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The facultative intracellular bacterial pathogen Listeria monocytogenes induces severe fetal infection during
pregnancy. Little is known about the molecular mechanisms allowing the maternofetal transmission of bac-
teria. In this work, we studied fetoplacental invasion by infecting mice with various mutants lacking virulence
factors involved in the intracellular life cycle of L. monocytogenes. We found that the placenta was highly
susceptible to bacteria, including avirulent bacteria, such as an L. monocytogenes mutant with an hly deletion
(ALLO) and a nonpathogenic species, Listeria innocua, suggesting that permissive trophoblastic cells, trapping
bacteria, provide a protective niche for bacterial survival. The ALLO mutant, which is unable to escape the
phagosomal compartment of infected cells, failed to grow in the trophoblast tissue and to invade the fetus.
Mutant bacteria with inl4 and iniB deletion (AInlAB) grew in the placenta and fetus as well as did the wild-type
virulent stain (EGDwt), indicating that in the murine model, internalins A and B are not involved in
fetoplacental invasion by L. monocytogenes. Pregnant mice were then infected with an actd deletion (AActA)
strain, a virulence-attenuated mutant that is unable to polymerize actin and to spread from cell to cell. With
the AActA mutant, fetal infection occurs, but with a significant delay and restriction, and it requires a placental
bacterial load 2 log units higher than that for the wild-type virulent strain. Definitive evidence for the role of
ActA was provided by showing that a actA-complemented AActA mutant was restored in its capacity to invade
fetuses. ActA-mediated cell-to-cell spreading plays a major role in the vertical transmission of L. monocytogenes

to the fetus in the murine model.

Listeria monocytogenes is a facultative intracellular fast-
growing gram-positive bacterium widely spread in the environ-
ment. It is a food-borne pathogen responsible for severe and
life-threatening infections in both humans and a large variety
of animal species (13). Immunocompromised patients, includ-
ing the elderly and pregnant women, represent high-risk
groups for listeriosis (9). During pregnancy, listeriosis can be
asymptomatic or can give rise to subclinical symptoms like a
nonspecific fever despite the insidious development of fetopla-
cental infection resulting in abortion, stillbirth, or severe and
disseminated neonatal infections markedly described as gran-
ulomatosis infantiseptica (9, 24). Little is known about molec-
ular mechanisms implicated in the placental infection by L.
monocytogenes and the subsequent vertical transmission to the
fetus.

Most virulence factors involved in the intracellular growth
and survival of L. monocytogenes have been identified and
extensively studied (8, 10, 30). Adhesion and invasion of non-
professional phagocytes are mainly dependent upon the ex-
pression of internalin A (InlA), which interacts with E-cad-
herin expressed on eukaryotic cells. After phagocytosis,
bacteria produce listeriolysin O (LLO), a pore-forming cyto-
lysin (1), allowing bacterial escape from the phagosomal com-
partment. Once in the cytoplasm, bacteria divide, move, and
spread from cell to cell. This is due to ActA, a bacterial sur-
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face-exposed protein, which induces actin cytoskeleton rear-
rangements and polymerization. Thus, bacteria protrude into
and infect neighboring cells favoring the persistence of the
intracellular life cycle of L. monocytogenes (28).

The placenta is a dynamic organ constituted of intricate
maternal and fetal tissues, whose structure and function
change throughout the pregnancy. The physiological barrier
separating fetal and maternal blood in the placenta is mainly
formed by fetally derived trophoblastic cells. Very few patho-
gens are capable of crossing the placental biological barrier.
This includes some viruses (17); parasites such as Toxoplasma
gondii (26) and Plasmodium falciparum (27); and very rare
bacteria, including Chlamydia psittaci, Coxiella burnetti, and L.
monocytogenes (6, 23, 25).

There is compelling evidence that the trophoblast plays a
central role in vertical transmission of pathogens from mothers
to the fetus (21). First of all, the trophoblast acts as a preg-
nancy-specific component of the innate immune system (14).
During pregnancy, the trophoblast is responsive to CSF-1
which acts to organize the maternal immune response to bac-
terial infection at the uteroplacental interface through recruit-
ment of polymorphonuclear neutrophils. These inflammatory
cells are the main effector cells mobilized in the placenta to
destroy L. monocytogenes, as opposed to macrophages that are
mostly excluded from the murine placenta (14, 21).

