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Limited Colonization Undermined by
Inadequate Early Immune Responses
Defines the Dynamics of Decidual
Listeriosis

Gabrielle Rizzuto,>® Elisa Tagliani,c Priyanka Manandhar,®-¢ Adrian Erlebacher,b-<<*
Anna |. Bakardjieva®

Benioff Children's Hospital and Program in Microbial Pathogenesis and Host Defense, University of California—
San Francisco, San Francisco, California, USA?, Biomedical Sciences Program, University of California—San
Francisco, San Francisco, California, USA®; Department of Pathology, NYU School of Medicine, New York, New
York, USA<; Department of Laboratory Medicine, University of California—San Francisco, San Francisco,
California, USA9; Immunology Program, University of California—San Francisco, San Francisco, California, USA®

ABSTRACT The bacterial pathogen Listeria monocytogenes causes foodborne sys-
temic disease in pregnant women, which can lead to preterm labor, stillbirth, or se-
vere neonatal disease. Colonization of the maternal decidua appears to be an initial
step in the maternal component of the disease as well as bacterial transmission to
the placenta and fetus. Host-pathogen interactions in the decidua during this early
stage of infection remain poorly understood. Here, we assessed the dynamics of L.
monocytogenes infection in primary human decidual organ cultures and in the mu-
rine decidua in vivo. A high inoculum was necessary to infect both human and
mouse deciduas, and the data support the existence of a barrier to initial coloniza-
tion of the murine decidua. If successful, however, colonization in both species was
followed by significant bacterial expansion associated with an inability of the de-
cidua to mount appropriate innate cellular immune responses. The innate immune
deficits included the failure of bacterial foci to attract macrophages and NK cells, cell
types known to be important for early defenses against L. monocytogenes in the
spleen, as well as a decrease in the tissue density of inflammatory Ly6C" monocytes
in vivo. These results suggest that the infectivity of the decidua is not the result of
an enhanced recruitment of L. monocytogenes to the gestational uterus but rather is
due to compromised local innate cellular immune responses.

KEYWORDS Listeria monocytogenes, decidua, placenta

he pregnant uterus is a dynamic organ that supports fetoplacental growth, with

many trophic functions provided by the decidua, the specialized endometrial tissue
that encases the conceptus (1). The decidua also provides a unique immunological
environment that blocks the maternal immune system from recognizing the conceptus
as a foreign tissue and rejecting it as if it were a solid-organ transplant (2). As a
consequence, this environment would be expected to provide opportunities for patho-
gens to infect the maternal-fetal interface. Indeed, infection of the decidua is now
considered to be a critical first step in the hematogenous transmission of a variety of
pathogens from mother to fetus (3-7). One such organism is the facultative, intracel-
lular, Gram-positive bacterium Listeria monocytogenes, a clinically relevant foodborne
pathogen that can cause severe disease in pregnant women. Once L. monocytogenes
reaches the placenta, there are increased risks of severe maternal disease and preg-
nancy complications, including preterm labor and devastating fetal/neonatal morbidity
and mortality (8, 9).

Because of its experimental tractability, L. monocytogenes is an excellent model
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organism to study host-pathogen interactions. The innate and adaptive immune
responses to L. monocytogenes in murine liver and spleen have been an area of
extensive study (reviewed in references 10 and 11) and reveal that innate responses
prevent overwhelming bacterial growth at the early stages of infection, well before an
adaptive response is generated. Classic studies by North and colleagues demonstrated
that myeloid-lineage cells provide early defense against L. monocytogenes, since the
absence of these cells transforms an otherwise sublethal intravenous inoculum to an
overwhelming bacterial burden and leads to the death of infected animals within
several days (12-14). More recent work identified dendritic cells (DCs) as the earliest-
infected population and illustrated the rapid aggregation and swarming of neutrophils
and monocytes at bacterial foci in the spleen (15, 16). Although tissue-resident mac-
rophages, particularly liver Kupffer cells, likely contribute to early containment through
their ability to produce free radicals via NADPH oxidase and inducible nitric oxide
synthase (iNOS) (17), Ly6Ch monocytes (Mos) are particularly indispensable for the early
containment of L. monocytogenes in spleen and liver (18). Following monocyte che-
moattractant protein 1 (MCP-1)- and MCP-3-mediated recruitment from the bone
marrow (19, 20), CCR2* Ly6Ch" Mos are activated in situ to differentiate into tumor
necrosis factor alpha (TNF-a)/iINOS-producing DCs (Tip-DCs) (18, 21). Indeed, CCR2-
deficient mice cannot eliminate splenic and hepatic L. monocytogenes bacteria (22).
Thus, only if the bacterium has been sufficiently contained by this coordinated effort of
macrophages, NK cells, and Ly6Chi Mos/Tip-DCs in the first few days of infection are the
ensuing adaptive responses able to ultimately clear the infection.

In contrast to murine liver and spleen, immunological mechanisms that might
control L. monocytogenes at very early stages of decidual infection have not been
subject to detailed characterization. The early stage of the host response in the decidua
is particularly important because preexisting maternal adaptive T cell immunity does
not protect the maternal-fetal interface from infection with L. monocytogenes (23).
Interestingly, pregnant CSF-1 mutant op/op mice, which lack macrophages, and artifi-
cially decidualized macrophage-depleted mice show increased L. monocytogenes bur-
dens within the placenta and uterus at 2 to 3 days postinfection, raising the possibility
that macrophages control L. monocytogenes within the pregnant uterus (24). However,
given that L. monocytogenes traffics from the maternal spleen and liver to the uterus
(25), these results may be secondary to increases in the splenic or hepatic listerial
burden. Furthermore, it is possible that macrophages in those experiments were
responsible for local control within the placental tissue or myometrium but not the
decidua per se, as the bacterial burden in isolated decidual tissue was not separately
determined.

