimore). 2002;81:260–269.
[4] McLauchlin J. Human listeriosis in Britain, 1967-85,
a summary of 722 cases. 1. Listeriosis during pregnancy
and
in
the
newborn.
Epidemiol
Infect.
1990;104:181–189.
[5] Charlier C, Perrodeau E, Leclercq A, et al. Clinical
features and prognostic factors of listeriosis: the
MONALISA national prospective cohort study.
Lancet Infect Dis. 2017;17:510–519.
[6] Disson O, Grayo S, Huillet E, et al. Conjugated action
of two species-specific invasion proteins for fetoplacental listeriosis. Nature. 2008;455(7216):1114–1118.
[7] Lecuit M, Vandormael-Pournin S, Lefort J, et al.
A transgenic model for listeriosis: role of internalin in
crossing
the
intestinal
barrier.
Science.
2001;292:1722–1725.
[8] de Valk H, Jacquet C, Goulet V, et al. Surveillance of listeria
infections in Europe. Euro Surveill. 2005;10:251–255.
[9] Goulet V, de Valk H, Pierre O, et al. Effect of prevention measures on incidence of human listeriosis,
France, 1987-1997. Emerg Infect Dis. 2001;7:983–989.
[10] Girard D, Leclercq A, Laurent E, et al. Pregnancyrelated listeriosis in France, 1984 to 2011, with
a focus on 606 cases from 1999 to 2011. Euro
Surveill. 2014;9(38):20909.
[11] de Valk H, Tourdjman M, Leclercq A, et al. Changes in
epidemiology and surveillance of listeriosis in France.
International Symposium On Problems of Listeriosis;
Paris: Institut Pasteur; 2016.
[12] Silk BJ, Date KA, Jackson KA, et al. Invasive listeriosis
in the Foodborne Diseases Active Surveillance Network
(FoodNet), 2004-2009: further targeted prevention
needed for higher-risk groups. Clin Infect Dis.
2012;54(Suppl 5):S396–404.
[13] Herrador Z, Gherasim A, Lopez-Velez R, et al. Listeriosis in
Spain based on hospitalisation records, 1997 to 2015: need
for greater awareness. Euro Surveill. 2019;24.
[14] Barreiro Alonso E. Santamaria Del Tio J, Fonseca
Aizpuru EM. Listeriosis during the period 2003-2016.
Rev Esp Enferm Dig. 2018;110:411–412.
[15] Salama PJ, Embarek PKB, Bagaria J, et al. Learning
from listeria: safer food for all. Lancet.
2018;391:2305–2306.
[16] National Institute for communicable diseases.
Listeriosis update. 2018. Available from: http://www.
nicd.ac.za/listeriosis_update/.