Little is known about the pathophysiological process of pla-
cental invasion during listeriosis. Using a murine model, we
recently demonstrated that placental invasion by L. monocyto-
genes is associated with bacterial growth within trophoblastic
cells, thus allowing outward spreading from the initial foci to
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the adjacent structures (21). In human fetoplacental listeriosis,
the involvement of InlA through its interaction with E-cad-
herin has been recently reported, using an in vitro model (19).
Mouse E-cadherin compared with human E-cadherin has a
single-amino-acid mutation which results in a decrease of its
affinity for InlA (18, 20). However, although the InlA-E-cad-
herin interaction occurs with the same affinity in guinea pigs as
in humans, it has been very recently published that an InlA
mutant behaved as wild-type virulent strain in a pregnant
guinea pig model (4). These authors provided evidence for a
role of ActA in the vertical transmission of L. monocytogenes in
this model (4).

In this work, using a murine model of pregnant mice (21).
We studied the role of virulence factors (InlA, InlB, LLO, and
ActA) involved in the intracellular life cycle of L. monocyto-
genes. To decipher the role of virulence factors for the crossing
of the fetoplacental barrier, we systematically monitored for
each mutant of L. monocytogenes the correlation between the
infection of the placenta and its corresponding fetus. We show
that ActA-dependent cell-to-cell spreading promotes fetal in-
vasion. Final evidence for the crucial role of ActA was ob-
tained by restoring fetal invasion in an actA-complemented
ActA mutant.

MATERIALS AND METHODS

Bacterial strains and cultures. We used the wild-type virulent strain of L.
monocytogenes EGDe (EGDwt) (12) various isogenic mutants (Table 1) and L.
innocua. Bacteria were grown overnight in brain heart infusion broth (Difco
Laboratories, Detroit, MI) at 37°C without antibiotics, reexpanded the next day,
and collected at the end of the exponential phase and then were centrifuged at
5,000 X g for 30 min at 4°C, washed twice with lipopolysaccharide-free Hanks’
balanced salt solution (Gibco, Long Island, NY), and resuspended in RPMI 1640
medium (Difco) before being stored at —80°C in 1-ml aliquots. Bacteria were
titrated by serial dilution and plated on brain heart infusion agar. Before each
experiment, an aliquot was thawed and diluted as convenient for the experiment.

DNA techniques. Obtaining of chromosomal DNA, plasmid isolation, restric-
tion enzyme analyses, and PCR amplifications were performed as previously
described by Autret et al. (3). Oligonucleotides were synthesized by Eurogentec
(Paris, France). We used the AmpliTaq Gold DNA polymerase of Thermus
aquaticus from Roche (Branchburg, NJ) and the pAT113/pAT145 system (29) as
previously described (3).

Cloning of act4 and complementation of the AActA mutant strain. The entire
actA sequence including its promoter was amplified by PCR from EGDwt chro-
mosomal DNA using primers actA-prom (5'-TGAAGCTTGGGAAGCAGTTG
GGGT-3'), which contains a HindIII site (underlined), and actA-term (5'-TTG
AATTCTGAATTTCATATCATTCACCTCACT-3"), which contains an EcoRI
site (underlined). The fragment was subcloned into the pCR II plasmid (Invitro-
gen, Carlsbad, CA), and transferred to Escherichia coli TOP10 (Invitrogen,
Cergy Pontoise, France). Recombinant bacteria were selected onto ampicillin-
containing agar, and clones were checked by PCR. The plasmid of one clone was
prepared and submitted to restriction by HindIII and EcoRI (New England
Biolabs). The HindIII/EcoRI actA fragment was cloned into the HindIII/EcoRI-
digested pAT113 plasmid, leading to the pAT113-actA plasmid.