Indeed, descriptive work predicts that the decidua might be severely impaired in its
ability to contain early infection by L. monocytogenes. For example, macrophages are
relatively scarce within the murine decidua, while Ly6C" Mos do not enter this tissue
under normal conditions despite being an abundant population attached to the
decidual endothelium (26, 27). Furthermore, histological analysis of infected pregnant
mice revealed a lack of macrophage colocalization with L. monocytogenes organisms
within the antimesometrial decidua of implantation sites (6). When directly compared
to the nonpregnant uterus, artificial deciduomas, which do not have fetoplacental
units, also showed a lack of macrophage colocalization with L. monocytogenes in the
antimesometrial decidua (28).

Here, we delineate very early immunological events during decidual infection with
L. monocytogenes. Our data show that L. monocytogenes can grow in primary human
decidual organ cultures but not primary human endometrial organ cultures and that
there is an absence of macrophage colocalization with bacteria in the decidua. Using
the artificial deciduoma and pregnant mouse models of infection, we show that specific
aspects of the innate immune response are compromised in the decidua but are intact
in the myometrium. Surprisingly, however, there was a restricted access of L. monocy-
togenes to both mouse and human deciduas, suggesting that the main defense against
decidual infection may be at the level of initial seeding.
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FIG 1 Infection of primary human decidual and endometrial organ cultures. Human decidual organ
cultures from 15 donors (at least 3 cultures per donor at each time point) or endometrial organ cultures
from 8 donors (1 to 3 cultures per donor at each time point) were incubated with 2 X 107 L.
monocytogenes bacteria for 5 h prior to the addition of gentamicin. (A) Average CFU * standard errors
of the means of decidual organ cultures at 6 hpi. (B) Growth curve of the bacterial burden over time for
each decidual donor (n = 15). Average CFU = standard errors of the means for each donor at 24 and 48
hpi were normalized to data for the 6-h time point (P = 0.065 by ANOVA with repeated measures).
Additionally, data were analyzed with Dunnett’s multiple-comparison test to compare the relative CFU
at 24 versus 6 hpi (P = 0.13) and at 48 versus 6 hpi (P = 0.06). (C) Average CFU = standard errors of the
means of endometrial organ cultures from each donor at 6 hpi. (D) Growth curve of the bacterial burden
over time for each endometrial donor (n = 8). Average CFU = standard errors of the means for each
donor at 24 and 48 hpi were normalized to data for the 6-h time point (P = 0.38 by ANOVA with repeated
measures). Additionally, data were analyzed with Dunnett’s multiple-comparison test to compare the
relative CFU at 24 versus 6 hpi (P = 0.70) and at 48 versus 6 hpi (P = 0.41).

RESULTS

Human decidua but not endometrium supports growth of L. monocytogenes.
We studied L. monocytogenes infection of the human decidua using primary human
organ cultures from decidual specimens ranging in gestational age from 6.0 to 14.3
weeks. Organ cultures were infected by incubation with 2 X 107 CFU of L. monocyto-
genes for 5 h, followed by the addition of gentamicin to the culture medium to kill
extracellular bacteria. At 6 h postinfection (hpi), the median bacterial burden in
decidual organ cultures was 3.8 X 103 CFU (range, 8.7 X 102 to 3 X 10° CFU/organ
culture; n = 15) (Fig. 1A), indicating that only ~0.02% of the inoculum was able to
invade decidual cultures. Subsequently, L. monocytogenes grew well in the decidua: the
median fold increase in CFU was 7-fold (range, 0.008- to 122-fold) at between 6 and 48
hpi (P = 0.06) (Fig. 1B). Not uncommon when working with primary human tissues,
there was strong variability in the bacterial burdens between tissues from different
donors. In the majority of decidual specimens (73%; 11/15), numbers of bacteria
increased at between 6 and 48 hpi by 2- to 200-fold, and the bacterial burdens were
unchanged in tissue from one donor and decreased by <0.06-fold (range, 0.008- to
0.06-fold) in tissues from 20% (3/15) of donors (see Fig. STA in the supplemental
material). We observed a weak but significant correlation between the bacterial burden
in the decidua and gestational age (> = 0.305; P < 0.05) (Fig. S1B).

To determine whether the course of infection in the decidua differs from that in the
nonpregnant endometrium, we established primary human endometrial organ cultures
from benign hysterectomy specimens. The median bacterial burden at 6 hpi in endo-
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FIG 2 Infectious L. monocytogenes foci in the stroma of human decidual organ cultures. (A to D)
Representative H&E-stained sections (top) and anti-L. monocytogenes IHC-stained sections (bottom) of
infected decidual organ cultures at 24 hpi (A to C) and 72 hpi (D). Symbols label glands (#) and vasculature
(%) embedded in decidual stroma. Bars, 250 um (A) and 25 um (B to D). (E and F) Representative
immunofluorescence microscopic images of infected decidual organ cultures at 72 hpi showing the
distribution of CD68* cells (red) and L. monocytogenes (green). Bars, 250 um (E) and 100 um (F).

metrial organ cultures from 8 donors was 4.2 X 10* CFU, which correlates with 0.2% of
the inoculum (range, 3.8 X 103 to 2 X 10° CFU in 7 donors and 1 outlier with only 10
CFU) (Fig. 1C). L. monocytogenes was unable to grow in the endometrium: the median
CFU in endometrial cultures decreased by 15.7-fold at between 6 and 48 hpi (Fig. 1D).

We next subjected infected decidual organ cultures to histological analysis. These
cultures showed typical decidual tissue architecture by hematoxylin and eosin (H&E)
staining, with epithelium-lined glands and endothelium-lined vasculature embedded in
decidualized stroma containing scattered immune cells (Fig. 2A, top). Immunohisto-
chemistry (IHC) for L. monocytogenes revealed organisms predominantly in stromal cells
in the vicinity of the vasculature at 24 hpi (Fig. 2A to C), progressing to larger zones of
infected stromal regions at 72 hpi (Fig. 2D). Immunofluorescence staining for CD68*
macrophages and L. monocytogenes revealed that macrophages did not accumulate
around bacterial foci (representative images are shown in Fig. 2E and F). Similar
microscopic studies could not be performed on endometrial specimens due to limited
tissue availability. Thus, we cannot determine whether the decreased bacterial burden
in endometrial cultures was correlated with a certain inflammatory cell pattern or a loss
of host cell viability. Nonetheless, these results raised the possibility that macrophages
might be unable to migrate to sites of L. monocytogenes infection within the human
decidua, as was previously reported for the murine decidua (29).

