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ABSTRACT

Listeria monocytogenes is a saprophytic gram-positive bacterium, and an opportunistic foodborne
pathogen that can produce listeriosis in humans and animals. It has evolved an exceptional ability
to adapt to stress conditions encountered in different environments, resulting in a ubiquitous
distribution. Because some food preservation methods and disinfection protocols in food-
processing environments cannot efficiently prevent contaminations, L. monocytogenes constitutes
a threat to human health and a challenge to food safety. In the host, Listeria colonizes the
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gastrointestinal tract, crosses the intestinal barrier, and disseminates through the blood to target
organs. In immunocompromised individuals, the elderly, and pregnant women, the pathogen can
cross the blood-brain and placental barriers, leading to neurolisteriosis and materno-fetal lister-
iosis. Molecular and cell biology studies of infection have proven L. monocytogenes to be
a versatile pathogen that deploys unique strategies to invade different cell types, survive and
move inside the eukaryotic host cell, and spread from cell to cell. Here, we present the multi-
faceted Listeria life cycle from a comprehensive perspective. We discuss genetic features of
pathogenic Listeria species, analyze factors involved in food contamination, and review bacterial
strategies to tolerate stresses encountered both during food processing and along the host’s
gastrointestinal tract. Then we dissect host-pathogen interactions underlying listerial pathogen-
esis in mammals from a cell biology and systemic point of view. Finally, we summarize the
epidemiology, pathophysiology, and clinical features of listeriosis in humans and animals. This
work aims to gather information from different fields crucial for a comprehensive understanding
of the pathogenesis of L. monocytogenes.
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Introduction

L. monocytogenes is the causative agent of listeriosis,
a sporadic disease in humans and animals with very
high hospitalization and case-fatality rates, and consid-
ered one of the most serious foodborne diseases [1,2].
The genus Listeria currently includes 21 recognized
species of ubiquitous small rod-shaped gram-positive
bacteria, of which only Listeria ivanovii and
L. monocytogenes are mammalian pathogens [3].
Pathogenic Listeria species emerged as a major food-
borne pathogen in western countries in the second half
of the twentieth century, and human and animal lister-
iosis outbreaks have had a significant economic impact
on society and the food industry. Importantly in
Europe, the incidence of listeriosis has increased since
2008 [2].

Although Listeria genus was a saprophytic bacter-
ium in origin, some species have successfully adapted
to different environmental niches associated with
human activity, including farms (mammalian and
avian feces), food, and food-processing environ-
ments, thanks to an unparalleled capacity to sense
and respond to environmental stress. This stress tol-
erance also allows Listeria to pass from contaminated
food into the gastrointestinal tract of mammalian
hosts [4].

Once inside the host, L. monocytogenes evolves var-
ied and sophisticated mechanisms to invade different
eukaryotic cell types, survive intracellularly, evade the
immune system, and disseminate through the body [5].
Moreover, this pathogen can cross the blood-brain and
placental barriers, with tragic consequences in disease
progression (meningitis, abortion), and a fatal outcome
in immunocompromised individuals and pregnant
women, respectively [6,7].

L. monocytogenes is a multifaceted pathogen that
represents a serious threat to human and farm animals
and a challenge to food safety [1,2]. It has become
a high priority for molecular and cellular pathogenesis
studies due to the urgent need to develop targeted
therapies to help to reduce mortality. In this review,
we approach Listeria from an interdisciplinary and
comprehensive perspective. We discuss its contamina-
tion routes and risk factors, as well as its epidemiology,
pathophysiology, and clinical signs in humans and ani-
mals. We also consider, from a molecular and clinical
angle, the genetic features of pathogenic Listeria species
that allow them to survive environmental and host-
associated stresses and bacterial regulation mechan-
isms, as well as the host-pathogen interactions under-
lying listerial pathogenesis in mammals.

The genus Listeria encompasses 21 species
Not all Listeria species are pathogenic

The genus Listeria currently includes 21 species of ubiqui-
tous gram-positive rods found in different environmental
niches [3]. Two Listeria species, L. monocytogenes and
L. ivanovii, have been historically considered pathogenic
[8,9]. L. monocytogenes infects animals and humans, and is
in its genus the zoonotic species of greatest importance for
global public health and economics. L. ivanovii has been
considered to infect mainly ruminants [10], since human
cases are rare, involving mainly immunocompromised,
debilitated patients [11-13]. Two explanations may sup-
port the low occurrence of L. ivanovii infections in
humans: 1) this species could have low pathogenicity for
humans, or 2) the sporadic occurrence and limited distri-
bution in nature (including food) of L. ivanovii would limit
the exposure of humans to this bacterium [9,11,14].
Although L. innocua was initially considered a non-
hemolytic and nonpathogenic Listeria species, natural aty-
pical hemolytic isolates have been isolated from different
food products [15-17], and rare cases of L. innocua septi-
cemia and meningitis infections have been reported in both
ruminants and humans [18-21]. These atypical hemolytic
L. innocua challenge the concept that this species is innoc-
uous. Moreover, these L. innocua isolates possess
a functional Listeria pathogenicity island 1 (LIPI-1) and
internalin A (inlA) genes, which encode important viru-
lence factors for the intestinal infection stage, the entry into
the host cells, and the adaptation to an intracellular lifestyle
[22]. Importantly, atypical hemolytic L. innocua can
actively cross the intestinal barrier and invade deeper
organs like the liver and spleen [22]. Moreover, some
L. innocua strains bear LIPI-3, a pathogenicity island spe-
cific to L. monocytogenes lineage I, which is overrepre-
sented in epidemic listeriosis outbreaks [23-25]. LIPI-3
encodes a bacteriocin highly expressed in the intestine to
alter host intestinal microbiota, allowing L. monocytogenes
colonization of the intestine (Table 1) [23-25].
Remarkably, one of these L. innocua strains possessing
LIPI-3 was isolated from a human patient with meningitis
[23]. Human exposure to hemolytic L. innocua is rare,
since no isolate exhibiting this phenotype has been detected
during Listeria surveillance in the context of food and
clinical samples performed by the World Health
Organization Collaborating Center for Listeria (Institut
Pasteur, France) after analyzing more than
7236 L. innocua isolates between 1987 and 2018 [22].
Some L. seeligeri isolates possess LIPI-1 and are
hemolytic [26,27]. Rare human cases caused by
L. seeligeri have been documented, including
a previously healthy adult presenting acute purulent
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Table 1. Characteristics of species of genus Listeria related to human and animal cases [8,9,22,26,27,29,32,35,46,335]. PI-PLC is an
important Listeria enzymatic marker used routinely in selective chromogenic culture media for discrimination and enumeration of
L. monocytogenes-L. ivanovii and other Listeria spp. in human specimens, food products and environmental samples (e.g. ALOA and

RAPID’L.mono Agar Plates).

L. monocytogenes L. monocytogenes

L. monocytogenes

Lineage | Lineage Il Lineage Ill and IV L. ivanovii L. innocua L. seeligeri

LIPI —1 + + + + -(rare isolates Some isolates are

are +) + (with some
gene
rearrangements)

InlA/B locus + + + + -(Rare isolates -

(>30% isolates possess InlA)
present truncated
InlA)
LIPI =3 Present in = 50% - - - Present in = -
Lineage | isolates 20% isolates
LIPI -4 Mostly present in - Some isolates are - + -
Cc4 +
LIPI -2 - A highly virulent - + - -
hybrid sub-lineage
harbors a truncated
LIPI-2
Virulence +++ (specially CC1, + + Mainly animal cases -Rare human -Rare human cases
CC2, CC4, and Overrepresented Most isolates Rare human cases cases
CCe6) among food and obtained from
Overrepresented food-related isolates animals
among human
isolates
Hemolysis + + + +++ -(Rare isolates  LIPI —1 + strains
(due to the are +) are hemolytic
sphingomyelinase
Smcl)

Phosphatidylinositol- + + + + -(Rare LIPI —1 LIPI =1 + strains
specific + strains have PI-PLC
phospholipase C (PI- have PI-PLC activity
PLC coded by plcA) activity)

meningitis [28] (Table 1). However, despite atypical
isolation from human clinical cases, there is no evi-
dence that L. seeligeri should be considered
a pathogen or presents a human health risk comparable
to L. monocytogenes [8].

Characterization and Subtyping of
L. monocytogenes: Lineage differences

L. monocytogenes was initially classified into 13 sero-
types, based on agglutination of somatic (O) and fla-
gellar (H) antigens, with only three (1/2a, 1/2b, and 4b)
causing more than 90% of invasive human infections
[29,30]. Further characterization and differentiation on
the strain level was achieved by the development of
molecular methods including pulsed-field gel electro-
phoresis (PFGE) and multilocus sequence typing
(MLST) [30-32]. In L. monocytogenes, MLST was car-
ried out by sequencing internal portions of seven
housekeeping genes [33]. MLST showed that: 1)
L. monocytogenes forms a structured population con-
sisting of four divergent lineages (I-IV); and, 2) the
isolates belong to groups of genetically highly similar
strains, called clonal complexes (CCs) [33]. Each line-
age includes specific serotypes: lineage I comprises

serotypes 1/2b, 3b, 4b, 4e and 7; lineage II, serotypes
1/2a, 1/2 ¢, 3a, and 3 ¢; lineage III, serotypes 4b, 1/2a,
4a, and 4 ¢; and lineage IV, 4a and 4 ¢ [31,33]. Although
most of the clinically relevant strains belong to lineages
I and II, major listeriosis epidemics are associated with
lineage I isolates and, more specifically, with serotype
4b [34-36]. Lineage II or serotypes 1/2a, 1/2b, and 1/2 ¢
are more frequent in foods [35,37]. Lineages III and IV
are rarely isolated, predominantly from animal sources
[29,32]. Although MLST provides highly standardized
genotypes and nomenclature, it lacks the discrimina-
tory power required for epidemiological surveillance
[32]. Nowadays, whole-genome sequencing (WGS) is
the most powerful epidemiological typing tool for
investigating outbreaks and performing biological
population studies [32,38,39]. WGS techniques use
a combination of core genome multilocus sequence
typing (cgMLST, which covers 1748 genes) and single-
nucleotide variant methods [32].

To gain experimental reproducibility among labora-
tories, the majority of studies focused on
L. monocytogenes pathogenicity have been carried out
with laboratory reference strains: EGDe, EGD, or
10403S. These strains belong to lineage II (EGD and
10403S to CC7, and EGDe to CC9), which is



2512 (&) J.J. QUEREDA ET AL

underrepresented in patients with clinical signs
[35,40,41]. The recurrent use of these CC7 and CC9
reference strains has led to an underestimation of over-
all L. monocytogenes biodiversity and, as a result, of the
heterogeneity that may exist in the virulence mechan-
isms used by strains of lineages I and II (Table 1) [42].
CC1, CC2, CC4, and CC6 all belonging to lineage
I (Table 1) are associated with human clinical cases
(some of them even without immunosuppressive
comorbidities). This evidence suggests that these CCs
are hypervirulent, while other CCs, such as CC9 and
CC121 belonging to lineage II, are strongly associated
with food environments (Table 1) [35]. Hypervirulent
L. monocytogenes clones, particularly CCl, associate
strongly with dairy products, while hypovirulent clones,
CC9 and CCI21, are frequently isolated in meat pro-
ducts [36,43]. Hypervirulent clones colonize better in
the intestine and display a higher invasion rate of the
intestinal mucosa than hypovirulent clones. Conversely,
hypovirulent clones adapt well to food-processing
environments, with higher prevalence of genes involved
in stress resistance and tolerance to disinfectants [36].
In domestic animals, listeriosis is most common in
ruminants. Interestingly, CCl (which associates
strongly with clinical origin in humans) also associates
with cases of ruminant rhombencephalitis and is highly
overrepresented in milk-derived products. These find-
ings suggest that L. monocytogenes virulence in humans
could relate to its ability to associate with dairy rumi-
nants [35,36,44,45].