Chromosomal integration of the pAT113 Tnl545 transposon requires the
presence of its integrase, provided in trans by pAT145 plasmid. Competent
EGD-AACtA bacteria were thus prepared as described previously (3), and 2 pg
of QTAGEN-purified plasmid pAT145 was used for electroporation. The result-
ing Kan" transformants were named AActa-145. Then L. monocytogenes AActA-
145 cells were transformed by electroporation with 2 pg of purified pAT113-actA
plasmid. Plasmid integration into chromosomal DNA was checked by PCR. The
DNA sequences flanking the transposon carrying the wild-type act4 allele were
determined using ligation-mediated PCR, as described previously (3), and the
site of transposon insertion into the genome was identified by sequence analysis.
The transposon was inserted at position 75350 in open reading frame Imo0068,
encoding a putative 107-amino-acid protein of unknown function. Protein secre-
tion was checked by Western blot analysis.
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TABLE 1. Bacterial strains used in this work

Bacterial strain Characteristic(s) Source or reference

Listeria monocytogenes

Wild type (EGDwt)  Virulent EGDe strain 12

EGD mutants

AInlAB InlAB deleted P. Cossart (Institut
Pasteur, Paris)
ALLO 1,080-bp deletion in 15
hly gene
AActA 1,752-bp deletion in 7
actA gene
AActA+actA Insertion of actA This work
gene in AActA
mutant
Listeria innocua
L. innocua CIP Wild type Institut Pasteur

11254 Collection

Infection of mice. Inbred BALB/c pregnant mice purchased from Elevage
Janvier (Le Genest-St-Isle, France) were used for bacterial growth studies and
histological staining. Couplings were carried out with 8- to 10-week-old BALB/c
female mice. Mating was assessed by the appearance of a vaginal plug, denoting
the first embryonic day of pregnancy. The gestation was checked at the 12th day
and nonpregnant females were used as control mice. Mice were housed in
wire-bottom cages, with free access to food and water, and held under these
conditions for at least 24 h before infection. Animal experiments were approved
by the Animal Welfare Committee of the University Paris-Descartes.

BALB/c female mice were inoculated intravenously (i.v.) at the 14th day of
gestation via the lateral tail vein with 0.5 ml of a calibrated suspension of
bacteria, extemporarily obtained by appropriate dilution into saline isotonic
solution from a frozen stock. All mice were daily examined. At intervals after
infection (1, 6, 24, 48, and 72 h), groups of mice were anesthetized by intramus-
cular injection of 200 w1 of a mixture of ketamine at 200 mg kg~ ' (Imalgéne 100;
Merial, Lyon-France) and xylazine hydrochloride at 10 mg kg~' (Rampun,
Bayer, Puteaux, France) and were sacrificed. The abdominal cavity was then
aseptically opened, and each mouse was bled by intracardiac puncture with
heparinized syringe (Heparin sodic; Sanofi-Wintrop, France). Organs (livers,
spleens, and brains) and each fetoplacental unit were aseptically removed and
homogenized for bacterial counts and histological studies. Each placenta and its
respective fetus were independently dissected and analyzed. Bacterial counts
were determined by plating serial 10-fold dilutions of each organ homogenate on
BHI agar plates incubated at 37°C during 24 to 48 h. For each mouse, 100 .l of
each placenta or fetus homogenate was separately pooled to determine the mean
bacterial load. The results were expressed as a mean * standard error expressed
as log; o CFU per organ (bacteria/organ). The 50% lethal doses (LDs) estimated
by the probit method on groups of five mice were assessed in this work at 10%3
and 10*° bacteria per mouse for EGDwt and actA-complemented AActA strains,
respectively.

Histology. Histological studies were performed on placentas removed from
mice at day 17 of gestation, 72 h after iv. infection with 2 X 10° bacteria.
Fetoplacental units were removed from the uterus corns by dissociation between
implantation sites. One half of each placenta was used to quantify bacterial load,
and the second half was used for histological analysis. For light microscopy
studies (Nikon Eclipse E600; digital camera DXM1200), placentas were fixed
overnight in 10% formalin, dehydrated with an alcohol gradient, and embedded
in paraffin blocks. Sequential 5- to 7-pm placental sections were stained by
Gram-Weigert techniques.

Statistical analysis. All values are given as the mean *+ standard error of the
mean. We used several statistical methods to determine the relationship between
placental infection and the corresponding fetal infection. To compare the mean
values at the indicated times between mutants, we used multifactorial analysis of
variance in which the two analyzed factors were “time” (6 h and 1, 2, and 3 days
postinfection) and “mutants” (EGD, AInlAB, AActA, and AActA+actA). The
differences were considered significant for P < 0.05. Placentas and fetuses were
considered infected when bacterial counts were superior or equal to 1 bacterium/
placenta or 50 bacteria/fetus. Receiver-operator characteristics analysis was used
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to identify the cutoff values for placental bacterial load associated with the
maximal probability of fetal infection, according to a method previously de-
scribed (21).