The decidua is a barrier to infection in vivo. We next turned to mouse models to
study decidual infection in vivo. Our previous demonstration that placental listeriosis
involves a bottleneck to infection within the pregnant uterus (25) left open the
question of whether the decidua itself limited L. monocytogenes infection. We therefore
infected mice bearing artificial deciduomas to eliminate the confounding effects of fetal
cells and tissues. Artificial deciduomas are masses of decidual tissue that form when an
artificial stimulus, such as needle scratching or oil, is applied to the endometrium in a
hormonally primed female (30). Importantly, deciduomas display biochemical, archi-
tectural, and immunological properties similar to those of true deciduas induced by the
implantation of blastocysts (31, 32). We used a common approach to generate decid-
uomas, namely, mating female mice with vasectomized males, followed 3 days later
(day 3.5 postcopulation [DPC3.5]) by intrauterine injection of sesame oil.

In our first set of experiments, we intravenously infected decidualized mice with a
bioluminescent wild-type L. monocytogenes strain called 2C (33) on DPC6.5. Ex vivo
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FIG 3 The decidua is a bottleneck in vivo. (A) Representative IVIS image of a decidualized uterus after
intravenous infection with 2 X 10° CFU of bioluminescent L. monocytogenes strain 2C. (B) Deciduoma-
bearing mice were infected intravenously with 4 X 10% CFU of wild-type (WT) L. monocytogenes on DPC6.5.
The graph shows CFU in individual deciduomas 24 hpi. (C) Ratio of GFP-positive (GFP) to GFP-negative
(wild-type) L. monocytogenes bacteria in spleen and individual deciduomas 24 h after intravenous infection
with a 1:1 ratio of both strains. The horizontal dashed line indicates a ratio of 1. (D) GFP and WT L.
monocytogenes CFU in individual deciduomas and spleen from one representative animal, prepared as
described above for panel C.

bioluminescence imaging at 24 hpi revealed well-decidualized uteri with distinct foci of
infection randomly distributed along the uterine horns (Fig. 3A). Next, we infected mice
intravenously with 4 X 10> CFU of our laboratory wild-type L. monocytogenes strain
10403S. The bacterial burden in individual deciduomas was highly variable, with a
range from 0 to 1.3 X 107 CFU at 24 hpi (Fig. 3B). The size of each deciduoma
(measured in weight) and anatomic position within the uterine horns did not account
for the observed variability in bacterial burdens (see Fig. S2 in the supplemental
material). Importantly, a similar variability in the decidual bacterial burden was ob-
served in pregnant mice intravenously injected on embryonic day 8.5 (E8.5) with green
fluorescent protein (GFP)-expressing L. monocytogenes, which allowed us to use GFP
positivity in live cells as a surrogate marker for intracellular infection. Consistent with a
decidual barrier to initial bacterial seeding in the pregnant model, the frequency of
GFP-positive (GFP*) CD45" cells varied by a factor of 560-fold in deciduas from
individual implantation sites (range, 0.02% to 11.2%) (Fig. S3).

To further characterize bacterial seeding of the decidua, we inoculated deciduoma-
bearing mice with a 1:1 ratio of two wild-type L. monocytogenes strains that differed
only in their abilities to express GFP. The total infectious dose was 4 X 10> CFU. As
expected, the ratio of GFP-positive to GFP-negative L. monocytogenes bacteria in the
spleen was 1.0, indicating that both wild-type strains colonized and grew equally well
in the murine spleen. In contrast, the ratio between both strains was skewed in the
deciduomas (Fig. 3C), indicating a low level of random seeding with few bacteria, i.e.,
a barrier to initial infection. Indeed, 35% of the deciduomas (26/74) contained a pure
culture of either GFP-positive or GFP-negative organisms. Critically, however, these
clonal cultures were observed in deciduomas with bacterial burdens as high as 1 X 10
organisms, suggesting that once colonized, the deciduas supported robust bacterial
growth (Fig. 3D). Together, these results corroborated the findings in primary human
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FIG 4 Uterine infection starts in discrete foci with infected CD45* and CD45~ cells. (A and B) Deciduoma-bearing mice were infected
intravenously with 1 X 10% GFP-expressing L. monocytogenes bacteria (LM-GFP) on DPC6.5. Infected cell populations were analyzed by
flow cytometry at 24 hpi and compared to uninfected controls (for the gating strategy, see Fig. S4 in the supplemental material). (A)
Percentages of live (Efluor506~) CD45~ and CD45+ cells (left) and GFP* subsets (right). (B) Percentages of GFP+ neutrophils, Ly6Chi Mos,
macrophages, and DCs. Shown are representative dot plots from 3 independent experiments. FSC, forward scatter. (C to G) Deciduoma-
bearing mice were infected intravenously on DPC6.5 with 2 X 105 WT L. monocytogenes bacteria and analyzed at 24 hpi. (C) Cartoon
depicting a decidualized uterus with the locations of all infectious foci (X). (D to G) Representative serial sections stained with H&E (D),
anti-L. monocytogenes IHC (E), and immunofluorescence (F and G) with DBA-lectin (red), L. monocytogenes (green), and DAPI (blue).
The bar in the low-power view is T mm. Rectangular boxes outline infectious foci that are displayed below at a higher magnification

(bar, 25 pum).

decidual organ cultures and indicated that the decidua is difficult to infect but once the
decidua is seeded, robust bacterial growth occurs.