Virulence factors of L. momnocytogenes are either
scattered across the genome (e.g., the inlA-inIB locus,
bsh, inlC, lap, among others) or clustered in pathogeni-
city islands LIPI-1, LIPI-3, and LIPI-4. The inlA-iniB
locus encodes two surface proteins, internalins InlA
and InlB, involved in pathogen internalization by non-
phagocytic cells after binding of the host cell receptors
E-cadherin and Met, respectively [44]. The inlA-iniB
locus, together with LIPI-1, is necessary for key steps
of intracellular parasitism (e.g. adhesion, internaliza-
tion, intracellular survival and dissemination).
Importantly, the inlA-inIB locus and LIPI-1 are con-
served in almost all L. monocytogenes isolates, high-
lighting their crucial role for pathogenicity (Table 1)
[5]. Importantly, more than 30% of lineage II isolates
(overrepresented in food) harbor premature stop
codons in the inlA gene, leading to virulence attenua-
tion [29,46]. Comparative genomics between hypo- and
hypervirulent clones led to the discovery of new viru-
lence factors such as LIPI-3 (present only in a subset of
lineage I strains) and LIPI-4. LIPI-4 is present in
L. monocytogenes lineage I CC4, (a CC significantly
associated  with  materno-fetal listeriosis  and

neurolisteriosis in humans), in L. monocytogenes
lineages III and IV, and lately, in L. innocua (Table 1)
[22,25,32,35,47,48]. The virulence factors encoded in
LIPI-1 hly and actA are indispensable for virulence
[49-51]. Recent studies of human epidemiological and
clinical data integrated with bacterial population geno-
mics identified full-length InlA, LIPI-3 and LIPI-4 as
being strongly associated with infectious potential at
the population level [35]. The functions of these LIPIs
and the inlAB locus will be further discussed below
(Table 1). LIPI-2, which encodes several internalins
and the hemolytic enzyme sphingomyelinase, is specific
for L. ivanovii (Table 1) [9]. Other important
L. monocytogenes virulence genes like bsh or inlC are
not clustered in pathogenic islands but instead scattered
across the genome [52,53]. Instead of providing an
exhaustive list of the virulence factors of
L. monocytogenes, we will in each section of the manu-
script describe the most important factors that play key
roles in the different steps of the infection process (e.g.,
gut colonization and intestinal barrier traversal, brain
and placental invasion or cell entry, vacuolar scape and
cell-to-cell spread, among others). For comprehensive
reviews of Listeria virulence factors see [9,54-56].

Recent studies characterizing L. monocytogenes iso-
lates from severe ovine listeriosis outbreaks identified
a highly virulent hybrid sub-lineage of the major line-
age II. These L. monocytogenes isolates harbored LIPI-1,
the inlA-inlB locus, and a truncated LIPI-2 locus
(encoding sphingomyelinase) from L. ivanovii.
Importantly, LIPI-3 and LIPI-4 were absent in these
isolates [57] (Table 1).

Acquisition and loss of genetic elements have pro-
vided the properties necessary for specialization of
L. monocytogenes to an environment or to a host.
Three distinct patterns among major L. monocytogenes
clones have been proposed: (i) clones that persist effi-
ciently in food-production environments owing to effi-
cient tolerance to disinfectants and biofilm formation,
but with low adaptation to the host (e.g. CC9 and
CC121); (ii) clones that are host-associated, exhibiting
a low adaptation to food-production environments and
rarely harboring disinfectant resistance genes (e.g. CC1
and CC4); and (iii) intermediary clones that may be in
the process of transitioning from host-associated to
saprophytic lifestyles. These intermediary clones
would combine vertically transmitted features of host-
adapted clones and horizontally transferred disinfectant
resistance genes [36,58]. Genome-wide association stu-
dies have pointed to potential genes involved in adap-
tation to the host or to a saprophytic lifestyle [36].
Future experiments testing the contribution of these
genes to L. monocytogenes lifestyle preferences will be



crucial to wunderstand its

transition.

saprophyte-to-pathogen

Listeria is a foodborne pathogen
Food associated with Listeria outbreaks

The majority of large listeriosis outbreaks are associated
with the consumption of ready-to-eat (RTE) food pro-
ducts, including meat and seafood, as well as milk and
dairy products. Outbreaks have also been reported due
to consumption of produce, including fresh fruit and
frozen vegetables, in the home environment
(Figure 1) [2,59].

Foods mostly associated with foodborne listeriosis
include RTE products that: (i) support growth of
L. monocytogenes; (ii) are consumed without receiving
any antibacterial treatment (e.g., thermic treatment);
and (iii) have long refrigerated shelf-life [60]. Despite

VIRULENCE (&) 2513

frozen foods do not support the growth of
L. monocytogenes, consumption of this type of food
may contribute to the risk of listeriosis, mainly when
it is added directly (e.g. to salads or smoothies) [61].
L. monocytogenes adaptation mechanisms to cold and
their consequences are described in the next sections.
The most severe worldwide listeriosis outbreak
reported in history, with 937 cases and 216 deaths,
occurred in 2018 in South Africa, and was due to the
consumption of an RTE processed meat product
(bologna-style sausage) [62]. Other reported foodborne
outbreaks associated with meat and poultry products
were linked to hot dogs [63], RTE pork meats [64],
turkey meat products [65], or rillettes and jellied pork
tongue [66]. Dairy products, such as pasteurized and
unpasteurized cheeses [67-69], pasteurized milk [70],
ice cream [71], and butter [72], have also been fre-
quently associated with listeriosis outbreaks, as well as
seafood such as rainbow trout [73], crabmeat [74], and

Incorrect manipulation
Insufficient refrigeration
Cross-contamination
Inadequate hygiene

Industry/Slaughterhouse

Surface equipment

(biofilm formation)
Cross-contamination | q——

Floor
Food handlers

www.freepik.com

v

Humans

RTE products

‘ Environment

Crops/Vegetables/Fruits

»
»

¥ ¥, ¥ ¥ ¥

Silage

BAAR

Livestock
Reptiles, insects, birds...
Companion animals
Wild animals

Figure 1. L. monocytogenes contamination sources. Transmission scenarios for L. monocytogenes between soil/water, animals,
crop/vegetables/fruits, industries, food products, humans, and environment. Potential transmission pathways indicated by arrows.
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Table 2. Sources and foods implicated in published reports of
foodborne listeriosis.

RTE food in which
L. monocytogenes has been
isolated

Source in which L. monocytogenes has
been isolated

Fruits & Vegetables Cantaloupe [59]
Caramel apples [336]
Packaged salad [337]
Coleslaw [76]

Diced celery [338]

Stone fruits [339]

Mammals: Meat:

Cattle [309] Sausages [62]
Pig [307] Hot dogs [63]
Wild Boar [310] Pork products [66,341]
Sheep [309] Beef products [342]
Goat [340] Rillettes/Paté [66]
Deer [310] Game meat [343]

Raw milk [90]

Pasteurized milk [70]
Cheeses [67,68]

Ice cream [71]
Butter [72]
Aquatic animals: Crab [74]
Fish [1] Trout [73]
Crustaceans [1] Smoked salmon [75]
Birds: Egg [347]
[344-346] Poultry products [17]
Turkey products [65]
Insects:
Ants [348]
Nature :
Soil [349]
Silage [306]

Irrigation water [349,350]

Farm environment:
Soil and silage [87]
Milk filter/tanks [91]
Equipment [90]
Workers [90]

Food industry:
Floor drains [351]
Biofilms [351,352]
Cross-contamination [353,354]:
Vacuum machine, slicing machine,
cutting boards, stainless steel tables,
non-food contact surfaces (walls, floor)
Workers’ hands [354]

smoked salmon (Table 2) [75]. Although most contam-
inations occur during processing, for instance, while
cutting or packaging, outbreaks are also associated
with unprocessed raw or fresh fruits and vegetables,
such as coleslaw [76] or cantaloupe [59]. During 2011,
a cantaloupe-associated listeriosis outbreak impacted 28
US states with 147 cases, 33 deaths, and 1 miscarriage
[59], highlighting the significance of produce contam-
ination within farm and processing environments. The
preparation process of raw and fresh products entails
an additional risk since a contamination on the surface
during peeling and cutting can be transferred to the
inner part of the food (e.g. pulp) [59,77]. The 2018
report of the European Food Safety Authority (EFSA)
and the European Center for Disease Prevention and
Control (ECDC) [2] points out that RTE food

represents one of the most important routes of
Listeria transmission, with an occurrence of 2.7% for
fish and fishery products, 1.4% for meat and meat
products, 1.8% for RTE fruit and vegetables, and
<0.8% for soft and semi-soft cheeses and <0.5% for
hard cheeses [2].

The infectious dose of L. monocytogenes

The severity of listeriosis in humans depends on the
virulence of the bacterial strain. Other key factors are
the dose of bacteria ingested, the diversity of
a population’s genetic background, the general health
and immune status of the host, and any attributes of
the food that alter microbial or host status [60].

To date, no conclusive epidemiological data are
available to establish the level of contamination
involved in most cases of food listeriosis outbreaks.
Nonetheless, infective doses of L. monocytogenes have
been estimated to be 10” to 10° colony-forming units
(CFUs) in healthy hosts, and only 10° to 10’ CFUs in
high-risk individuals [71,78-81]. Recent outbreaks have
shown that even with a widespread distribution of
products contaminated with L. monocytogenes, most
consumers will not become ill if contamination levels
are low and no growth is facilitated [71]. In this regard,
documented episodes of human fecal carriage of
L. monocytogenes did not coincide with overt illness
[82]. These studies, together with available reports on
outbreaks in the US and Italy, indicate that even the
milder form of the disease, characterized by febrile
gastroenteritis in normal hosts, requires the ingestion
of high doses of several million bacteria [70,82,83]. On
the other hand, highly susceptible populations can
develop severe clinical manifestations of listeriosis
after consuming products with a low-level of contam-
ination [71].

To control L. monocytogenes food transmission, reg-
ulatory agencies have obliged food industries to develop
programs for hazard analyses at critical control points
and have strictly regulated the L. monocytogenes con-
tamination of food [6,84,85].

Although for regulatory ~ purposes all
L. monocytogenes strains are currently treated equally,
some strains (CC1, CC2, CC4 and CC6) are hyperviru-
lent, often associated with clinical cases, and moreover
associated with patients with few or no immunosup-
pressive comorbidities, while other strains (CC9 and
CC121) are less virulent and infrequently related to
clinical infection [35,36]. The severity of the disease,
the uncertainty associated with the minimal infectious
dose, and the virulence differences observed among
strains, would lead to recommending that members of



these high-risk groups (immunocompromised indivi-
duals, the elderly, and pregnant women) avoid eating
food very likely to contain high amounts of
L. monocytogenes. For the rest of the population, it
would be advisable to handle high-risk foods carefully,
and to store them at low temperatures for only short
periods.

Contamination sources

The L. monocytogenes ubiquity in the environment
determines the high risk of contamination during
food manufacturing processes. L. monocytogenes has
been isolated from natural environments, farms, soil,
water, silage, decaying vegetables, human and animal
feces and tissues, food processing industries, and pro-
cessed food products (Figure 1) [10,60]. Although the
environment is the natural reservoir for Listeria spp.,
where they live as saprophytes, its incidence increases
with human and animal activity [86].

Farm environments and animals have a high genetic
diversity of Listeria spp [87,88]. Moreover, persistent
strains can stay in the farm environment for years,
making its control a challenge [89]. In addition, farm
animals can behave as silent carriers of
L. monocytogenes, resulting in pathogen dissemination
by their feces to the environment, farm surfaces, and
equipment (e.g. milking equipment) [90], or directly
through the milk [91] or meat [92] (Figure 1). These
routes result in L. monocytogenes being transmitted as
contaminants to foods.