RESULTS

Crossing of fetoplacental barrier requires the expression of
virulence factors. We recently reported that L. monocytogenes
inoculated i.v. into pregnant mice can invade the placenta and
cross the placental barrier to subsequently proliferate in the
fetus (21). With wild-type virulent bacteria, fetal infection oc-
curred when the placenta was infected with doses as low as 1 X
10® bacteria. To study the role of virulence factors in the
vertical transmission of L. monocytogenes from mother to fe-
tus, we first i.v. infected pregnant mice (14 days) with a high
dose (5 X 107 bacteria) of L. innocua, a nonvirulent, nonhe-
molytic species that does not display the prf4-dependent viru-
lent genes. Bacterial growth was monitored in the blood,
spleen, placenta, and fetuses from 1 h to 48 h after infection
(Fig. 1). As expected, bacteria were rapidly eliminated from
the blood and the organs (data in the liver are not shown). In
contrast, we found that all placentas were infected by L. in-
nocua as early as 1 h after inoculation. Bacteria survived in
placental tissues for at least 2 days, at a low titer (~1 X 10°
bacteria), without any infection of the respective fetus. These
data suggest that although the placentas become infected with
L. innocua, the crossing of the fetoplacental barrier requires
bacterial growth and the expression of virulence factors.

LLO is required for bacterial growth in the placenta and
fetal invasion. We recently showed in pregnant mice that the
virulent strain of L. monocytogenes (EGDwt) first targets the
trophoblastic cells before crossing the fetoplacental barrier
(21). Thus, fetal infection requires bacterial growth which is
clearly associated with the intracellular life cycle of L. mono-
cytogenes within trophoblast cells acting as phagocytes. To de-
cipher the role of virulence factors in the placental invasion
and the subsequent fetal infection, we studied L. monocyto-
genes mutants inactivated for the expression of various virulent
factors.

We first tested the involvement of internalins A and B in
placental infection. Pregnant mice were infected i.v. with 5 X
10° cells of the AInIAB mutant. The kinetics of bacterial
growth was then observed for 3 days in the blood and organs
(liver, spleen, and brain) and in all fetoplacental units. As
compared to the EGDwt strain used as control, bacterial
growth of the AInlAB mutant was similar in blood and organs
except for the liver, in which the growth of the AInlAB mutant
was moderately lower (Fig. 2A). Surprisingly, this held true for
bacterial growth of AInlAB bacteria in placenta and fetus (Fig.
2B). As wild-type bacteria, the AInlAB mutant rapidly multi-
plied in these tissues, with a daily increase of about 2 log units.
By day 3, all placentas were infected and the comparison be-
tween the EGDwt and AInlAB mutant strains was not statis-
tically different. We then determined statistically which bacte-
rial load in the placenta was associated with a higher
probability of fetal infection. Thus, the cutoff values were as-
sessed at 1.7 X 10® and 1.0 X 10° CFU/placenta for the EGDwt
and AInlAB strains, respectively. The comparison of the means
for fetal infection between wild-type EGDwt and AInlAB mu-
tant was not statistically different. These results suggest that in
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FIG. 1. Infection of pregnant mice with L. innocua. Pregnant
BALB/c mice were injected i.v. with 5 X 107 bacteria by day 14 of
gestation. Animals were monitored by quantifying bacterial growth at
intervals. (A) Bacterial growth in spleen and blood of pregnant mice.
The results shown are means =+ standard errors from groups of five
mice (each experiment was repeated twice) and are expressed as the
log,, bacteria (CFU) per organ or log,, bacteria per ml of blood.
(B) The kinetics of bacterial growth are represented in the left panels
by dot plots corresponding to individual bacterial counts for each
placenta (top panel) and each fetus (lower panel) for the indicated
times. In the right panels, means = standard errors for each time are
given.

the murine model, InlA and InlB are not required for the
invasion of placenta and the subsequent fetal infection.