L. monocytogenes infects both leukocytes and nonleukocytes in the decidua.
Next, we used flow cytometry to characterize early immune responses of the decidua
following infection with GFP-expressing L. monocytogenes. GFP™ cells were identified in
the deciduas of three of five deciduoma-bearing infected mice (Fig. 4A); in contrast, no
GFP* cells were detected in myometrial samples above the uninfected control back-
ground (data not shown). Decidual GFP™ cells included CD45™ leukocytes and a CD45~
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population, presumably comprised of decidual stromal cells, vascular endothelium,
and/or glandular epithelium. The CD45+ cells included neutrophils, Ly6C" Mos, mac-
rophages, and DCs (Fig. 4B; see also Fig. S4 in the supplemental material). By frequency,
the heaviest burden resided within neutrophils.

To enable histological analysis of infectious foci, we serially sectioned an entire
uterus at 24 hpi. Histology revealed foci of Gram-positive, rod-shaped bacteria in 3 of
22 deciduomas: single foci were identified in 2 deciduomas, while 4 noncontiguous foci
were uncovered in the third deciduoma. The locations of all infectious foci in the
deciduoma-bearing uterus are schematized in Fig. 4C. Four foci were located adjacent
to small vasculature at the decidual/myometrial border, one focus was detected in the
mesometrial lymphoid aggregate of pregnancy (MLAp), and one focus was located in
the stroma surrounding vascular channels in the mesometrial decidua. While statistical
analysis could not be performed for the single uterus that was sectioned in its entirety,
it is interesting to note that 4 of 6 foci were located at the decidual edge adjacent to
the myometrium.

Visualized by H&E and IHC staining, foci contained a variable density of karyorrhectic
debris, neutrophils, and L. monocytogenes bacteria (Fig. 4D and E). Inmunofluorescence
staining showed no change in the normal physiological distribution of cells that were
stained with Dolichos biflorus agglutinin lectin (DBA-lectin) (Fig. 4F and G). Notably, one
infectious focus was found in the MLAp among DBA-lectin™ cells (Fig. 4G). Uterine NK
cells did not form a ring around this infectious focus, and foci in other locations of the
decidua or myometrial-decidual border were not surrounded by DBA-lectin™ cells
either, suggesting that NK cells do not migrate toward infectious foci. Consistent with
previously reported findings (28), a robust mononuclear cell infiltrate in the decidua
was not appreciated, and CD68* macrophages did not accumulate at foci of infection
(Fig. S5).

Differential leukocyte dynamics in decidua versus myometrium. To gain insight
into why the decidua is prone to robust growth of L. monocytogenes, we assessed
changes in uterine leukocyte populations induced by infection. Previous studies
showed that the decidua and myometrium differ significantly at baseline in regard to
influx, migration, and blood-tissue partitioning of Mos, DCs, and lymphocytes (27, 34,
35). We thus characterized the tissue density of leukocyte subpopulations in the
decidua versus the myometrium in response to infection of artificially decidualized
mice.

Upon infection, we observed a significant reduction in the overall density of
leukocytes (CD45* cells) within the decidua at 24 hpi (mean, 2.0 X 10° cells/mg in
infected tissue versus 2.9 X 10° cells/mg in controls; P < 0.05) (Fig. 5A). This was mainly
due to decreases in the densities of three cell types: Ly6Ch' Mos (mean, 54 X 10°
cells/mg in infected tissue versus 1.0 X 106 cells/mg in controls; P < 0.05), B cells (mean,
3.7 X 10* cells/mg in infected tissue versus 1.4 X 10° cells/mg in controls; P < 0.0005),
and macrophages (means, 7.9 X 10* cells/mg in infected tissue and 1.6 X 10° cells/mg
in controls; P < 0.05). There was a small but insignificant increase in the decidual
neutrophil density, and the decidual DC density did not change after infection. In
contrast, in the myometrium, the overall density of CD45* cells did not significantly
change after infection (Fig. 5B), but there was a reduction in the density of both subsets
of DCs (for CD11b* DCs, mean of 2.5 X 10* cells/mg in infected tissue versus 4.1 X 10*
cells/mg in controls; for CD11b~ DCs, mean of 8.3 X 103 cells/mg in infected tissue
versus 1.5 X 104 cells/mg in controls [both P < 0.05]), consistent with their migration
to the draining lymph node. In contrast to the decidua, the density of Ly6Ch' Mos was
increased in the myometrium (mean, 2.0 X 10> cells/mg in infected tissue versus 8.6 X
10# cells/mg in controls; P < 0.05).

To ascertain why these observed shifts in immune cell densities were tissue layer
specific, we measured the levels of multiple chemokines semiquantitatively in decidual
and myometrial tissue homogenates at 24 hpi (see Fig. S6 in the supplemental
material). Most chemokines assayed were detected at higher levels in the myometrium
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FIG 5 Decidual and myometrial leukocyte densities in response to infection. Deciduoma-bearing mice
were infected intravenously with 4 X 10° wild-type L. monocytogenes bacteria on DPC6.5. (A and B)
Leukocyte densities in the decidua and myometrium were determined by flow cytometry at 24 hpi and
compared to the values for uninfected controls. (C) MCP-1 levels in the decidua and myometrium of
infected (right) and uninfected control (left) mice. *, P < 0.05; **, P < 0.005; ***, P < 0.0005 (as determined
by an unpaired t test with Welch correction). Data were obtained from at least 3 independent experi-
ments. M¢, macrophage.

than in the decidua. Notably, those chemokines that showed greater increases in the
myometrium than in the decidua included MCP-1, a CCR2 ligand known to be impor-
tant for the recruitment of Ly6C" Mos. Additional quantitative measurements showed
that MCP-1 levels were higher in the myometrium than in the decidua of both
uninfected (702 versus 404 pg/g tissue; P < 0.05) and infected (23,996 versus 7,798
pg/g tissue; P < 0.01) tissues, translating into mean MCP-1 ratios of 1.8 in uninfected
and 3.3 in infected myometrial versus decidual tissues (Fig. 5C). These MCP-1 gradients
would be expected to favor a preferential influx of Ly6C" Mos into the myometrium.