L. monocytogenes can be introduced into food plant
industries as a result of cross-contamination by workers
(human carriers), transportation of animals (fecal shed-
ders), raw food (e.g., milk), and materials from crops,
soil, and silage [82,87,93]. Then, L. monocytogenes can
persist in food-processing plants for years, or even
decades, facilitating food contamination during proces-
sing/handling and packaging, and therefore its food-
borne transmission. Biofilm formation, adaptation to
stress, especially to cold temperatures and sub-lethal
concentrations of disinfectants, together with the exis-
tence of niches in facilities and in equipment that are
difficult to clean, have been identified as key contribu-
tors to persistence of the pathogen [94] (Figure 1).

Gaining insight into the natural reservoirs of
L. monocytogenes will help to prevent its entry into
the food chain. Surveillance strategies in agricultural
settings and food industries will help to understand
how L. monocytogenes circulates between the environ-
ment, animals, food industries and humans.
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Listeria responds to environmental stress

The ubiquity of Listeria results from an outstanding
capacity to adapt to stress conditions encountered in
different environments. L. monocytogenes proliferates
in distinct food matrices, where it can be exposed to
high salt concentrations, an acidic pH, refrigeration
temperatures or germicidal blue light, among others,
and persists in food-processing environments (FPEs)
cleaned with disinfectants [4]. In addition, once
ingested by mammalian hosts Listeria resists the acidic
pH of the stomach, and stressful conditions in the gut
lumen, such as a high osmolality, and the presence of
bile and the microbiota. The alternative sigma factor
(SigB) is partially responsible for this resilience, by
inducing hundreds of genes involved in the general
stress response (GSR) [95]. However, the response to
each specific stress is different, and SigB-independent
regulatory mechanisms may be essential for its robust-
ness (Figure 2).

L. monocytogenes withstands stresses in food and
food-processing environments

Salting is a common and effective method to pre-
serve food. However, Listeria can survive and grow,
albeit with difficulty, in high salt concentrations (3 M)
mainly by favoring the accumulation of compatible
solutes, which are water-soluble organic compounds
that increase intracellular osmolality, thus preventing
outward water fluxes. Upon osmotic shock, Listeria
induces gbu and betL, encoding glycine-betaine trans-
porters and the carnitine ABC transporter opuCA
(Figure 2) [96]. L. monocytogenes preferentially uses
one of these transporters to adapt under high salt con-
centrations, depending on the availability of each
osmo-protectant in the food matrix; of these, glycine-
betaine is more abundant in plants [97] and carnitine
in meat [98].

L. monocytogenes is one of the few foodborne patho-
gens that can grow at temperatures as low as —0.4°C,
a condition referred to as psychrotolerance. This capa-
city renders refrigeration ineffective to restrict its pro-
liferation in RTE. In non-psychrotroph organisms, low
temperatures make biological membranes less fluid and
stabilize secondary structures of nucleic acids, which
impair transport mechanisms and halt gene expression,
respectively [99]. Upon cold shock, L. monocytogenes
dramatically reduces its growth rate, and induces
enzymes participating in the synthesis of precursors of
branched-chain fatty acids, and transporters of glycin-
betaine (gbu), carnitine (opuC), and oligopeptides
(oppA), which may contribute to maintenance of mem-
brane fluidity and increase in the uptake of compatible
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high osmolality are relevant stresses both in host and food. L. monocytogenes responses depicted as sectors. Genes participating in
responses to both low temperature and high osmolality (helicases, ribosomal proteins, transporters) written on boundary of
respective sectors. L. monocytogenes that tolerates quaternary ammonium compound (QACs) exposure overexpresses efflux
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Imo0866, an RNA helicase homologue to DEAD-box protein A; and RNases, e.g. Imo1027, protein similar to Ribonuclease J1.
Sodium/proton antiporter, encoded by operon mrpABCDEFG, induced exclusively under high osmolality conditions, as in salt-
preserved food. Large overlap exists in response to high osmolality and low temperature: helicases, ribosomal proteins, and well-
characterized osmolyte transporters like oppBCE, betl, gbu and opuC. cspA and ¢spD induced in both conditions: cspA predominant in
response to cold shock; cspD appears in high osmotic conditions. Acidic environments increase transcription of exclusion systems as
GAD and ADI, intending to raise intracellular pH. In gut, L. monocytogenes competes for nutrients with host microbiota by induction
of secondary metabolic pathways like ethanolamine catabolism, or production of bacteriocins like listeriolysin S (LLS). Bile acids
secreted to intestine promote induction of bsh and bilE that allow L. monocytogenes survival, and prfA which prepares
L. monocytogenes for internalization and intracellular lifestyle. Regulation of these responses not yet fully elucidated (unknown
factors), but some regulators shown to play role in control of stress responses are: SigB, two-component system LisRK, and
transcriptional regulators HrcA and CtsR.

solutes, respectively [100] (Figure 2). In addition,
induction of RNA helicases and the cold shock protein
CspA may enable protein synthesis at low temperatures
by melting RNA secondary structures [100-103].
Interestingly, the two additional Listerial csp homolo-
gues (cspB, and cspD) are downregulated at low tem-
peratures [100,101], suggesting that conserved traits of
cold shock proteins may be relevant for physiological
functions, other than adaptation to cold, that remain to
be described.

Apart from these classical food-preservation meth-
ods, L. monocytogenes is exposed to antimicrobial pro-
cedures in food or FPEs. L. monocytogenes can also
persist in FPEs following routine cleaning and disin-
fecting procedures [94]. As sanitization does not reach
all surfaces homogeneously, concentration gradients of
biocides are generated throughout FPEs, enabling
microorganisms to colonize niches (or harborage
sites) where they may be exposed to sub-inhibitory
concentrations of these compounds [104]. This mild



selective pressure favors the development of tolerance
mechanisms against quaternary ammonium com-
pounds (QAC), which are the most common and effec-
tive disinfectants used in FPEs. The mechanisms of
tolerance to QACs rely mainly on the expression of
efflux pumps encoded by horizontally acquired genetic
mobile elements [105-107], and on the formation of
biofilms [108]. A widespread dissemination across
L. monocytogenes strains of the bcrABC locus, which
encodes an efflux pump, renders cells tolerant to ben-
zalkonium chloride - a widely used QAC - regardless
of their serotype and the source from where they were
isolated [106] (Figure 2). Acquisition of efflux pumps
might be an advantage, not only to tolerate QACs and
persist in FPEs, but also to tolerate antibiotics com-
monly used in clinics [109]. For a more detailed over-
view of Listeria biofilms we refer the reader to recent
excellent reviews [110,111]).

Industrial and agricultural activity may facilitate
a toxic accumulation of heavy metals. A high tolerance
to cadmium (Cd) and arsenic (As) is a frequent trait in
L. monocytogenes thanks to efflux pumps present in
genetic mobile elements found both in the chromo-
some and plasmids [112]. The prevalence of Cd resis-
tance is higher in strains associated with food isolates
(1/2a and 1/2b) and persistent clones in FPEs that also
show resistance to benzalkonium chloride [112,113],
although the potential contribution to persistence in
FPEs remains to be elucidated. On the other hand,
resistance to As is much more prevalent in serotype
4b and, in particular, among clones associated with
outbreaks of listeriosis [112,114]. This observation
points at a relevant role of As resistance in virulence.
However, a mechanistic explanation for increased pre-
valence of tolerance to Cd and As in persistent and
highly virulent strains, respectively, is still elusive.

L. monocytogenes survives the acidic pH of the
stomach

Upon ingestion of contaminated food,
L. monocytogenes reaches the stomach, where it faces
an extremely acidic pH (1-2). This low pH poses the
first physicochemical antimicrobial host barrier.
Consistently, a higher fecal isolation rate of
L. monocytogenes has been found in patients receiving
long-term  gastric acid suppression with H2-
antagonists, and treatment with proton-pump inhibi-
tors is associated with an increased risk of listeriosis
[115,116]. L. monocytogenes has different systems in
place to regulate intracellular pH (see below), thus
allowing it to overcome the acidic pH of the stomach,
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as well as the mild acidity of particular types of food
(Figure 2) [reviewed in [117]].

The glutamate decarboxylase (GAD) system imports
a molecule of glutamate by an antiporter (GadT), which
is then converted into y-aminobutyrate (GABA) by the
glutamate decarboxylase (GadD). The intracellular glu-
tamate decarboxylation reaction consumes one proton,
thereby raising intracellular pH. The GadT antiporter
subsequently transports GABA back out of the cell in
exchange for glutamate. This system is relevant for
withstanding strong acids in synthetic gastric fluid
and for oral infection of mice [118,119]. Five gad
genes have been identified: two transporters (gadT1-2)
and three enzymes (gadD1-3). In EGD-e, SigB plays
a crucial role in adaptation to strong acidic stress and
regulates the transcription of gadT2, gadD2 and gadD3
upon exposure to pH 4.5 for 1 h [120]. Interestingly,
differences in the expression of gad genes have been
found among L. monocytogenes isolates from lineage II
[119,121]. It would be illuminating to dissect the pre-
cise regulation in clinical isolates of listeriosis outbreaks
to investigate whether specificities in the functioning of
the GAD system may be associated with the virulence
of these strains.

The second main mechanism utilized by
L. monocytogenes for pH homeostasis is the arginine
deiminase system (ADI). In the cytosol, arginine is
converted to ornithine by the action of three enzymes
encoded by the arcABC operon. Then, a membrane-
bound antiporter encoded by arcD exports a molecule
of ornithine from the cell while importing a molecule of
arginine. Conversion of arginine to ornithine generates
ammonia (NH3), which associates with a proton to
produce NH4", thus increasing cytoplasmic pH [122].
arcABC genes are induced upon exposure to acid and
in the presence of arginine [123]. Mutants lacking ArcB
grow more slowly under mild acidic conditions
(pH = 4.8) and show a decreased survival in synthetic
gastric fluid [124]. A putative transcriptional regulator,
ArgR, has been identified, although the precise regula-
tion of ADI genes as a function of pH and arginine
availability, in addition to its interdependence with
SigB, is as yet unclear [123,125].

In the intestinal lumen L. monocytogenes
competes with endogenous microbiota

The intestine is a complex environment where
L. monocytogenes must adapt to harsh conditions and
coexist with host intestinal microbiota. The gut micro-
biota provides so-called colonization resistance, which is
a protection against the establishment of foreign
(pathogenic) bacteria in the digestive tract.
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Colonization resistance relies on diverse mechanisms,
such as growth inhibition of enteric pathogens by com-
petition, immune system maturation, or enhancing the
maintenance of the intestinal barrier by synthesizing
short fatty acids. Enteropathogenic bacteria have, how-
ever, developed strategies that overcome colonization
resistance, such as the usage of alternative metabolic
pathways like ethanolamine catabolism, the enhance-
ment of gut inflammatory response, or the production
of bacteriocins [126].

To assess the influence of host microbiota on
L. monocytogenes infection, germ-free mice were inocu-
lated with two Lactobacillus species prior to oral chal-
lenge with this pathogen. Pre-colonization by
Lactobacillus induced transcriptomic changes in both
host and pathogen, resulting in a limited dissemination
of L. monocytogenes [127]. Other beneficial gut micro-
biota-associated bacteria effective against
L. monocytogenes are Clostridia. In germ-free mice, pre-
inoculation  with  clostridial  species  impaired
L. monocytogenes colonization of the intestinal lumen
and systemic dissemination [128]. This latter study
shows an increased susceptibility to L. monocytogenes
infection due to antimicrobial therapy, highlighting the
importance of a varied gut microbiota and introducing
the possibility of a probiotic preventive treatment in
immunocompromised individuals or pregnant women.