We then tested the role of LLO, the major virulence factor
of L. monocytogenes needed to escape phagosomes. Pregnant
mice were iv. infected with 5 X 10° bacteria of a ALLO
mutant. As previously described, bacteria were rapidly elimi-
nated from the blood and organs (spleen and liver), without
brain infection (data not shown) (11). By day 1 and day 3
postinfection, about 10% of placentas (3/30 at day 1 and 4/36
at day 3) were infected at low levels (10 to 100 bacteria/
placenta). Under these conditions, fetuses were never infected
(Fig. 2). Thus, nonvirulent ALLO bacteria can infect some
placentas for at least 3 days, revealing that once infected,
the placenta cannot easily eliminate bacteria, in contrast to the
spleen and the liver. As for L. innocua, ALLO bacteria were
unable to grow in the placenta and to subsequently invade
fetuses, because they are probably retained within the phago-
somes of trophoblastic cells.

ActA promotes the crossing of the fetoplacental barrier. The
murine fetoplacental barrier consists of two layers of tro-
phoblastic cells and one of endothelial cells. We then stud-
ied the role of ActA, a virulence factor promoting cell-to-
cell spreading. We first analyzed the infectious process in
pregnant mice i.v. inoculated with 5 X 10° bacteria of a
AActA mutant. After infection, bacterial growth was moni-
tored in the blood and organs (spleen, liver, and brain) for
3 days. No difference was observed for the bacterial growth
in organs between pregnant and nonpregnant mice (data not
shown). The AActA bacteria were completely eliminated
from the blood within 6 h postinfection, which was corre-
lated with the absence of brain infection, as previously de-
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FIG. 2. Infection of pregnant mice with AInlAB and ALLO mutants. Pregnant BALB/c mice were injected i.v. at day 14 of gestation with 5 X
10° of wild-type L. monocytogenes (EGD) and its isogenic Aly or inlAB deletion mutants. Animals were monitored by quantifying bacterial growth
at intervals. (A) Bacterial growth in organs (spleen, liver and brain) and in blood of pregnant mice for EGDwt and AInlAB strains. Results shown
are means * standard errors of the means from groups of three to five mice and are expressed as the log,, bacteria (CFU) per organ or log,,
bacteria per ml of blood. (B) The kinetics of bacterial growth are represented on the left panels by dot plots corresponding to individual bacterial
counts for each placenta (top panel) and each fetus (lower panel) for the indicated times and strains. In the right panels, means * standard errors
for each time are given for wild-type, AInlAB, and ALLO strains. The numbers reported near each value correspond to the percentage of infected
placenta among all analyzed placentas. When observed, fetal losses are symbolized by a cross. P values reported in each graph correspond to the
comparison between EGDwt and the indicated mutant. NS, not statistically different.

scribed. After initial growth in the liver and the spleen by
day 1 of infection, mutant bacteria then declined rapidly,
indicating that the infectious process was well controlled in
these organs. With this inoculum (5 X 10° bacteria), about
35% of placentas were infected by AActA bacteria as early
as 6 h postinfection, compared to 54% of placentas being
infected with EGDwt. The percentage of placentas infected
by EGDwt reached 100% by day 2, whereas mutant bacteria
infected only 50% and 90% of placentas by days 2 and 3
postinfection, respectively. Although the means for placen-
tal infection between EGDwt and the AActA mutant were
statistically different, the rate of mutant growth in the pla-
centa was similar to that of EGDwt, which might reflect
rapid multiplication inside permissive trophobastic cells (see
below). As illustrated in Fig. 3, fetal infection was signifi-
cantly delayed for 2 to 3 days in mice infected by AActA
bacteria, as compared to EGDwt bacteria. The rate of mu-
tant growth was lower in fetuses during the 3 first days
postinfection (Fig. 3B). This was also quantified by calcu-
lating the cutoff values corresponding to the placental bac-
terial load associated with the higher probability to induce
fetal infection. The cutoff value was estimated at 1.2 X 10°
AACtA bacteria per placenta, compared to 1.7 X 10° for
EGDwt bacteria (Table 2).

Final evidence for the role of the virulence factor ActA in the

crossing of fetoplacental barrier was obtained by inserting a new
actA gene in the chromosome of the AActA mutant strain (see
Materials and Methods). After actA insertion, the expression of
this surface-exposed protein was restored. As illustrated in Fig. 3,
the virulence of the actA-complemented AACtA strain was almost
completely restored. Complemented bacteria produced bactere-
mia and grew rapidly in organs (liver, spleen, and brain), as well
as did EGDwt bacteria. This was also observed in placentas and
fetuses, where complemented bacteria behaved similarly to
EDGwt bacteria (Fig. 3B), with cutoff values in the placenta
estimated at 1.7 X 10? bacteria for EDGwt and 2.0 X 10° for the
actA-complemented AActA strain (Table 2).