DISCUSSION

The present study describes the dynamics of decidual infection by L. monocytogenes,
a facultative intracellular bacterium that causes adverse pregnancy outcomes in
women and serves as a model organism to study infection of the maternal-fetal
interface. Surprisingly, we found that there is restricted bacterial colonization of both
human and mouse deciduas. Our data suggest a model whereby high-titer infection of
deciduomas in mice is derived from very few founding L. monocytogenes organisms
(Fig. 3C), and based on this, we now hypothesize that there are host barriers to initial
colonization of the decidua. Because hematogenous infection of the maternal-fetal
interface begins by microbial seeding of the decidua (3-7), restricted colonization of
the decidua may help to account for the bottleneck to infection previously identified
when the entire uterus and placenta were viewed together as a unit (36). We also show
that, once colonized, the decidua supports robust bacterial growth in association with
significant impairments in innate cellular immunity. Limited colonization, coupled with
rapid and robust bacterial growth once seeded, is expected to yield high variability in
the bacterial burdens among individual deciduomas in artificially decidualized mice or
implantation site deciduas in pregnant mice. Indeed, we observed a difference in the
bacterial burden measured at 24 hpi of almost 6 orders of magnitude for individual
deciduomas (Fig. 3B), and this is consistent with previous reports of L. monocytogenes
(28) and Brucella abortus (37) decidual infections.
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One possibility to explain the low initial colonization of the decidua is that decidual
stromal and/or endothelial cells possess certain cell-autonomous defense mechanisms.
This notion is supported by previous reports describing the detection of natural
antimicrobials such as beta-defensins 1, 2, and 3 and Elafin in human decidual speci-
mens (38, 39) and is furthermore consistent with the 10-fold decreased ability of L.
monocytogenes, supplied as extracellular organisms, to infect primary human decidual
organ cultures compared to endometrial organ cultures. However, as recently reviewed
by Anders et al. (40), more studies are needed to delineate the decidual stromal cell
response to organisms such as L. monocytogenes that cause placental infections.
Intriguingly, we recently reported results from a genomic screen that yielded ~200
listerial genes important for infection of the maternal-fetal interface (41). These genes
included a gene encoding a secreted listerial protein, internalin P, which strongly
promotes virulence at the maternal-fetal interface. It is attractive to hypothesize that
internalin P and perhaps some of the other identified genes are critical for decidual
infection. Future studies might now be designed to compare the relative infectivities of
different mouse tertiary tissues, such as decidua, lung, and kidney, and to test the
hypothesis that different virulence factors may promote virulence in these different
environments.

Alternatively, since experiments in pregnant guinea pigs suggested that L. mono-
cytogenes traffics to the maternal-fetal interface inside infected cells, rather than as
extracellular organisms (25), it is possible that the limited decidual seeding is also due
to inefficient access to the relevant host cells from the blood. The obvious candidates
are Ly6CM Mos, since these cells have been directly implicated in the spread of L.
monocytogenes to the murine brain (42, 43) yet show remarkably low rates of extrav-
asation into the murine decidua (27). In contrast, the myometrium of each implantation
site not only actively recruits Ly6Ch' Mos under physiological conditions through a
CCR2-dependent mechanism (27) but, as we demonstrate here, also shows increased
recruitment during infection in parallel with an increased expression level of MCP-1.
This chemokine is a key ligand for CCR2, which drives Ly6C" Mo recruitment to multiple
organs under a variety of conditions, including recruitment to the spleen in the
nonpregnant model of listeriosis (19). These findings are moreover consistent with
previously reported observations that the myometrium contains many more macro-
phages than the decidua and that macrophages are an important source of MCP-1 in
the pregnant uterus (27).

Provocatively, Ly6C" Mos are also critically important for host defense against L.
monocytogenes in murine liver and spleen (18, 22). Ly6C" monocytes are recruited to
the sites of infection, where they differentiate into Tip-DCs. Tip-DCs are the main source
of TNF-a at these infected tissue sites (18), and this cytokine potently activates
macrophage bactericidal activity (reviewed in reference 44) and synergizes with gamma
interferon (IFN-vy) and interleukin-6 (IL-6) to induce a listericidal capacity in infected
hepatocytes (45). Thus, the relatively low density of Ly6C" Mos within the decidual
parenchyma at baseline could make the decidua particularly vulnerable to listerial
growth once it becomes colonized. Furthermore, in contrast to the myometrium, Ly6C"
Mo densities in the decidua were decreased after infection. This cellular loss might be
explained by cell death or the release of endothelium-associated Mos back into the
bloodstream. Thus, our in vivo results suggest a model where Ly6Ch' Mos could play
divergent roles in the pathogenesis of listeriosis at the maternal-fetal interface: limited
recruitment to the decidua might protect this tissue from colonization but, once
infected, might leave it vulnerable to bacterial growth. We hypothesize that the
increased recruitment of monocytes that could differentiate into Tip-DCs within the
decidua might lead to a better control of decidual L. monocytogenes infection via
indirect effects of TNF-a on decidual macrophages and perhaps decidual stromal cells
as well as direct microbicidal activity via INOS. Future investigations should examine the
cytokine environment of the infected decidua, where, with the paucity of Ly6Ch
monocytes, we hypothesize that there is a relative deficiency of TNF-a. Additionally,
more investigation is needed to examine the intracellular course of L. monocytogenes
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decidual stromal cell infection and whether this is altered by the exposure of these cells
to TNF-a, a cytokine to which they have documented responsiveness (35). Interestingly,
Ly6Chi recruitment is important for the containment of other microbes, including
Toxoplasma gondii (46) and Mycobacterium tuberculosis (47), both of which can colonize
the maternal-fetal interface via the hematogenous route, suggesting that our findings
might also be relevant to other pregnancy-associated infections.