L. monocytogenes can respond to trophic competi-
tion by utilizing alternative metabolic sources. Upon
oral administration of L. monocytogenes in germ-free
mice pre-inoculated with Lactobacillus, the pathogen
increased levels of enzymes involved in the ethanola-
mine catabolism pathway, allowing it to exploit an
alternative nitrogen source, and thus to bypass the
metabolic competition imposed by the commensal
microbiota (Figure 2) [127]. The same metabolic adap-
tation has been reported in Salmonella and enterohae-
morrhagic E.  coli  [129,130]. In  addition,
L. monocytogenes can produce bacteriocins, such as
listeriolysin S (LLS) and Lmo2776, which are proteins
that selectively kill or impair growth of neighbor com-
peting bacteria (Figure 2). LLS is encoded in the LIPI-3
island, which is present in some lineage I strains asso-
ciated with clinical origin, and it is overexpressed in
bacteria colonizing the intestine, where it shows its
bacteriocin  activity  [25,47].  Inoculation  of
L. monocytogenes expressing LLS demonstrated
a reduction of Allobaculum and Alloprevotella genera,
favoring pathogen persistence at a higher rate than an
isogenic strain lacking the IIs gene [25]. Lmo2776 is
present in lineage I and a few lineage II strains [131].
Lmo2776 targets Prevotella in vitro in a reconstituted
human gut environment, as well as in mice. Strikingly,

mutants defective in /mo02276 disseminate better to liver
and spleen, suggesting that Prevotella could enhance
intestinal infection. Selective reduction of Prevotella
abundance by L. monocytogenes might prevent exces-
sive inflammation, thus allowing the development of
persistent longer-lasting infections [131].

Holding in the gut: Listeria tolerates osmotic
stress and bile salts

The intestine poses moderately high osmolality condi-
tions to L. monocytogenes as the pathogen traverses
along the gastrointestinal (GI) tract. As in the case of
the osmotic stress encountered in food (see above),
L. monocytogenes increases the uptake of compatible
solutes by overexpressing membrane transporters
BetL, Gbu and OpuC (Figure 2) [132]. Other proteins
with osmoprotectant activity are: proline synthetase
(ProAB), which promotes proline accumulation in
high osmolality; guanosine tetra- and pentaphosphate
(p)ppGpp synthetase RelA, master regulator of the
stringent response; RNA chaperone Hfq; and proteases
HtrA and ClpC, which are general stress-induced pro-
teins that contribute to the degradation of misfolded
proteins [96]. As most of these proteins are also
involved in the response to other stresses, such as acidic
or low-temperature conditions, they may have been
induced in previous stages of the L. monocytogenes life
cycle (e.g., in food) and thus serve as cross-protection
against stress within the host (Figure 2) [96,133].

Bile is a complex mixture of bile acids, cholesterol,
phospholipids, and biliverdin, a mixture which consti-
tutes a host-natural antimicrobial fluid. Primary bile
acids produced in the liver concentrate in the gall
bladder and are subsequently released into the duode-
num during digestion, increasing oxidation in the bac-
terial cytosol, protein unfolding and aggregation, and
cell membrane damage [134]. L. monocytogenes can
colonize the murine gall bladder since the pH of bile
(pH = 7-8) is not as low as in the small intestine
(pH = 5.5). Therefore, the gall bladder can act as
a reservoir for extracellular replication of
L. monocytogenes and its further dissemination to the
intestine [135]. The bile salt hydrolase (Bsh) is one of
the main L. monocytogenes factors contributing to bile
tolerance (Figure 2). Bsh hydrolases, present also in
intestinal microbiota, deconjugate bile salts, and their
maximal expression occurs in the duodenum, coincid-
ing with the release of bile, where it acquires its lowest
pH [136]. In addition, the membrane transporter BilE
functions as a bile exclusion system (Figure 2) [137].
Interestingly, secondary bile salts produced by com-
mensal microorganisms can modulate Clostridium



difficile infections [138], suggesting that host micro-
biota-derived byproducts of bile may play a role in
L. monocytogenes infection. The general stress response
regulator SigB, as well as PrfA, the master virulence-
regulator of L. monocytogenes, positively regulate bsh
and bilE [53,137,139]. Moreover, bile exposure triggers
expression of the PrfA regulon but does not induce
further SigB-dependent genes. Altogether, these data
suggest that bile may be a signal preparing
L. monocytogenes for intracellular life, and a critical
factor involved in switching from SigB- to PrfA-
mediated gene expression [140].

Regulation of the response to stress

The response of Listeria to stress with regard to the
gene sets that directly mitigate each specific stress has
been well characterized and described in previous sec-
tions. However, these stress responses entail an exten-
sive cell reprogramming with pleiotropic effects, which
are still poorly understood. For example, recent tran-
scriptomic analyses involving distinct L. monocytogenes
strains subjected to acidic conditions (pH = 3.0)
showed enhanced expression of genes belonging to
both GAD and ADI systems, along with hundreds of
differentially expressed genes with no obvious involve-
ment in acid tolerance [141,142]. This is also true of
other stress responses, such as those triggered by low
temperature [101], high osmolality [143], QACs [144],
or bile salts [140]. These analyses reveal a significant
overlap in the response, with consistent changes in
genes involved in chemotaxis and motility, nutrient
uptake and metabolism of alternative sources, and cell
wall biosynthesis and modification. As in other micro-
disparate  stresses can induce in
L. monocytogenes a common response with
a multifaceted output, known as the general stress
response (GSR) [145]. GSR induction allows a prior
exposure to a particular stress condition to confer
cross-protection to other stresses [143,146-148].

In L. monocytogenes, the GSR is driven by an alter-
native sigma factor, called SigB [95]. SigB binding to
the RNA polymerase core induces a transcriptional
reprogramming that comprises up to 300 genes
involved in carbohydrate and amino acid metabolism,
cell envelope modification, flagellar biosynthesis, pH
homeostasis, osmoregulation, antibiotic resistance, and
quorum sensing [149]. SigB activity is controlled by
a partner-switching mechanism regulated by opposed
effects of protein kinase and phosphatase activities on
a protein called RsbV (Figure 3). In resting conditions,
SigB binding to the RNA polymerase is prevented by
the anti-sigma factor RsbW. RsbW availability depends

organisms,
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on the phosphorylation status of the anti-anti-sigma
factor RsbV. Unphosphorylated RsbV binds RsbW
with high affinity, which releases SigB. RsbW in turn
phosphorylates RsbV, which dissociates the complex,
allowing RsbW to bind and inactivate SigB. This equi-
librium is displaced upon stress, a condition in which
a proteinaceous macro-complex, the stressosome, acti-
vates a protein phosphatase that de-phosphorylates
RsbV, thus keeping SigB free to bind to the RNA
polymerase (Figure 3) [95].

The stressosome acts as a hub for stress signal inte-
gration, as it can transduce varying multiple stresses
into SigB activation. Structural studies have shown that
the stressosome forms a pseudo-icosahedral core with
turrets on its surface. It is in this core where the RsbR1
core domains and RsbS subunits would integrate the
signals, while the RsbR1 domains forming the protrud-
ing turrets would act as stress sensors [150]. Recent
reports point to a critical phosphorylation of RsbR1
core component and the subcellular localization of the
kinase RsbT as essential events in the transmission of
osmotic and acidic stress signals [151-153].
Nevertheless, a detailed molecular mechanism of signal
transduction by the stressosome still warrants
elucidation.

Despite the detailed structural analyses of the stres-
sosome, the molecular mechanisms of stress sensing by
Listeria in vivo remain mostly obscure [95]. One nota-
ble exception is blue-light sensing. Blue light has been
used to kill bacteria on fresh produce [154,155]. RsbL
(Lmo0799) is a paralogue of the main stressosome
component RsbR1, and displays a light-oxygen-voltage
(LOV) domain that binds flavin mononucleotide
(FMN). Blue-light irradiation induces a transient
FMN  crosslinking to RsbL, which triggers
a conformational change that activates signal transduc-
tion from the stressosome (Figure 3) [156-159]. Cycles
of dark and blue-light induce an RsbL-dependent adap-
tive response consisting of the formation of opaque
rings; this differentiation in colony formation confers
better survival to the excessive production of reactive
oxygen species (ROS) induced after exposure to blue
light [157,158).

Stress sensing in Listeria may also rely on two-
component systems (TCSs). TCSs are sensor and signal
transduction modules in bacteria, consisting of
a transmembrane sensor histidine kinase (HK) and
a cognate cytoplasmic response regulator. A total of
16 TCSs have been described in L. monocytogenes,
and their involvement in stress adaptation has been
systematically screened [160,161]. One example is LisR-
LisK, which contributes to survival under acidic condi-
tions [162], adaptation to increased osmolality [163],
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growth under cold temperatures [160,164], and toler-
ance to antibiotics (Figure 2) [165,166] . However, the
molecular mechanism(s) by which the bacteria sense
these stress signals are still obscure. LisRK activity is
enhanced in response to cell envelope stress triggered
by treatment with cefuroxime [167]. Given the involve-
ment of LisRK in the adaptation to so many different
sources of stress, it is tempting to speculate that these
could all affect the cell envelope, which would in turn
activate LisRK. For instance, as the plasma membrane
becomes more rigid upon temperature downshift, this
alteration in membrane fluidity may represent the cold

signal that activates LisRK through a yet unknown
mechanism.

Although SigB is essential for the ability of
L. monocytogenes to adapt to stressful conditions,
including osmotic shock and acidic pH (reviewed in
[95]), SigB-independent mechanisms are necessary for
the specificity and robustness of each particular stress
response. However, the relative contribution of SigB-
dependent and SigB-independent regulatory mechan-
isms needs to be clarified for each particular stress
response. For instance, deletion of sigB reduces
L. monocytogenes survival under osmotic stress in the



presence of compatible solutes [168], and opuCA
induction in these conditions largely depends on SigB
(Figure 2) [169]. In contrast, at 4°C opuCA induction is
SigB-independent, and mutants lacking SigB acclimate
to cold in the same way as wild-type bacteria [170]. As
SigB is present also in other Gram-positive bacteria
[171] with limited ability to withstand harsh conditions
compared to Listeria, deciphering the precise participa-
tion of SigB-independent mechanisms could unveil
crucial clues for understanding and preventing Listeria
adaptation to stress.

Stress adaptation and virulence

An open question is whether adaptation to stress
encountered in food or FPEs influences the pathogeni-
city of Listeria. Exposure to stress conditions prompts
a response leading to phenotypic changes that may
remain even after the stress disappears. Indeed, pre-
exposure to sub-lethal stresses facilitates adaptation to
subsequent challenges [172-174]. Thus, the use of tra-
ditional food preservation measures and/or the ineffec-
tive inactivation of L. monocytogenes contamination in
food and FPEs could introduce a selective pressure on
the pathogen.

The selective advantage might not necessarily, or
exclusively, be restricted to a protection mechanism
for a specific stress, but rather involve a more general
effect. For example, stable phenotypic variants isolated
after exposure to an acid stress insult (pH = 3.5,
90 min) exhibit a decreased growth rate and an
enhanced resistance to other stresses. Whole genome
sequencing of these variants identified mutations only
in the rpsU gene [175,176], which codes for the S21
ribosomal subunit. As such, this mutation could
explain only the slow growth rate in these multiple-
stress tolerant variants [177]. However, mounting evi-
dence suggests that a reduced growth rate is a trade-off,
allowing for resource allocation to ensure tolerance to
any stress [178,179].

Another possibility is that stress pre-conditioning
in food and FPEs may result in residual activity of
SigB inside the mammalian host, providing cross-
protection against the acidic environment of the
stomach, and against the presence of bile salts and
a moderately high osmolality in the gut. In fact,
SigB is the main regulator of stress response genes
in the gastro-intestinal (GI) tract [180]. This is con-
sistent with the fact that mutants lacking this sigma
factor are attenuated upon oral infection of guinea
pigs, but not when administered intravenously
[181]. Intriguingly, intragastric inoculation of
a SigB mutant in mice did not show bacterial
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recovery rates in liver and spleen different from
those in mice infected with the wild type [182].
These conflicting results may reflect differences in
invasion mechanisms in guinea pigs and mice (see
below, c.f. Figure 4c), and highlight the importance
of SigB-independent regulatory mechanisms of
stress adaptation and virulence.