Bacterial cell-to-cell spreading is a key step for crossing the
fetoplacental barrier. Histologic examination of the placen-
tal labyrinthine zone was performed 48 h after infection with
5 X 10* bacteria of the EGDwt, AInlAB, or AActA strains
(Fig. 4). After infection with EGDwt and AInlAB, the le-
sions observed in placental villosities were similar, consist-
ing of a centrifugal dissemination all over the syncytiotro-
phoblastic cells following the villous axis. In contrast, AActA
bacteria induced infectious foci in the placenta, where bac-
teria mostly visible inside trophoblastic cells were unable to
spread in an outward manner, as did EGDwt bacteria. These
results clearly demonstrate that spreading within the laby-
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FIG. 3. Role of ActA in the crossing of the fetoplacental barrier. Pregnant BALB/c mice were injected intravenously at day 14 of gestation with
5 X 10° L. monocytogenes actA deletion mutant cells (AActA) or the AActA mutant complemented with act4 (AActA+actA). As compared to the
isogenic mutants, bacterial growth for the EGDwt strain is indicated by the dotted lines. Animals were monitored by quantifying bacterial growth
at the indicated times. (A) Bacterial growth in organs (spleen, liver, and brain) and in blood of pregnant mice infected with AActA (left panels)
and actA-complemented AActA+actA (right panels) strains. Results shown are means * standard errors from groups of three to five mice and
are expressed as the log,, bacteria (CFU) per organ or log,, bacteria per ml of blood. (B) The kinetics of bacterial growth are represented on the
left panels by dot plots corresponding to individual bacterial counts for each placenta (top panel) and each fetus (lower panel) for the indicated
times and strains. In the right panels, the means * standard errors for each time and strain are given for AActA and the act4-complemented AAct
mutant and P values for the comparison between the two strains are also reported. The numbers reported near each value correspond to the
percentage of infected placenta among all analyzed placentas. All data are representative of three independent experiments. P values reported in
each graph correspond to the comparison between EGDwt and the indicated mutant. NS, not statistically different.

TABLE 2. Cutoff values for bacterial placental load associated with
the highest probability of fetal infection

No. of
Bacterial ~fetoplacental Cutoff value Sensitivity ~Specificity PPV NPV
strain units (10° CFU)* (%) (%) (%) (%)
analyzed
EGDwt 185 1.7 91 99 99 91
AInlAB 48 1.0 60 92 8 73
AActA 72 120.0 93 82 82 93
AActA+ 36 2.0 89 100 100 87
actA

“ Cutoff values correspond to level of bacterial load of the placenta giving the
highest probability of fetal infection.

> PPV, positive predictive value.

¢ NPV, negative predictive value.

rinthine zone is a crucial step for the crossing the fetopla-
cental barrier in the murine model.

DISCUSSION

Our results first show that the placenta is an advantageous
and protective niche for any bacteria, even the nonvirulent
ALLO L. monocytogenes mutant and L. innocua, which
could survive at a stable and low level for several days in the
placenta. Trophoblastic cells appear to play an immunolog-
ical role against pathogens, protecting the fetuses from bac-
terial aggression, but are also the first placental target cells
for intracellular pathogens as L. monocytogenes (14, 21).
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FIG. 4. Histological examination of placental infectious foci obtained with wild-type L. monocytognes and its AInlAB and AActA isogenic
mutants. Gram-Weigert staining at different magnifications (top and bottom panels) were performed on placental sections 72 h after intravenous
infection with 2 X 10° wild-type L. monocytogenes cells or with mutants with the inl4B locus (AInIAB) or act4 (AActA) deleted. Arrows indicate
the important spreading to adjacent and distant cells. Arrowheads symbolized the well-delimited peripheral zones from foci induced by infection
due to the AActA mutant.