Similar to Ly6Ch" Mos, macrophage densities were also decreased within the infected
mouse decidua, while microscopic analysis of primary human decidual organ cultures
and the murine decidualized uterus revealed that macrophages did not accumulate
around bacterial foci. It must be noted that we did not formally establish that decidual
macrophages have the capacity to migrate within our cultures; however, others have
observed decidual macrophage migration in similar first-trimester organ cocultures of
decidua and placental villi (48). Furthermore, the impairments in macrophage migra-
tion within decidual tissue are in line with previous work by Redline and colleagues,
who demonstrated that macrophages do not localize near infectious foci in the
deciduas of artificially decidualized and pregnant mice (6, 23, 28). Those workers also
suggested that macrophage migration and responses might be constrained by the
unique composition of the decidual stromal extracellular matrix (29, 49), a property that
predicts that deficits in macrophage immunity could render the decidua vulnerable to
not just L. monocytogenes but also other pathogens. Intriguingly, over a century ago,
Alfred S. Warthin made the prescient observation that despite the presence of an
abundance of Mycobacterium tuberculosis bacteria in the deciduas of women suffering
from tuberculosis, granulomas, the histological hallmark of tuberculosis in all other
tissues, were not present in the deciduas (50). In contrast, granulomas were observed
in placental villi. While these observations are consistent with an absence of functional
Th1 cells in the human decidua, they also raise the possibility of impaired macrophage
differentiation and migration.

We also examined decidual NK cell localization relative to infectious foci because
early accumulation of NK cells occurs at splenic foci, where NK cell-derived IFN-y is
important for macrophage activation (51). Bacterial foci in the decidualized uterus
showed no evidence of DBA-lectin™ cell accumulation. Since DBA-lectin reactivity
specifically identifies only the majority population of decidual NK cells (52), we cannot
rule out the possibility that there is an accumulation of a minor population of
DBA-lectin-negative decidual NK cells (53) or peripheral NK cells. However, the lack of
NK cell accumulation is consistent with previous work on NK cell-deficient IL-15~/~
mice that strongly argued against a role for these cells in protection against uteropla-
cental listeriosis (54).

The findings of restricted initial access of L. monocytogenes to the decidua followed
by unfettered bacterial proliferation without host immune control beautifully illustrate
the competing demands imposed upon the decidua in its dual function in reproduction
and host defense and are consistent with the various ways in which the decidua has
attenuated the function of indwelling immune cells to minimize potential damage to
the conceptus (27, 34, 35). Moreover, dividing the pathogenesis of decidual listeriosis
into two phases may explain the key clinical features of its downstream outcome,
placental listeriosis. Thus, while placental listeriosis is relatively rare, with recently
reported incidence rates of 2.80 and 12.40 cases per 100,000 in non-Hispanic and
Hispanic women, respectively (55), it generates significant neonatal morbidity and
mortality often associated with the generation of large placental abscesses containing
L. monocytogenes (56). This kind of two-tiered pattern is similar to what is seen with
other pathogens that colonize the placenta via the maternal bloodstream, suggesting
that the features of the decidua dissected here might be broadly relevant.

Importantly, the above-described view of decidual/placental listeriosis is able to
explain the heightened susceptibility of pregnant women to L. monocytogenes infection
without invoking a role for immune suppression at the systemic level. Previous studies
considering the possibility that pregnancy may confer a systemic state of immunosup-
pression demonstrated that pregnant mice with reduced regulatory T (Treg) cell
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numbers show not only improved bacterial clearance when infected with L. monocy-
togenes but also frequent abortion, although the mechanism of abortion is unclear (57,
58). Those studies, however, neither examined the bacterial burdens within the decidua
and myometrium nor considered the possibility that pregnant mice are unable to clear
L. monocytogenes because the infected decidua, insulated from the maternal immune
system, might provide a source of organisms that perpetually seed the blood (25). Thus,
Treg cell depletion during pregnancy might improve bacterial clearance not because it
derepresses the maternal immune system but because it causes abortion through
as-yet-defined mechanisms and thus removes the source of infection. This view is
consistent with observations that pregnant women are not generally more susceptible
to infection but rather are specifically susceptible to a select group of organisms that
infect the maternal-fetal interface, including L. monocytogenes (59). This view is also
consistent with observations that maternal vaccination is effective, if not enhanced,
during gestation (60-62) and that CD8* T cell responses to viral antigens are not
significantly diminished in pregnant versus nonpregnant mice (63). These consider-
ations thus underscore the importance of further research into intrauterine mecha-
nisms that promote or impede the colonization and growth of organisms that seed the
maternal-fetal interface from the blood. Such studies might take advantage of manip-
ulating L. monocytogenes virulence factors that render the organism capable of decid-
ual infection.

MATERIALS AND METHODS

Ethics statement. This work was conducted according to Declaration of Helsinki principles. The use
of human tissue was approved by the Institutional Review Board (IRB) (approval number 11-05530). All
patients provided written informed consent for the collection of samples and subsequent analysis.
Experiments with artificially decidualized mice were performed at the University of California—San
Francisco (UCSF), and approved by the Institutional Animal Care and Use Committee (approval number
AN101524-02) at UCSF. Experiments with pregnant mice were performed at NYU School of Medicine and
approved by the NYU Institutional Animal Care and Use Committee.

Preparation of human organ cultures. Deidentified decidual specimens from elective terminations
(gestational age, 6.0 to 14.3 weeks) were collected. Deidentified endometrial specimens from benign
hysterectomies were freshly acquired from the UCSF-NIH Human Endometrial Tissue and DNA Bank (64).
Briefly (see reference 65 for the complete protocol), 2-mm?3 fragments of decidua parietalis or endome-
trium were microdissected; placed onto Transwell filters (30-mm diameter, 0.4 wm, hydrophilic poly-
tetrafluoroethylene [PTFE] membrane; Millipore) precoated with 0.1 ml Matrigel (BD Biosciences); and
immediately cultured in Dulbecco modified Eagle medium (DMEM)-F-12 medium (1:1, vol/vol) with
Gibco GlutaMAX (Thermo Fisher Scientific) supplemented with 2.5% fetal bovine serum, 100 IU/ml penicillin,
100 pg/ml streptomycin, 50 ug/ml gentamicin, and 1.25 pg/ml amphotericin B (Thermo Fisher Scientific).
Explants were cultured at 37°C in 21% O, and 5% CO,. Medium was changed every 24 to 48 h.