Nevertheless, a direct link between an enhanced capa-
city to adapt to stress conditions in food and FPEs and
virulence of L. monocytogenes is not yet clear.
Comparison of distinct stress tolerance between subtypes
isolated from either food or clinical cases has provided
conflicting results [183-186]. Interestingly, genomic com-
parisons showed that genes involved in tolerance to the
QAC benzalkonium chloride, used as surface disinfectant
in FPEs, as well as other stress resistance genes, such as the
SSI-1 and SSI-2 stress survival islets, are more commonly
found in hypo-virulent lineage II strains [42]. This inverse
correlation of the presence of stress tolerance genes and
virulence suggests a divergent adaption to different envir-
onmental niches, where lineage II strains evolved an
enhanced resistance to stress encountered in food and
FPEs, and lineage I strains adapted to the host. In any
case, stress conditions could differently affect the viru-
lence of different strains. For example, serotype 4b
(Lineage I) clinical isolates stored at cold temperatures,
compared to bacteria maintained at optimal growth con-
ditions, show an enhanced invasion of Caco-2 cells and
a higher pathogenicity on chick embryos, while serotype
1/2a (Lineage II) strains, which are more frequently asso-
ciated with food, do not [187,188]. Overall, while a robust
capacity to tolerate a number of stresses does not seem to
be a critical trait for hypervirulence, exposure to stress in
the environment could protect against host GI-tract con-
ditions and be a signal contributing to deployment of
virulent traits.

Transition from stress tolerance in the Gl tract into
the infection: From Sigma B to PrfA-based
regulation

SigB is not only a central regulator in adaptation to
stressful conditions, both in host and non-host environ-
ments, but also a regulator of virulence genes. The posi-
tive regulatory factor A (PrfA) is encoded in LIPI-1 and is
the master transcriptional regulator of L. monocytogenes
virulence [189]. prfA is transcribed from three promoters,
one of them directly and positively regulated by SigB
[190,191]. Moreover, SigB regulates transcription of
inlA [192] and inIB [193], which are essential for invasion
of the intestinal epithelium. Thus, exposure to stress
indeed “prepares” the pathogen for invasion and its
intracellular life stage. Once inside the host cell, PrfA
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becomes the predominant regulator of virulence factors
that enable intracellular replication and bacterial spread
to neighboring cells. At this step, a transition has taken
place from SigB to a PrfA-dominated phase of
L. monocytogenes infection [180]. Nonetheless, SigB
modulates the exacerbated activity of the constitutively
active PrfA* mutant by downregulating PrfA regulon
through a yet unknown mechanism [194]. Such
a strategy, self-limiting the expression of virulence fac-
tors, restricts host cell damage, which would prolong the
intracellular life of the pathogen, thereby promoting
a persistent infection state [195].

PrfA induces transcription of LIPI-1, the main viru-
lence regulon [196]. LIPI-1 includes prfA itself and genes
encoding listeriolysin O (hly), phospholipase A (plcA),
phospholipase B (plcB), actin assembly inducing-protein
(actA), a zinc metalloproteinase (mpl), and OrfX (orfX).
PrfA also regulates expression of genes encoding the bile
salt hydrolase Bsh and the internalins A, B, and C (InlA,
InlB, InlC) [53,196]. PrfA activity is allosterically regulated
by reduced glutathione (GSH) [197]. Eukaryotic host cell
cytosol is a reducing compartment where glutathione is
mainly in its reduced form, and thus a source for GSH
uptake by L. monocytogenes during infection. In addition,
the activity of L. monocytogenes GSH synthetase, GshF, is
highly induced upon mammalian cell infection [197].
Therefore, PrfA activity is enhanced in the intracellular
niche, and this stimulation may depend on sensing
through the redox status of the cytosol. As an additional
layer of regulation, translation of the prfA mRNA is low
until L. monocytogenes is inside the host by means of
a mechanism that depends on host temperature [198]. In
particular, at 30°C the 5 -untranslated region (UTR) of
prfA mRNA folds into a secondary structure that main-
tains the ribosome-binding site (RBS) inaccessible to the
ribosome, thus blocking its translation outside the host
[198]. At 37°C, this structure melts, releasing the RBS
blockade and allowing PrfA translation within the host.
The augmented abundance of PrfA at 37°C leads to tran-
scriptional activation of the upstream plcA promoter by
PrfA binding, which leads to generation of a bicistronic
PlcA-PrfA mRNA. Thus, thermoregulation of prfA tran-
script translation results in a further increase of PrfA
protein levels through a positive feedback loop [198].

Listeria crossing the intestinal barrier

L. monocytogenes deploys several strategies for
crossing the intestinal barrier

The next step in the Listeria infectious lifecycle is to
trespass the gut epithelial barrier (Figure 4a). To do so,
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L. monocytogenes utilizes three different main routes
[5,199]: (i) transcytosis, mainly through the invasion
of goblet cells, and to a lesser extent, of enterocytes
located in the tip of villi; (ii) para-cellular translocation,
involving Listeria adhesion protein (LAP); and (iii)
through M-cells into the Peyer patches.

In the first route, epithelial cell invasion requires
binding of the cell wall-anchored protein InlA to its
host receptor E-cadherin (Figure 4a). E-cadherin is
a transmembrane adherent junction protein which,
upon binding to InlA, gets clustered and becomes
phosphorylated and ubiquitinated. Then, clathrin endo-
somal machinery is recruited to that site of the mem-
brane, followed by a cytoskeletal rearrangement that
entails actin filament polymerization nucleated by the
Arp2/3 complex. This sequence of events eventually
results in pathogen internalization [200,201]. InlB can
also participate in invasion but is dispensable in intest-
inal epithelial cells [202]. Due to the species-specific
differences in E-cadherin amino acid sequence
(Figure 4c), models to study L. monocytogenes adhesion
and internalization in vivo had to be adapted to allow
the InlA-E-cadherin interaction. This was achieved by
using: (i) transgenic mice expressing human
E-cadherin, (ii) knock-in mice with humanized
E-cadherin, and (iii) L. monocytogenes strains with
“murinized InlA” (inlA™; Figure 4c) [203-205].

The second route to cross the intestinal epithelium
occurs at the tips of the villi, and is initiated by inter-
action of LAP with its host receptor, the heat shock
protein 60 (Hsp60) (Figure 4a) [206]. LAP is an alcohol
acetaldehyde dehydrogenase present in pathogenic and
nonpathogenic Listeria species. However, it promotes
adhesion only in pathogenic Listeria (L. monocytogenes,
L. ivanovii) due to its higher expression and secretion
in these species [207]. On the other hand, Hsp60 is
a chaperonin expressed in mouse ileal villi enterocytes,
where it can localize at the apical domain of plasma
membrane. LAP binding to Hsp60 results in NF-«xB
activation, which triggers the secretion of pro-
inflammatory cytokines IL-6 and TNF-a and the acti-
vation of Myosin light chain kinase MLCK. The latter
promotes cellular redistribution of occludin, claudin-1,
and E-cadherin, resulting in distortion of the tight and
adherent junctions. These changes weaken the epithe-
lial layer, allowing paracellular translocation of
L. monocytogenes from the intestinal lumen to the
lamina propria [208]. It has been proposed that the
LAP-Hsp60 pathway could be the main mechanism
exploited by L. monocytogenes to cross the epithelial
barrier at early stages of infection (12-48 h). The
InlA-E-cadherin pathway would subsequently become
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more relevant (48 h), most likely favored by E-cadherin
redistribution as a result of LAP-Hsp60 interaction
[199,208].

The third route to cross the intestinal epithelium
involves the Peyer’s patches (Figure 4a). Peyer’s patches
are lymphoid follicles associated with regions of the
epithelium highly enriched in M-cells, a specialized
epithelial phagocyte. M-cells sample antigens from the
intestinal lumen and release them to antigen-
presenting cells present in Peyer’s patches. This process
helps to trigger a specific intestinal immune response
against the invading pathogen. In mice, listerial M-cell
invasion depends on InlB but not on InlA [209].
However, L. monocytogenes expressing a murinized
InlA (InlA™) exhibit increased M-cell invasion. This
can be explained by the fact that In]A™ interacts not
only with murine E-cadherin, but also with
N-cadherin, which is expressed in M-cells (Figure 4c).
Therefore, mice infection models using
L. monocytogenes expressing InlA™ have the drawback
of InlA promoting invasion of M-cells in a non-
physiological manner. This difference also results in
altered immune responses compared to those of huma-
nized mice expressing E-cadherin and infected with
wild-type L. monocytogenes [210]. The route through
M-cells was thought to proceed through transcytosis.
However, recent studies indicate that L. monocytogenes
can overturn transcytosis through M-cells and spread
to adjacent enterocytes [211].

Listeria entry and proliferation inside eukaryotic
cells

L. monocytogenes is able to invade and proliferate
within phagocytic and epithelial nonphagocytic cells.
Interaction of InlA and InlB with their receptors
(Figure 4a) leads to bacterial internalization within
a membrane bound compartment. InlA and InlB are
the two major surface molecules driving bacterial entry
into host cells (Figure 5). Moreover, ActA, LLO and
other bacterial surface proteins have been described as
supporting bacterial entry [212].

Once L. monocytogenes is internalized via receptor-
mediated endocytosis or phagocytosis, it produces viru-
lence factors encoded in LIPI-1 (PrfA, PlcA, LLO, Mpl,
PlcB, and OrfX), which enable bacteria to escape from
the vacuole (endosome or phagosome), proliferate in
the cytosol, and spread to adjacent cells (Figure 5)
[5,213,214].

Listeriolysin O (LLO) is a cholesterol-dependent
cytolysin, encoded by hly, which binds to cholesterol
and assembles large pores in the vacuolar membrane.
L. monocytogenes utilizes multiple strategies to

guarantee that LLO activity is restricted to the endoso-
mal compartments. One strategy relies on the acidic pH
of endosomes and phagocytic vacuoles. At low pH,
LLO dimerizes and remains active, while at cytosolic
pH, it aggregates and gets degraded [215]. In addition,
LLO includes a 26-aminoacids segment near its
N-terminus, known as PEST-like sequence, that inter-
acts with the AP2 component of the clathrin-dependent
endocytic machinery, which could promote rapid
removal of LLO from the plasma membrane and tar-
geting to autophagosomes [216]. On the other hand,
oxidoreductases located in non-reducing phagosomal
compartments prevent an inhibitory cysteine glutathio-
nylation on the PEST-like sequence that keeps LLO
activity low in the cytosol [217]. These features allow
L. monocytogenes to break down the vacuolar mem-
brane, while surviving in the cytosol without lysing
the host cell plasma membrane, hence avoiding host
immune system recognition. Indeed, mutants expres-
sing an LLO devoid of its PEST-like sequence show
a dramatic increase in cytolytic activity, along with
reduced virulence [216].

The relevance of maintaining LLO activity under
precise control is supported by the existence of multiple
layers of hly gene expression regulation. In addition to
the PrfA-mediated transcriptional control of hly, hly
mRNA is also regulated post-transcriptionally. Codon
restriction in the PEST-encoding RNA region, and its
involvement in the formation of a secondary structure
that blocks the ribosome binding site, participate in
LLO translational repression in the cytosol but not in
the phagosome [218]. In addition, kly 3’-UTR binds the
5'UTR of prsA2 mRNA, which protects the latter from
degradation. prsA2 encodes a chaperone induced dur-
ing intracellular life that is necessary for full virulence
by stabilizing LLO. Thus, this mechanism, where the
mRNA of a critical chaperone is stabilized by the tran-
script of its substrate, represents a positive feedback
loop that guarantees that LLO is fully active only in
intracellular bacteria [219,220].