[17] Elinav H, Hershko-Klement A, Solt I, et al. Pregnancyassociated listeriosis: many beliefs, few facts. Lancet
Infect Dis. 2015;15(10):1128–1130.
[18] Elinav H, Hershko-Klement A, Valinsky L, et al.
Pregnancy-associated listeriosis: clinical characteristics
and geospatial analysis of a 10-year period in Israel.
Clin Infect Dis. 2014;59(7):953–961.
[19] Pouillot R, Hoelzer K, Jackson KA, et al. Relative risk of
listeriosis in Foodborne Diseases Active Surveillance
Network (FoodNet) sites according to age, pregnancy,
and ethnicity. Clin Infect Dis. 2012;54(Suppl 5):S405–10.
[20] Goulet V, Hebert M, Hedberg C, et al. Incidence of
listeriosis and related mortality among groups at risk of
acquiring listeriosis. Clin Infect Dis. 2012;54
(5):652–660.
[21] Gillespie IA, Mook P, Little CL, et al. Human listeriosis
in England, 2001-2007: association with neighbourhood deprivation. Euro Surveill. 2010;15(27):7–16.
[22] Mook P, Grant KA, Little CL, et al. Emergence of
pregnancy-related listeriosis amongst ethnic minorities
in England and Wales. Euro Surveill. 2010;15
(27):17–23.
[23] Haase JK,Didelot X, Lecuit M, et al. The ubiquitous
nature of listeria monocytogenes clones: a large-scale
multilocus
sequence
typing
study.
Environ
Microbiol. 2014;16(2):405–416.
[24] Ragon M, Wirth T, Hollandt F, et al. A new perspective
on Listeria monocytogenes evolution. PLoS Pathog.
2008;4(9):e1000146.
[25] Moura A, Criscuolo A, Pouseele H, et al. Whole
genome-based population biology and epidemiological
surveillance of Listeria monocytogenes. Nat Microbiol.
2016;2:16185.
[26] Maury MM, Bracq-Dieye H, Huang L, et al.
Hypervirulent Listeria monocytogenes clones’ adaption
to mammalian gut accounts for their association with
dairy products. Nat Commun. 2019;10(1):2488.
[27] Maury MM, Tsai YH, Charlier C, et al. Uncovering
Listeria monocytogenes hypervirulence by harnessing
its biodiversity. Nat Genet. 2016;48(3):308–313.
[28] Li W, Bai L, Ma X, et al. Sentinel listeriosis surveillance
in selected hospitals, China, 2013-2017. Emerg Infect
Dis. 2019;25:2274–2277.
[29] Fan Z, Xie J, Li Y, et al. Listeriosis in mainland China:
A systematic review. Int J Infect Dis. 2019;81:17–24.
[30] Perez-Trallero E, Zigorraga C, Artieda J, et al. Two
outbreaks of Listeria monocytogenes infection,
Northern Spain. Emerg Infect Dis. 2014;20:2155–2157.
[31] Luo L, Chen X, Payne M, et al. Case report: whole
genome
sequencing
based
investigation
of
maternal-neonatal listeriosis in Sichuan, China. BMC
Infect Dis. 2019;19:893.
[32] Angelo KM, Jackson KA, Wong KK, et al. Assessment
of the Incubation Period for Invasive Listeriosis. Clin
Infect Dis. 2016;63:1487–1489.
[33] Goulet V, King LA, Vaillant V, et al. What is the
incubation period for listeriosis? BMC Infect Dis.
2013;13:11.
[34] Adriani KS, Brouwer MC, van der Ende A, et al.
Bacterial meningitis in pregnancy: report of six cases
and review of the literature. Clin Microbiol Infect.
2012;18:345–351.

VIRULENCE

[35] Robbins JR, Skrzypczynska KM, Zeldovich VB, et al.
Placental syncytiotrophoblast constitutes a major barrier to vertical transmission of Listeria monocytogenes.
PLoS Pathog. 2010;6:e1000732.
[36] Lecuit M, Nelson DM, Smith SD, et al. Targeting and
crossing of the human maternofetal barrier by Listeria
monocytogenes: role of internalin interaction with trophoblast E-cadherin. Proc Natl Acad Sci U S A.
2004;101:6152–6157.
[37] Platt DJ, Smith AM, Arora N, et al. Zika virus-related
neurotropic flaviviruses infect human placental
explants and cause fetal demise in mice. Sci Transl
Med. 2018;10(426):eaao7090.
[38] Lecuit M, Dramsi S, Gottardi C, et al. A single amino
acid in E-cadherin responsible for host specificity
towards the human pathogen Listeria monocytogenes.
Embo J. 1999;18:3956–3963.
[39] Khelef N, Lecuit M, Bierne H, et al. Species specificity
of the Listeria monocytogenes InlB protein. Cell
Microbiol. 2006;8:457–470.
[40] Carter AM. Sources for comparative studies of placentation
I. embryological collections. Placenta. 2008;29(1):95–98.
[41] Lowe DE, Robbins JR, Bakardjiev AI. Animal and human
tissue models of vertical listeria monocytogenes transmission and implications for other pregnancy-associated
infections. Infect Immun. 2018;86(6):e00801–17.
[42] Smith MA, Takeuchi K, Brackett RE, et al. Nonhuman
primate model for Listeria monocytogenes-induced
stillbirths. Infect Immun. 2003;71(3):1574–1579.
[43] Smith MA, Takeuchi K, Anderson G, et al. Dose-response
model for Listeria monocytogenes-induced stillbirths in
nonhuman primates. Infect Immun. 2008;76(2):726–731.
[44] Wolfe B, Wiepz GJ, Schotzko M, et al. Acute fetal
demise with first trimester maternal infection resulting
from listeria monocytogenes in a nonhuman primate
model. MBio. 2017;8(1):e01938–16.
[45] Pirie AH. Rodent Ulcer. Can Med Assoc J.
1927;17:1326–1328.
[46] Roulo RM, Fishburn JD, Amosu M, et al. Dose
response of Listeria monocytogenes invasion, fetal
morbidity, and fetal mortality after oral challenge in
pregnant and nonpregnant Mongolian gerbils. Infect
Immun. 2014;82(11):4834–4841.
[47] Bakardjiev AI, Theriot JA, Portnoy DA. Listeria monocytogenes traffics from maternal organs to the placenta
and back. PLoS Pathog. 2006;2(6):e66.
[48] Jacquet C, Doumith M, Gordon JI, et al. A Molecular Marker
for Evaluating the Pathogenic Potential of Foodborne Listeria
monocytogenes. J Infect Dis. 2004;189(11):2094–2100.
[49] Bakardjiev AI, Stacy BA, Fisher SJ, et al. Listeriosis in
the pregnant guinea pig: a model of vertical
transmission. Infect Immun. 2004;72(1):489–497.
[50] Gessain G, Tsai YH, Travier L, et al. PI3-kinase activation is critical for host barrier permissiveness to