Our data are in agreement with previous reports demon-
strating that trophoblastic cells express an important phago-
cytic capacity, mainly during the two first trimesters of preg-
nancy in humans, a function still conserved in the late stage
of pregnancy (2). The bacterial survival of nonvirulent bac-
teria in the placenta might be due to several causes, includ-
ing the presence of latent bacteria confined in the phago-
somal compartment; low intracellular growth due to the
escape of few ALLO bacteria by production of phospho-
lipases (22); and extracellular replication in the placenta,
which constitutes a protective environment for bacterial
growth. Indeed, the immunological status of the placenta is
characterized by a predominant Th2 anti-inflammatory re-
sponse to prevent the rejection of the semiallogeneic fetus,
thus restraining the recruitment of inflammatory cells at the
early onset of the infection.

We observed that the survival of ALLO mutants and L.
innocua in the placenta was associated with neither bacterial
growth nor fetal infection, as opposed to virulent wild-type
L. monocytogenes as previously observed in the guinea pig
model (5). This indicates that the virulence factor LLO is
absolutely required in vivo for bacterial growth in tropho-
blastic cells and the subsequent fetal invasion. The vertical
transmission of L. monocytogenes to the fetus is therefore
dependent upon the expression of virulence factors promot-
ing intracellular multiplication of this pathogen. Conse-
quently, we first tested in pregnant mice a AInlAB mutant of
L. monocytogenes, which might be affected in its invasive
capacity for trophoblastic cells. It has been published that
internalization of L. monocytogenes in a human trophoblas-
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tic cell line (BeWo) infected in vitro requires the expression
of InlA (4), a surface-exposed protein interacting with high
affinity with human and guinea pig E-cadherin. The affinity
of mouse E-cadherin for InlA is lower than that of guinea
pig E-cadherin (18). However, this single in vitro interaction
does not account for the mechanism of in vivo infection of
trophoblastic cells by L. monocytogenes, since the rate of
placental infection with an InlA mutant was not reduced in
the guinea pig model (4). Similarly, we found in the mouse
model that a strain with InlA and InlB deletion invaded
placentas and fetuses as well as did wild-type bacteria.
Therefore, InlA and InlB are not implicated in the crossing
of the murine fetoplacental barrier as for guinea pigs (4).
We then studied the role of ActA in placental infection by
using a AActA mutant in pregnant mice. Growth of this
virulence-attenuated mutant was restricted in vivo, as indi-
cated by the absence of bacteremia and the rapid elimina-
tion of bacteria in organs, as previously described (16).
However, we observed that the AActA strain retained the
ability to grow in the placenta, although at a low rate com-
pared to wild-type bacteria. As expected, AActA bacteria
were strongly impaired in cell-to-cell spreading through pla-
cental tissues, bacteria often being seen packed inside tro-
phoblastic cells, contrasting with the outward spreading and
the rapid dissemination of wild-type bacteria to neighboring
cells. This growth defect of AActA bacteria was correlated to
a delayed and decreased rate of fetal infection. The placental
bacterial load required for fetal infection with the AActA mutant
was 2 log units higher than that seen with EGDwt. However,
impairment of placental growth of the AActA mutant might also
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Maternal
blood sinus

FIG. 5. Model of crossing of the fetoplacental barrier by L. mono-
cytogenes. Two layers of syncytiotrophoblastic cells (ScT) and one layer
of endothelial cells (EC) surrounding a fetal vessel (FV) constitute the
murine fetoplacental barrier. L. monocytogenes (LM) infects the syn-
cytiotrophoblastic layer and crosses the fetoplacental barrier by ActA-
dependent cell-to-cell spreading.

be partly explained by the lack of bacteremia, which was observed
for wild-type bacteria in pregnant mice. Our results in the murine
model strongly support the major role of cell-to-cell spreading in
the vertical transmission of L. monocytogenes.

In conclusion, together with those of Barkadjiev et al. from
guinea pigs (4, 5), our data demonstrate in the murine model
(i) that the surface-exposed proteins InlA and InlB are not
necessary for placental invasion and (ii) the crucial role of
ActA-dependent cell-to-cell spreading in the vertical transmis-
sion of L. monocytogenes to the fetus, including direct evidence
obtained by fully restoring fetal invasion in an act4-comple-
mented AActA mutant. Therefore, the crossing of the murine
fetoplacental barrier requiring ActA-dependent cell-to-cell
spreading allows bacteria to cross the two layers of trophoblas-
tic cells and endothelial cells from the fetal vessel, as illustrated
in Fig. 5.
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