Apart from its role in intracellular vacuolar scape,
recent studies have associated LLO with many other
functions [56,221]. These include nuclear processes like
histone modification and the DNA damage response
[222,223], modulation of the immune response [224],
alteration of mitochondrial dynamics [225], and lyso-
somal permeabilization [226], among others [56].
Given the pleiotropic effect of LLO in eukaryotic host
cell biology, it would be interesting to assess how LLO-
induced alterations of each of these processes impacts
disease outcome [56]. Finally, LLO is a dominant anti-
gen for T cells. Based on this notion, LLO devoid of its
cholesterol-recognition site, and having lost its pore-
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Figure 5. L. monocytogenes intracellular lifecycle. Invasion of non-phagocytic cells mediated by InlA and InIB interaction with
host receptors E-cadherin (E-cad) and C-Met respectively, enhances actin polymerization and leads to bacterial internalization. Once
inside a primary vacuole in host cytoplasm, L. monocytogenes can follow different pathways. Bacterium remains in vacuole, leading
to transcytosis, as in goblet cells. In some macrophages, L. monocytogenes can replicate inside this vacuole, developing spacious
Listeria containing phagosomes (SLAPs), whose formation is associated with autophagy and low LLO secretion. The vacuole can be
lysed by virulence factors LLO, PlcA, PlcB, Mpl and PplA. Release of LLO into the cytoplasm has different effects on host cell, like
histone modifications, mitochondrial fission, etc. In the cytoplasm of trophoblasts and hepatocytes, L. monocytogenes can be
engulfed into an acidic vacuole known as Listeria containing vacuole (LisCV). Formation of LisCV's may be due to xenophagy process
in host cell and loss of ActA in L. monocytogenes. Listeria in the cytoplasm induces ActA, which interacts with host Arp 2/3 complex
and formins. This promotes actin polymerization, which propels Listeria throughout the cytoplasm and leads to protrusion formation
on adjacent cell. Internalin C (InlC) secretion in host cell cytoplasm perturbs apical junctions, facilitating cell-to-cell spread. LLO, also
secreted in the protrusion, damages host cell membrane, exposing inner phosphatidylserine in exoplasmic layer of protrusion
membrane. Exofacial exposure of phosphatidylserine is recognized as an eat-me signal that promotes Listeria-containing vesicle
engulfment by macrophages. Therefore, L. monocytogenes also exploits efferocytosis for cell-to-cell spread. Bacterium will be hosted
in new cell within double membrane vacuole that can be lysed again, repeating its infectious lifecycle.

forming activity, was developed as a vaccine candidate
with capacity to elicit cellular and humoral immune
response in mice [227].

Pore formation by LLO activity is complemented by:
(i) the action of phospholipases A and B (encoded by
plcA and plcB); (ii) the secretion of a PrfA-dependent
lipoprotein called peptide pheromone-encoding lipo-
protein A (PplA); and (iii) the phage excision from its
genome (restoring the activity of the competence appa-
ratus, which promotes phagosomal escape) (Figure 5)
[228-231]. Interestingly, phospholipases also inhibit the
autophagic flux in infected cells, thus preventing autop-
hagy-mediated clearance of L. monocytogenes [232,233].
During the L. monocytogenes intracellular life stage,

host cell factors play a significant role in modulating
infection. For example, intracellular sensing of patho-
gens triggers innate immune signaling, which in turn
restricts bacterial infection [5,234,235]. A number of
host cell factors have also been shown to modulate
vacuolar rupture, including the cystic fibrosis trans-
membrane conductance regulator (CFTR), calpain and
y-interferon-inducible lysosomal thiol reductase
(GILT) in phagocytic cells, as well as the serine threo-
nine kinase Taok2 in epithelial cells [212,236].

L. monocytogenes also resides within vacuoles in
a slow/non-growing state. In macrophages of severe
combined immunodeficient (SCID) mice, which lack
adaptive immunity, L. monocytogenes replicates in



2526 J. J. QUEREDA ET AL.

large compartments termed spacious Listeria-
containing phagosomes (SLAPS) (Figure 5) [237].
SLAPs are nonacidic and non-degradative phagosomes
generated in an autophagy dependent manner, which
maintain a  sub-population  of intracellular
L. monocytogenes producing low amounts of LLO.
More recently, live fluorescent microscopy of Listeria
infection of epithelial cells revealed that a subset of
bacteria remains within long-term vacuoles, where
they can proliferate as quickly as cytosolic ones [238].
Cytoplasmic L. monocytogenes has also been shown to
switch from an active motile lifestyle to a stage of
persistence within vacuoles in epithelial and tropho-
blast cells during several days of infection. Upon inter-
cellular spread, L. monocytogenes gradually decreases
the production of the actin-nucleating protein ActA.
This ceases actin polymerization at the bacterial sur-
face, and intracellular bacteria become trapped in lyso-
some-like vacuoles termed Listeria-containing vacuoles
(LisCVs), where the pathogen enters into a dormant
viable but non-culturable state (Figure 5) [239]. The
ability of L. monocytogenes to reside inside vacuoles
could reduce exposure to antibiotics during listeriosis
treatment and contribute to the incubation period of
listeriosis and/or the carriage of this pathogen in
asymptomatic hosts [240].

Cell-to-cell spread: Importance of ActA for Listeria
dissemination

The actA gene is highly upregulated during intracellular
growth of the pathogen in the cytoplasm. ActA inter-
acts with the eukaryotic Arp2/3 complex, thereby pro-
moting actin polymerization and cell-to-cell spread
[241]. Electron microscopy allowed for observation of
this polymerized actin structure, named “actin comet
tail” due to its aspect on the images [242]. ActA struc-
turally mimics host nucleation-promoting factor activ-
ity - concretely that of the C-terminal domain of
WASp family proteins - directly activating the Arp2/3
complex. ActA-mediated recruitment and activation of
Arp2/3 promote branching of actin filaments and drive
actin polymerization to propel bacteria throughout the
cytoplasm (Figure 5) [243]. Other pathogens like
Shigella or Burkholderia use similar intracellular moti-
lity strategies [244-246]. Formins, which are another
type of host actin nucleators, promote protrusion for-
mation [247]. The propulsion generated by actin fila-
ment polymerization results in membrane protrusions
containing bacteria that penetrate adjacent host cells.
Efficient cell-to-cell spread requires the secreted viru-
lence factor Internalin C, which diminishes the cortical
tension between cells and recruits the host exocyst

complex, thereby facilitating formation and elongation
of the protrusion [248,249]. Finally, LLO damages host
cell membrane at the protrusion by its pore-forming
activity. Another strategy exploits efferocytosis by
macrophages. In this process, LLO activity promotes
exposure of phosphatidylserine exoplasmic face of the
generated Listeria-containing vesicles, which constitu-
tes eat-me signals that promote phagocytosis by macro-
phages [250].

Once L. monocytogenes has spread from cell to cell, it
is located in a two-membrane vacuole originated from
the donor and recipient cells. In primary murine macro-
phages, L. monocytogenes phospholipases are involved in
the dissolution of the phagosome’s inner membrane,
whereas LLO targets the outer membrane originated
from the recipient host cell. In epithelial cells, LLO is
dispensable for this process, as phospholipases are suffi-
cient to mediate continued cell-to-cell spread (Figure 5).
These data suggest that during infection the spread of
L. monocytogenes to distant organs could occur even in
the absence of LLO expression [251].

Apart from mediating intracellular motility and cell-
to-cell spread, the activity of ActA provides additional
advantages to L. monocytogenes. In epithelial cells,
ActA-driven actin polymerization prevents autophagic
recognition of L. monocytogenes by masking the bacter-
ial surface with host factors. Additionally, actin-based
motility allows escape of L. monocytogenes from initial
autophagic membranes (phagophore) in the macro-
phage cytosol [252]. During in vivo infection, ActA is
also critical for L. monocytogenes aggregation in the gut
lumen. ActA-dependent aggregation facilitates patho-
gen persistence within the cecum and colon lumen, and
shedding in the feces (Figure 6) [253].

As depicted in this section, several host pathways
are hijacked by L. monocytogenes to control entry,
vacuolar rupture, intracellular motility, and cell-to-
cell spread. Future efforts to decipher all the eukar-
yotic host cells signaling hubs subverted by
L. monocytogenes will help to discover new targets
to develop anti-Listeria drugs.

Listeriosis as systemic infection
L. monocytogenes in the blood

In immunocompromised individuals, L. monocytogenes
traverses the intestinal epithelial barrier into the lamina
propria to further disseminate via the lymph and blood
to the liver and the spleen (Figure 6) [254]. The main
part of the L. monocytogenes burden in the GI tract is
extracellular, but the small proportion of intracellular
bacteria is crucial for efficient spread to the mesenteric
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and eye infections.

lymph nodes, spleen and liver [255]. In guinea pigs,
pathogen dissemination to the liver occurs via two
routes. The first one uses a direct pathway from the
intestine to the liver via the portal vein as early as 4 h
after ingestion. The second wave of dissemination

occurs through an indirect pathway from the intestine
via the mesenteric lymph nodes into the bloodstream,
followed by systemic dissemination. This dissemination
leads to the colonization of liver and spleen
(Figure 6) [256].
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L. monocytogenes circulates in blood either freely or
associated with mononuclear phagocytes and polymor-
phonuclear leukocytes [257]. In vitro studies show that
blood leukocytes can kill a portion of the ingested
L. monocytogenes [258]. Whilst SigB mediates activa-
tion of virulence-associated genes in the host’s intest-
inal lumen, PrfA controls transcription of virulence
genes in the blood [180]. However, in
L. monocytogenes exposed to plasma in vitro, a SigB
mutant showed reduced survival compared with the
wild-type strain [259]. L. monocytogenes remodels its
cell surface during the blood stage, selectively altering
the number of several surface proteins. At this blood
stage, increased levels of Lmo0514 and InlA, two sur-
face proteins covalently bound to peptidoglycan, or
LAP, are detected in the pathogen surface, and
Lmo0514 is required for survival in this condition
[259]. By contrast, other surface proteins, such as
Internalin I, are downregulated following blood expo-
sure [259,260]. In the mouse model, overwhelming
replication of L. monocytogenes in the liver and spleen
leads to a secondary bacteremia composed of
a combination of cell-free and intracellular bacteria. It
is during this phase that bacteria enter the central
nervous system [257,261]. Cell wall remodeling could
help L. monocytogenes to survive to the bactericidal
activity of blood and plasma and reach target organs
such as the brain or the placenta. A complete compre-
hension of L. monocytogenes physiology during the
blood stage could help to discover new bacterial targets
to develop anti-Listeria drugs to control bacteriemia.

Listeria evades host immune response

During the early infection stage, accounting for the first
few days, L. monocytogenes triggers the innate immu-
nity of the host. Innate immune responses alone can
control low bacterial numbers and restrict pathogen
growth in resistant mammalian hosts such as C57BL/6
mice. Subsequently, the host triggers a specific T cell
response that mediates infection clearance and immu-
nological memory [262]. The reader is referred to
excellent recent and classic reviews to get a more com-
prehensive view related to this topic [262-265].
Although infections by this pathogen elicit strong
immune responses, L. monocytogenes has evolved
mechanisms to evade and modulate these host defenses.
An important strategy of L. monocytogenes is to use
actin-based motility to spread from cell to cell, avoiding
the extracellular milieu. This explains why cytotoxic
CD8" T cells are crucial for clearance [262,266].
Another strategy is based on InlC. InlC is highly
secreted by Listeria in infected cells, where it interacts

with IkB kinase (IKKa) preventing NF-«B activation
and, consequently, impairing cytokine expression and
neutrophil recruitment at the site of infection [52].
Other L. monocytogenes secreted factors termed nucleo-
modulins induce host cell epigenetic modifications that
manipulate host cell transcription to benefit the patho-
gen [267]. Modification of Listeria cell wall mediated by
peptidoglycan deacetylases (PgdA) and acetyltrans-
ferases (OatA) confer lysozyme resistance and plays
a key role to evade innate host defenses [254,268].
Elucidation of these strategies would help in the iden-
tification of Listeria vulnerabilities to prevent systemic
dissemination.