Bacterial strains. The wild-type L. monocytogenes strain was 10403S or 10403S expressing GFP (66,
67). Bioluminescent L. monocytogenes strain 2C, constructed by using the /ux-kan hybrid transposon of
plasmid pAUL-A Tn4001 luxABCDE Km" as previously described (33), was kindly provided by Jonathan
Hardy.

Infection of human organ cultures. Bacteria were cultured in brain heart infusion (BHI) broth (BD)
at 30°C and washed three times with phosphate-buffered saline (PBS) prior to dilution. The intracellular
growth and spread of L. monocytogenes were assayed as previously described (68), with the following
minor modifications: at the indicated times after infection, organ cultures were removed and homoge-
nized in 1 ml distilled water (dH,O) supplemented with 0.1% Triton X-100 (Sigma-Aldrich) by using a
Kimble-Chase Kontes pellet pestle (Sigma-Aldrich), and aliquots were plated on BHI agar (BD) and
cultured at 37°C for the enumeration of CFU.

Mice. (i) Deciduoma induction. B6CBAF1/J females (aged 8 to 12 weeks; Jackson Laboratories) were
used in all experiments because of the high fecundity of this strain. Females were mated to vasectomized
ICR males (Taconic Farms) to initiate the hormonal state that supports decidualization. Mice were
monitored daily for copulation plugs, and noon of that day was designated “day 0.5 postcopulation” or
DPCO.5. This designation corresponds to the standard of days postconception but acknowledges that the
mice do not actually become pregnant. Deciduomas were induced by intraluminal uterine infusion of 20
wul sterile sesame oil (Sigma-Aldrich) on DPC3.5 via a nonsurgical, transcervical approach detailed
previously (34). After infection, daily subcutaneous injection of 2 mg progesterone (Sigma-Aldrich) was
administered to maintain the decidua after the loss of ovarian function secondary to systemic inflam-
mation (69).

(ii) Pregnant mice. Animals were purchased from Taconic Farms. All mating experiments used virgin
B6CBAF1/) females and C57BL/6 males; noon of the day of the copulation plug was counted as EO.5.

(iii) Infection. Bacteria were cultured in BHI broth to exponential phase, and aliquots were frozen in
BHI medium with 4% (vol/vol) glycerol and used within 1 year of freezing. On the day of infection,
bacterial aliquots were thawed, rinsed three times, and diluted in sterile PBS to the indicated doses. Mice

August 2017 Volume 85 Issue 8 €00153-17

Infection and Immunity

iaiasm.org 11


http://iai.asm.org

Rizzuto et al.

were inoculated intravenously in a volume of 0.2 ml via the lateral tail vein. Deciduoma-bearing mice
were infected on DPC6.5. When indicated, littermate control B6CBAF1/J females were infected in parallel.
Pregnant mice were infected with 1 X 10° GFP-expressing L. monocytogenes bacteria on E8.5. The
infectious dose was confirmed by serial dilution on BHI agar. Mice were sacrificed at the indicated times
postinfection, and organs were harvested in a sterile fashion. For the determination of bacterial burden,
organs were homogenized in sterile PBS with 0.05% Triton X-100 (Sigma-Aldrich) by using a T25 digital
Ultra-Turrax instrument (IKA), and serial dilutions were plated onto BHI agar.

Cell preparation and flow cytometry for leukocyte density determination. For the determination
of decidual and myometrial tissue densities by flow cytometry, the harvested uterine tissues were
processed as previously described (34). Briefly, uteri were immediately placed into cold Ca?*/Mg?*-
replete Hanks' balanced salt solution (HBSS), the decidua and myometrium were separated and weighed,
and tissues were finely minced. Minced tissues were enzymatically digested at 37°C in Ca2*/Mg?*-replete
HBSS with 0.28 Wunsch units of Liberase and 30 pg/ml DNase | (Roche) for 30 min with periodic mixing,
rinsed in Ca2*/Mg2*-free PBS with 5 mM EDTA (Corning), and reincubated in the same manner with
Ca2*/Mg>*-replete HBSS buffer and digestion enzymes. Samples were filtered through a 70-um cell
strainer, and red blood cells (RBCs) were lysed with RBC lysis buffer (eBioscience). Total viable cells were
assessed manually on a hemocytometer with trypan blue exclusion. The density of each leukocyte subset
was calculated as [(total cells) X (flow cytometric frequency)l/tissue weight in milligrams.

Prior to antigen-specific staining, cells were incubated in FcyR block (clone 2.4G2; BD Biosciences).
Populations were subtyped by using fluorochrome-conjugated antibodies specific for murine major
histocompatibility complex class Il (MHC-Il) (M5/114.15.12), CD45 (30-F11), CD19 (1D3), CD11b (M1/70),
Ly6C (HK1.4), F4/80 (BM8; C1:A3-1), Gr-1 (RB6-8C5), and CD11c (N418), purchased from BD Biosciences,
eBioscience, Tonbo Biosciences, or BioLegend. Dead cells were identified by 4’,6-diamidino-2-
phenylindole (DAPI) (Affymetrix) or Fixable Dead Cell Viability Dye eFluor-506 (eBioscience) staining.
Fluorescence compensation controls were prepared with an anti-rat and anti-hamster Ig,x/Negative
Control Compensation Particles set (BD Biosciences), and samples were acquired by using FACSDiva
software on a BD Fortessa or LSRII machine (BD Biosciences) and analyzed by using FlowJo (Tree Star) or
FCS Express (De Novo Software) software.

Bioluminescence imaging for bacterial localization. Uteri from deciduoma-bearing mice were
harvested in cold PBS at 24 hpi with 2 X 106 L. monocytogenes strain 2C bacteria. Uteri from control
deciduoma-bearing uninfected animals were harvested at DPC6.5 to DPC7.5. Organs were imaged on
petri dishes in an IVIS (in vivo imaging system) Spectrum instrument (PerkinElmer) and with Living Image
software, with an exposure time of 3 min, a binning factor of 8, and F-stop of f/1.