[51]

[52]
[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

397

Listeria monocytogenes. J Exp Med. 2015;212
(2):165–183.
Le Monnier A, Autret N, Join-Lambert OF, et al. ActA
is required for crossing of the fetoplacental barrier by
Listeria monocytogenes. Infect Immun. 2007;75
(2):950–957.
Ireton K, Payrastre B, Chap H, et al. A role for phosphoinositide 3-kinase in bacterial invasion. Science.
1996;274(5288):780–782.
Ireton K, Payrastre B, Cossart P. The listeria monocytogenes protein InlB is an agonist of mammalian phosphoinositide 3-kinase. J Biol Chem. 1999;274
(24):17025–17032.
Nikitas G, Deschamps C, Disson O, et al.
Transcytosis of Listeria monocytogenes across the
intestinal barrier upon specific targeting of goblet
cell accessible E-cadherin. J Exp Med. 2011;208
(11):2263–2277.
Hamon MA, Ribet D, Stavru F, et al. Listeriolysin O:
the Swiss army knife of Listeria. Trends Microbiol.
2012;20(8):360–368.
Bakardjiev AI, Stacy BA, Portnoy DA. Growth of listeria monocytogenes in the guinea pig placenta and
role of cell-to-cell spread in fetal infection. J Infect
Dis. 2005;191(11):1889–1897.
Faralla C, Rizzuto GA, Lowe DE, et al. InlP, a new
virulence factor with strong placental tropism. Infect
Immun. 2016;84(12):3584–3596.
Faralla C, Bastounis EE, Ortega FE, et al. Listeria
monocytogenes InlP interacts with afadin and facilitates basement membrane crossing. PLoS Pathog.
2018;14(5):e1007094.
Guleria I, Pollard JW. The trophoblast is a component
of the innate immune system during pregnancy. Nat
Med. 2000;6(5):589–593.
Qiu X, Zhu L, Pollard JW. Colony-stimulating
factor-1-dependent macrophage functions regulate the
maternal decidua immune responses against Listeria
monocytogenes infections during early gestation in
mice. Infect Immun. 2009;77(1):85–97.
Rowe JH, Ertelt JM, Aguilera MN, et al. Foxp3+ regulatory T cell expansion required for sustaining pregnancy compromises host defense against prenatal
bacterial pathogens. Cell Host Microbe. 2011;10
(1):54–64.
Rowe JH, Ertelt JM, Xin L, et al. Listeria monocytogenes cytoplasmic entry induces fetal wastage by
disrupting
maternal
Foxp3+
regulatory
T
cell-sustained fetal tolerance. PLoS Pathog. 2012;8
(8):e1002873.
Chaturvedi V, Ertelt JM, Jiang TT, et al. CXCR3 blockade protects against Listeria monocytogenes infection–
induced fetal wastage. J Clin Invest. 2015;125
(4):1713–1725.