L. monocytogenes invades target organs: Liver
and spleen

Kupffer cells are professional phagocytes in the liver
that experience necroptotic cell death in early
L. monocytogenes infection stages. Kupffer cell death
leads to a type-1 microbicidal inflammation followed
by a type-2-mediated liver repair. The latter consists of
massive monocyte recruitment into the liver, where
differentiation to macrophages serves to replace dead
Kupffer cells [269]. In addition, hepatocytes can pro-
mote monocyte recruitment via TLR2-dependent secre-
tion of CCL2 and CXCLI1 chemokines, resulting in the
formation of micro-abscesses and enhanced phagocy-
tosis of L. monocytogenes, thus limiting its spread [270].
Finally, L. monocytogenes requires InlB for hepatocyte
invasion [271]. Consistently, mice infected intrave-
nously with L. monocytogenes lacking a functional
InlB show reduced burden in the liver [271,272].

In the spleen, the innate immune system controls
L. monocytogenes at early stages of infection through
neutrophils, dendritic cells, and macrophages [264].
At later phases, CD8" T cells primed by CD8a" den-
dritic cells (DC) are responsible for Kkilling
L. monocytogenes-infected cells [273]. Upon infection,
sentinel CD8a" DCs in the periphery migrate through
the lymphatic system to lymphoid organs to partici-
pate in adaptative response. DC maturation occurs
concomitantly to this migration. However, DCs can
also act as a reservoir for L. monocytogenes, where
bacteria evade innate immune response and can have
access to the reticuloendothelial system. In this regard,
Batf3(-/-) mice, which lack CD8a" DCs, have reduced
bacterial burden in the spleen. Under this condition,
traftic of L. monocytogenes to the periarteriolar lym-
phoid sheath from the marginal zone may be
impaired. This can keep bacteria longer in the mar-
ginal zone and have them more efficiently
cleared [274].



Listeria reaches the brain

To date, many aspects of neurolisteriosis remain elu-
sive. Specialized reviews have addressed the invasion of
the brain by L. monocytogenes [275,276]. This patho-
genic species is the only one from the genus Listeria
that leads to central nervous system infection in
humans and domestic [261,276,277].
Mechanisms by which L. monocytogenes accesses the
CNS include retrograde axonal transport and crossing
of the blood-brain barrier (BBB).

Retrograde axonal transport occurs through two dif-
ferent routes: (i) one that utilizes the cranial nerves —
primarily the trigeminal nerve — upon crossing of the
oral epithelium; and (ii) one which exploits the olfac-
tory epithelium. In the first case, cranial nerves become
infected after L. monocytogenes enters through mucosal
injuries in the oropharyngeal cavity. This mechanism is
most likely to occur in ruminants, although some rare
cases suggest that it could also occur in humans
(Figure 6) [276,278]. Consequently, L. monocytogenes
induces rhombencephalitis almost exclusively in
affected animals [277]. An alternative port of entry
and route of infection for neonatal neurolisteriosis
occurs through invasion of the olfactory epithelium
during birth, when the newborn comes into contact
with the vagina of the mother (Figure 6, late-onset)
[279].

Blood-borne L. monocytogenes can cross the BBB or
the blood-cerebrospinal fluid barrier (BCSFB). Bacteria
carried in the blood can be extracellular, where bac-
teria, both free and/or associated on the surface of
circulating cells, may recognize receptors at the surface
of the barriers and cross them. Also, bacteria crossing
the BBB may be associated with infected leukocytes,
utilized as Trojan horses to get access to CNS. This
hematogenous route is probably the most frequent in
humans, leading to either meningitis or meningoence-
phalitis (Figure 6) [276,280-282].

Although the role of listerial virulence factors during
CNS access is only partially understood, some molecu-
lar mechanisms have been elucidated. Three virulence
factors from LIPI-1 play a role during brain infection:
PlcB, LLO, and ActA [41,236,279,283-286].

In an in vitro model of the blood-cerebrospinal fluid
barrier based on human choroid plexus papilloma cells
(HIBCPP), L. monocytogenes invades these cells
(expressing both E-cadherin and Met) in an InlA- and
InlB-dependent manner. The deletion of either InlA or
InlB leads to a similar decrease in invasion, suggesting
an interdependent function of InlA and InlB during the
invasion of choroid plexus epithelial cells [282]. Other
internalins such as InlF, or InlL, are suggested to be

ruminants
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required for colonization of the brain
[280,287,288].

L. monocytogenes isolates belonging to clones CCl,
CC4 and CC6 (lineage I) are hypervirulent and, most
notably, neurotropic in contrast to lineage II reference
strains EGDe (CC9) and 10403S (CC7) [35].
A prominent feature among the 19 CC4-specific genes
is LIPI-4, a cluster of six genes annotated as
a cellobiose-family phosphotransferase system, whose
specific mechanism of action is currently unknown.
Remarkably, LIPI-4 inactivation reduces brain invasion
without affecting bacterial colonization of other tis-

sues [35].

optimal

Placental-neonatal listeriosis

In pregnant women, L. monocytogenes crosses the pla-
cental barrier and infects the fetus (Figures 4b and 6)
[289]. This is achieved through two main pathways: (i)
a cell-to-cell spread from maternal infected phagocytes;
and (ii) infection of trophoblasts by free-circulating
bacteria in the blood. The preference for one of these
pathways probably depends on the infectious dose and
the bacterial burden in liver and spleen [289]. In vivo
infection studies in gerbils, an animal model close to
humans in terms of the affinity of E-cadherin and
c-Met receptors (Figure 4b), reveal that while InlA
and InlB contribute to some extent to placental inva-
sion, mutants lacking these two internalins can still
infect the fetus [203]. This result supports the idea of
residual placental invasion proceeding through mater-
nal phagocytes, and demonstrates the co-occurrence of
both pathways.

In humans, the placental barrier is composed of
epithelial cells of fetal origin called cytotrophoblasts,
which fuse to originate the syncytiotrophoblasts.
Syncytiotrophoblasts are the cells that are in direct
contact with maternal blood. Other cellular compo-
nents, the extravillous cytotrophoblasts, anchor the vil-
lous tree in the decidua. L. monocytogenes can invade
both cell types [7]. The mechanism of syncytiotropho-
blast invasion is different from that of enterocytes
[290]. Syncytiotrophoblasts display E-cadherin and
c-Met on the surface but, unlike enterocytes, they do
not show the intrinsic PI3-K activity required for
L. monocytogenes internalization [203]. In syncytiotro-
phoblasts, InlB binding to c-Met promotes PI3-K acti-
vation and, hence, the cytoskeletal rearrangements
needed for bacterial internalization. Therefore, the con-
stitutive activity of PI3-K in enterocytes makes InIB
dispensable for crossing the intestinal barrier, and it
explains why both InlA and InlB are necessary to
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cross the placental barrier. An internalin-family
secreted protein, InlP, is critical for placental invasion
[291]. InlP binds to human afadin, a cytosolic protein
associated with cell-to-cell junctions. InlP binding to
afadin leads to modulation of the basal face of epithelial
cells, promoting bacterial transcytosis in epithelial cell
monolayers [292].

High rates of materno-fetal listeriosis in humans are
associated with particular hypervirulent clonal com-
plexes (CC), identifying InlA and LIPI-4 as relevant
virulence factors. Expression of full-length InlA is
more significantly associated with maternal-neonatal
isolates than with bacteremia ones [203]. LIPI-4 dele-
tion produced a decrease in placental and neuroinva-
sive listeriosis in mice without affecting other tissue
colonization [35].

Future research will shed light into pivotal steps
during the infection process, such as understanding
the basis of the long latency period in human infection,
the molecular and cellular mechanisms that allow
intestinal niche colonization, as well as the crossing of
the blood-brain barrier and the placental barrier.
Additionally, the identification of protective intestinal
microbiota species and their potential use as oral pro-
biotics could be paramount for prevention of listeriosis
in immunocompromised individuals or pregnant
women.

Human and animal listeriosis
Epidemiology and predisposing host factors

Listeriosis is a foodborne sporadic disease with out-
breaks occurring after the consumption of contami-
nated food. The first recognized foodborne outbreak
was reported in Canada from 1980 to 1981, and was
triggered by the ingestion of contaminated coleslaw
[76]. L. monocytogenes is the foodborne pathogen asso-
ciated with the highest case-fatality rate in the western
hemisphere (e.g., 15.6% case-fatality rate in 2018 in the
EU), where its incidence is estimated at around two to
five cases per 1 million people per year [2,293-295].
A statistically significant increasing trend of confirmed
listeriosis cases in the EU/ European Economic Area
was observed in 2009-2018, as well as during the last
analyzed 5 year- period (2014-2018) [2,296]. Risk fac-
tors for bacteremia and neurolisteriosis include the
extremes of age (neonates and the elderly), alcoholism,
innate and cellular immune defects, HIV infection,
malignancy, corticosteroid therapy, immunosuppres-
sion, diabetes mellitus, and liver or kidney disease
[297]. L. monocytogenes infections are commonly

reported in patients over 64 years, and particularly in
the age group over 84 years [2].

Regarding pregnancy, the incidence of listeriosis is
approximately 13 times higher than in the general
population [298,299]. Noteworthy, in France the inci-
dence of pregnancy-related listeriosis decreased by
a factor of 12 between 1984 and 2011. This decline
was explained by the progressive implementation of
specific L. monocytogenes control measures in food
production, together with information campaigns on
preventive measures to avoid listeriosis [300].
Although maternal-fetal listeriosis may occur during
all stages of gestation, it is most frequently diagnosed
during the third trimester [301].

A large prospective cohort study called the
MONALISA study (4 year period, 818 patients: 107
maternal-neonatal infections, 427 patients with bacter-
emia, and 252 with neurolisteriosis) was recently per-
formed in France. MONALISA showed that listeriosis
is a severe disease with a very poor prognosis: more
than 80% of infected mothers experienced major fetal
or neonatal complications (fetal loss, very high prema-
turity, early or late-onset disease); and only 39% of
patients with neurolisteriosis survived and fully recov-
ered [302]. This study also showed that for bacteremia
and neurolisteriosis, the strongest mortality predictors
were aggravation of any preexisting organ dysfunction,
monocytopenia, ongoing cancer, and multi-organ fail-
ure [302]. Intriguingly, the MONALISA study showed
that 10 of 252 patients (4%) with neurolisteriosis did
not report specific risk factors: they were younger than
40 years, informed no comorbidity or ongoing preg-
nancy, and did not state any infection before listeriosis
[302]. This suggests that genetic susceptibility,
a massive inoculum, or infection with a hypervirulent
strain could underlie these rare cases of neurolisteriosis.
Indeed, hypervirulent clones CC1, CC2, CC4, and CC6
are more prevalent among patients with few or no
immunosuppressive comorbidities than hypovirulent
clones CC9 and CCI121, which are more often isolated
in highly immunocompromised patients [35].

Multiple factors may explain the global increase in
L. monocytogenes infections reported during the last
decades: (i) the increasing susceptible population:
aged and immunosuppressed patients (HIV, cancer or
transplant patients); (ii) industrialization of food pro-
duction and the subsequent risk of large distribution of
contaminated food; (iii) the generalization of food pre-
servation methods, such us refrigeration, which allows
L. monocytogenes selective growth; (iv) increased con-
sumption of preservative-free RTE foods; (v) use of
antacids and gastric-acid-suppressive medications; and



(vi) improved diagnostic methods and enhanced public
health surveillance [44,93,115].