Immunohistochemistry. (i) Mouse. The uterus from a deciduoma-bearing mouse infected with 2 X
10° wild-type L. monocytogenes bacteria was harvested at 24 hpi and immediately fixed in fresh 10%
neutral buffered formalin for 24 h. With a clean scalpel, the uterus was sliced between each deciduoma,
generating 22 total deciduomas, which were processed and paraffin embedded according to standard
techniques. Serial 5- to 7-um sections were generated on a microtome and placed onto glass slides (2
to 3 sections per slide). Screening for bacterial foci was conducted by staining one in every five slides
with either H&E or McDonald’s Gram stain kit (American MasterTech), and slides were evaluated twice at
high power by a pathologist (G.R.). We estimated that this should enable the detection of all infectious
foci measuring at least 35 um. The presence of rod-shaped organisms and/or focal hypercellularity
defined suspected foci. These suspected foci were confirmed by immunohistochemistry on adjacent
tissue sections using polyclonal rabbit Listeria O antiserum (BD Difco). Whole slides were imaged at a X40
magnification on an Aperio ScanScope XT instrument (Leica Biosystems).

(ii) Human. At the indicated times postinfection, decidual organ cultures were rinsed three times in
PBS and immediately fixed in fresh 10% neutral buffered formalin for 24 to 48 h. Tissue was processed
and paraffin embedded, and serial 5-um sections were generated. Immunohistochemistry was per-
formed by using polyclonal rabbit Listeria O antiserum (BD Difco).

Immunofluorescence. (i) Mouse. Paraffin-embedded tissue sections from the mouse uterus de-
scribed above were utilized for DBA-lectin and anti-CD68 immunostaining. For DBA-lectin staining,
antigen retrieval was performed by incubating deparaffinized slides in IHC-Tek Epitope Retrieval solution
(IHC World) for 40 min using an IHC-Tek Epitope Retrieval Steamer set. For CD68 staining, antigen
retrieval was performed in citrate buffer (pH 6) at 110°C. For blocking, slides were incubated in
Background Buster (Innovex Biosciences) or with donkey serum. For primary staining, biotinylated
DBA-lectin (1:1,000; Vector Laboratories) or anti-CD68 (polyclonal rabbit, 1:2,000; LifeSpan BioSciences)
and polyclonal rabbit Listeria O antiserum (1:500; BD Biosciences) were incubated overnight in PBS with
1% bovine serum albumin (BSA), 0.4% Triton X-100 (Sigma-Aldrich), and 5% normal goat or donkey
serum (Jackson ImmunoResearch Laboratories) at 4°C. Secondary staining was performed with Alexa
Fluor 568-streptavidin (1:200; ThermoFisher Scientific) or donkey anti-rabbit-horseradish peroxidase
(HRP) (1:200; Jackson ImmunoResearch) with biotin-tyramide amplification, Alexa Fluor 594-streptavidin
(1:200; Life Technologies), and Alexa Fluor 488 goat anti-rabbit (1:500; ThermoFisher Scientific). Nuclei
were stained with DAPI (Affymetrix), and sections were mounted in Vectashield mounting medium
(Vector Laboratories). Stitched images were acquired on a Nikon Ti-E epifluorescence microscope with a
DS-Ri2 camera and NIS-Elements 4.30 software (Nikon) or with a Keyence BZ-X700 fluorescence micro-
scope and BZ-X Analyzer software (Keyence).

(ii) Human. Paraffin-embedded tissue sections from the decidual organ cultures described above
were utilized for anti-CD68 immunostaining. Antigen retrieval was performed by incubating deparaf-
finized slides in citrate buffer (pH 6) in a microwave pressure cooker for 12 min. Slides were blocked with
goat serum, and primary staining was performed with anti-CD68 (mouse clone PGM1, 1:100; Agilent
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Technologies) and polyclonal rabbit Listeria O antiserum, as described above. Secondary staining was
performed with Alexa Fluor 488 goat anti-rabbit and Alexa Fluor 594 goat anti-mouse (1:200; Thermo-
Fisher Scientific), nuclei were counterstained with DAPI, and sections were mounted in Vectashield.
Stitched images were acquired with a Keyence BZ-X700 instrument.

Cytokine measurements. For cytokine analysis, organs were harvested in cold Ca2*/Mg?*-replete

HBSS, and the decidua and myometrium were separated. Samples were henceforth maintained on ice
during processing. Tissues were homogenized by using a T25 digital Ultra-Turrax instrument (IKA) in
sterile PBS with a complete EDTA-free protease inhibitor cocktail (Roche) and centrifuged, and super-
natants were frozen in 1% Triton X-100 (Sigma-Aldrich). The MCP-1 levels were measured with a BD
Cytometric Bead Array (CBA) Mouse Inflammation kit (BD Biosciences). Samples were prepared according
to the manufacturer’s protocols, acquired by using FACSDiva software on a BD Fortessa or LSRIl machine
(BD Biosciences), and analyzed by using FlowJo (Tree Star), with best-fit standard curves generated by
using PRISM software (version 6.0; GraphPad).

described above for cytokine analysis.

Chemokine measurements. For chemokine analysis, organs were harvested and homogenized as

The protein concentration was determined with a Pierce bicinchoninic acid (BCA) protein assay kit

(ThermoFisher Scientific). The relative levels of selected mouse chemokines in infected and uninfected
decidual and myometrial tissue lysates were determined with a Proteome Profiler Mouse Chemokine
Array kit (R&D Systems) according to the manufacturer’s protocols. Pixel densities on developed X-ray
film were scanned, analyzed with FlJI software to determine the average pixel density (signal) for each
chemokine, and normalized to control spots.

Statistical analysis. Statistical tests (Student t test, analysis of variance [ANOVA] with repeated-

measures and Dunnett’'s multiple-comparison tests, and Pearson r) were performed where indicated in
the figure legends (PRISM software version 6.0; GraphPad). P values of =0.05 were considered significant.
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