The average incidence of culture-confirmed fecal
carriage in healthy adults is two episodes of
L. monocytogenes carriage per person per year [82].
Importantly, the duration of fecal carriage of
L. monocytogenes is short, with a maximum of 4 days
of shedding [82]. The majority of listeriosis patients
develop L. monocytogenes specific antibodies in serum,
whilst healthy donors do not [303]. In a screening of
healthy volunteers, 12 of 74 blood donors had antibo-
dies that recognized L. monocytogenes [304].
Considering that only a subset of the human popula-
tion is exposed to a high enough dose to induce circu-
lating antibodies, these studies are consistent with the
notion that humans frequently ingest small quantities
of L. monocytogenes [262]. These results, together with
the data on L. monocytogenes on RTE foods reported by
EFSA, reflect the extent of L. monocytogenes contam-
ination in today’s food [2]. Altogether, these data
regarding the frequency of subclinical infection due to
ingestion of contaminated food, highlight the impor-
tance of surveillance to better prevent and manage
listeriosis worldwide.

Hospitalized human patients are also at risk of
acquiring invasive nosocomial listeriosis; this suggests
that non-pregnancy-associated listeriosis could be
reduced by making safer food a standard of hospital
care for immunocompromised patients [305]. As aging
populations will continue to increase in most developed
countries in the coming years, it will be important to
raise awareness of listeriosis and the risk of certain
types of food and consumption patterns/habits.

In animals, L. monocytogenes has been isolated from
>40 species of domestic and wild mammals and 22
species of birds, as well as fish, crustaceans, and insects
[1]. Most clinical listeriosis cases occur in ruminants,
while pigs rarely develop the disease and birds are
generally subclinical carriers [1]. Listeriosis in animals
is generally transmitted by consumption of spoiled
silage. The less acidic pH of spoiled silage favors the
multiplication of this bacterium [306,307]. Listeriosis
outbreaks in animals normally occur 210 days after
consuming poor-quality silage [308]. Analyses of fecal
samples from 343 herds including sheep, beef cattle,
dairy cattle, and swine, revealed that L. monocytogenes
was present in 46.3% of dairy cattle, 30.6% of beef
cattle, and 14.2% of sheep herds, but not in swine
[309]. L. monocytogenes has also been isolated from
the feces of wild animals like wild boar and deer
[310]. Fecal carriage correlates with shedding in the
environment and contamination of raw food materials
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that are then conveyed to the food processing industries
(Figure 1) [311] .

Importantly, most isolates from clinical, food-borne,
and environmental sources are still susceptible to
a wide range of antibiotics, except cephalosporins and
fosfomycin. See seminal papers related to antimicrobial
resistance in Listeria spp [312,313].

Clinical features of listeriosis

Mammalian hosts have multiple strategies to limit
L. monocytogenes growth and may even reduce bacterial
dissemination to secondary infection sites. However,
the ingestion of large numbers of this pathogen in
hosts with weak or delayed immunity can result in
invasive disease [262]. L. monocytogenes causes in
both animals and humans a wide variety of clinical
syndromes, which are described below (Figure 6).

Human listeriosis: Febrile gastroenteritis

Food-borne transmission of L. monocytogenes causes
a self-limited acute febrile gastroenteritis among
healthy people. Large outbreaks of L. monocytogenes-
associated febrile gastroenteritis syndrome implicated
heavily contaminated foods (>10° CFU/ml), an average
incubation period of approximately 24 h (variation
from 6 to 240 hours), and attack rates up to 72%.
L. monocytogenes gastroenteritis is normally self-
limited without severe complications in healthy indivi-
duals. Primary symptoms include fever, diarrhea,
arthromyalgia, and headache (Figure 6)
(6,68,70,83,314-317].

Human invasive listeriosis: Septicemia,
neurolisteriosis and maternal-fetal infections

Clinical features of invasive listeriosis derive from the
ability of L. monocytogenes to cross the intestinal bar-
rier, the blood-brain barrier, and the maternal-fetal
barrier (Figure 6). In the MONALISA study, septicemia
represented nearly 50% of cases, neurolisteriosis 30%,
and maternal-fetal infections 10% of L. monocytogenes
infections [302]. The overall median incubation period
of invasive listeriosis is 8 days, and differs depending
on the clinical form of the disease: pregnancy-
associated cases (median: 27.5 days; range: 17-
67 days), neurolisteriosis (median: 9 days; range: 1-
14 days) and septicemia (median: 2 days; range: 1-
12 days) [317].

Septicemia symptoms resemble those of other types of
bacterial sepsis and include fever, nausea, vomiting, chills
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and malaise. Neurolisteriosis manifests in humans as
meningitis and meningoencephalitis, which are the
most frequent clinical presentations, followed by brain
stem infection (rhombencephalitis) and brain abscesses.
Clinical features of meningitis include fever, nuchal rigid-
ity, movement disorders such as tremor and/or ataxia,
and seizures. The most common non-meningitic form of
neurolisteriosis is rhombencephalitis, characterized by
fever, headache, nausea, and vomiting. Subsequently,
patients develop focal neurological findings in the hind-
brain, including ataxia and multiple cranial nerve
abnormalities. Fever is not detected in 15% of rhomben-
cephalitis cases. L. monocytogenes may also be present
within brain abscesses in about 10% of neurolisteriosis
cases [6,301,318,319]. The prospective MONALISA study
showed that the prognosis of listeriosis is grim:
a 3-month mortality rate of 46% in septicemia cases
and 30% in neurolisteriosis cases, and only 39% of
patients with neurolisteriosis survived and fully recov-
ered [302].

Symptoms of listeriosis in pregnant women are non-
specific, but it commonly has flu-like or pyelonephritis
symptoms. The main risk associated with
L. monocytogenes during pregnancy is the infection of
the fetus during maternal septicemia and chorioamni-
tis, or upon delivery, due to perivaginal and perianal
listerial colonization in the mother. Transplacental
infection of the infant (“early-onset”) can lead to fetal
loss, or the preterm birth of a severely ill infant with
a very high mortality rate. This infant syndrome is
known as “granulomatosis infantiseptica”. If the infant
is  infected during transition through an
L. monocytogenes-colonized birth canal (“late-onset”
listeriosis), neonatal meningitis develops 7 to 14 days
post-partum (Figure 6) [6,300,301]. Maternal-fetal lis-
teriosis is virtually never associated with maternal neu-
rolisteriosis, and never leads to maternal mortality but,
as noted above, more than 80% of infected mothers
experience major fetal or neonatal complications [302].

Localized infections

These rare infections represent 10% of listeriosis cases
[302]. Cutaneous listeriosis is a rare occupational
hazard associated with exposure to animal products of
conception removed from the birth canal. Typically, it
manifests as nonpainful, nonpruritic, self-limited, loca-
lized, papulopustular, or vesiculopustular eruptions
from which the organism can be isolated. Cutaneous
listeriosis cases are mild and resolve successfully
[320,321]. Other rare forms of listeriosis are localized
infections involving endocarditis, hepatitis and liver

abscesses, peritonitis, biliary-tract, eye and musculoske-
letal infections [6,321-326] (Figure 6).

Clinical features in animals

Although most L. monocytogenes infections in animals
are subclinical, the invasive disease can occur either
sporadically or as an outbreak. Similarly to humans,
the clinical features of listeriosis in animals include
septicemia, rhombencephalitis, and abortion, espe-
cially in domestic ruminants (sheep, goats, and cattle)
[1,9]. It is unusual for different clinical manifestations
to be diagnosed during the same outbreak. The infre-
quent septicemic form generally occurs in the neonate.
Rhombencephalitis in adult ruminants is the most
frequently recognized form. Listeria encephalitis in
ruminants is mainly a localized infection of the brain
stem that develops when L. monocytogenes ascends the
trigeminal nerve, leading to unilateral cranial nerve
paralysis, circling disease syndrome, depression, and
anorexia. Diffuse meningitis or meningoencephalitis
has only exceptionally been reported in these species
[277,327]. In ruminants, abortion is usually late term
[1,276,306], and although less frequently reported,
mastitis has been associated with L. monocytogenes
infection [328]. Peri-parturient mice infected intragas-
trically with L. monocytogenes shed the pathogen in
vaginal secretions, facilitating its dissemination to the
mammary chain, from which it is shed in the milk of
peri-parturient mice [329]. The incubation period for
septicemic/abortive listeriosis can be as short as 1 day,
but in rhombencephalitis it is usually 2-3 weeks,
mainly because L. monocytogenes invades the brain-
stem via cranial nerves after breaching of the oral
mucosa [1]. Gastrointestinal infections can occasion-
ally occur in sheep [330]. Iritis, uveitis, and kerato-
conjunctivitis have been reported in cattle associated
with contact with contaminated silage (Figure 6)
[331]. In pigs, the primary manifestation of listeriosis
is septicemia, and less frequently, encephalitis and
abortions [1,307]. L. monocytogenes has been reported
to cause invasive disease in >40 animal species. In
contrast, L. ivanovii almost exclusively affects rumi-
nants, causing abortion and neonatal septicemia but
not central nervous system infections [8,277]. Due to
the L. monocytogenes broad host range, several animal
models have been used in pathogenesis research.
These animal models include conventional, trans-
genic, and knock-in mice, gerbils, guinea pigs, rabbits,
the zebrafish Danio rerio, chicken embryos, the wax
moth  Galleria mellonella and the nematode
Caenorhabditis elegans [41,203-205,254].



Concluding remarks

Listeria has evolved a plethora of molecular strategies
that allow it to tolerate stress very efficiently. This out-
standing capacity is crucial to survive and exploit envir-
onmental niches wunder conditions that other
microorganisms cannot endure. Part of this success
relies on the cross-protection among different types of
stress provided by the SigB-induced general stress
response, whereby some factors induced to cope with
a particular stress turn out to be useful to alleviate
a different type of stress. For instance, transporters of
compatible solutes expressed at refrigeration tempera-
tures help to adapt Listeria to high salt concentrations
[143,146]. Similarly, stress found in food can favor
virulence within the host [332]. However, SigB is also
present in other pathogenic and nonpathogenic gram-
positive bacteria with a significant functional overlap
among their SigB-regulated genes. Therefore, in
Listeria, SigB-independent mechanisms play a unique
role in the versatility of stress adaptation and invasion
of host tissues. Interestingly, most regulatory mechan-
isms that govern SigB-independent responses remain
elusive. For example, very few two-component systems,
transcriptional regulators, or SRNAs have thus far been
linked to stress tolerance. The latter seems intriguing
because Listeria can express more than 300 sSRNAs and,
at least in other microorganisms, sSRNAs play a central
role in stress responses [333,334]. In addition, besides
the blue light sensor RsbL [158], molecular sensors
relaying stress signals to activate the stressosome or
any other downstream effector are unknown. In the
next few years, the identification of stress sensors and
stress response regulators could point to potential vul-
nerabilities, allowing Listeria stress tolerance to be tar-
geted in food and in the GI tract to prevent infections.

An interplay between L. monocytogenes and commen-
sal microbiota has recently been unveiled [5]. Listeria
deploys specific strategies such as metabolic adaptations
to scavenge ethanolamine and the production of bacter-
iocins [126]. This suggests that its interaction with bac-
terial communities in the gut (and in the soil) may be
more complex than anticipated. In addition, host factors
influence several stages in the infective cycle, including
intracellular bacterial growth and dissemination through-
out the body. Yet remaining to be determined are the
precise advantages obtained by a subset of intracellular
bacteria that stay confined within the vacuole [237] in
a persistent state, and their resulting impact on disease
progression. Would this confinement help to carry bac-
teria in asymptomatic hosts, or be an adaptation that
reduces antibiotic exposure during treatment in clinical
listeriosis cases? Future research will shed light on the
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specific contribution of the interaction both of host fac-
tors and of bacterial communities on the evolution of
Listeria virulence.

Finally, although most of what we currently know
about Listeria molecular and cellular pathogenesis is
based on research performed on a handful of strains
used as model organisms, mounting evidence highlights
the intra-species heterogeneity of L. monocytogenes. We
now know that lineage II strains are more prone to be
associated with food, while lineage I strains are most
commonly found in clinical isolates related to listeriosis
outbreaks [34,36,37]. Identification of the relevant viru-
lence factors specific to these epidemic strains [32,35] will
help to understand the molecular basis of hypervirulence.
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