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ABSTRACT Placental immunity is critical for fetal health during pregnancy, as invading
pathogens spread from the parental blood to the fetus through this organ. However,
inflammatory responses in the placenta can adversely affect both the fetus and the
pregnant person, and the balance between protective placental immune response and
detrimental inflammation is poorly understood. Extracellular vesicles (EVs) are mem-
brane-enclosed vesicles that play a critical role in placental immunity. EVs produced by
placental trophoblasts mediate immune tolerance to the fetus and to the placenta itself,
but these EVs can also activate detrimental inflammatory responses. The regulation of
these effects is not well characterized, and the role of trophoblast EVs (tEVs) in the
response to infection has yet to be defined. The Gram-positive bacterial pathogen
Listeria monocytogenes infects the placenta, serving as a model to study tEV function in
this context. We investigated the effect of L. monocytogenes infection on the production
and function of tEVs, using a trophoblast stem cell (TSC) model. We found that tEVs
from infected TSCs can induce the production of the proinflammatory cytokine tumor
necrosis factor alpha (TNF-a) in recipient cells. Surprisingly, this tEV treatment could
confer increased susceptibility to subsequent L. monocytogenes infection, which has not
been reported previously as an effect of EVs. Proteomic analysis and RNA sequencing
revealed that tEVs from infected TSCs had altered cargo compared with those from
uninfected TSCs. However, no L. monocytogenes proteins were detected in tEVs from
infected TSCs. Together, these results suggest an immunomodulatory role for tEVs dur-
ing prenatal infection.
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The placenta is a remarkable organ in which the immune system plays a precarious role,
balancing protective responses and potentially deleterious inflammation. The maternal

decidua is an altered immune environment that permits the development of the semiallo-
geneic placental tissues and fetus, and some pathogens exploit this immunosuppressed
site, invading and replicating inside the placenta. Placental pathogens include viruses, para-
sites, and bacteria (1). One such organism is the Gram-positive bacterium Listeria monocyto-
genes (2). This facultative intracellular parasite is the causative agent of listeriosis, an illness
that affects approximately 1,600 people annually in the United States, resulting in around
300 deaths (3). Listeriosis typically afflicts the immunocompromised, with pregnant people
being especially at risk (4). Prenatal listeriosis can lead to spontaneous abortions, stillbirths,
and birth defects, while the pregnant person may show only mild symptoms (5). People ini-
tially ingest L. monocytogenes with contaminated food, such as deli meats, soft cheeses, and
other dairy products. It escapes from the gastrointestinal tract and into the bloodstream,
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where it disseminates throughout the body and invades the liver, spleen, and the placenta
(6). This pathogen has a well-characterized intracellular life cycle which allows it to spread
throughout host tissues, within monocytes and other cells. L. monocytogenes enters the cell
either by phagocytosis or by means of internalins, which are virulence factors that bind host
surface proteins and induce uptake (7). Once inside the cell, L. monocytogenes is first con-
tained in a phagosomal vacuole, which it lyses by means of the cholesterol-dependent
cytolysin listeriolysin O (LLO), gaining access to the cytosol (8). In the cytoplasm, L. monocy-
togenes scavenges the host for nutrients and replicates. Eventually, the bacterium hijacks
and polymerizes host actin to create actin rockets, which facilitate intracellular motility and
entry into neighboring cells, where it restarts this process (9, 10). Importantly, the ability of L.
monocytogenes to replicate intracellularly allows it to undergo cell-to-cell spread in tropho-
blasts, breaching the placental barrier while minimizing exposure to the extracellular envi-
ronment (6).

A coordinated cell-mediated immune response is critical to resolve L. monocyto-
genes infection (11). A recently discovered mechanism that could play a role in media-
ting cellular immunity is intercellular communication mediated by extracellular vesicles
(EVs). EVs are small (50 to 1,000 nm) membrane-enclosed vesicles that are secreted by
nearly every type of cell in the human body and across all domains of life (12). Two of
the major types of EVs in eukaryotes have been historically designated exosomes and
microvesicles, which are differentiated based on how they are formed. Exosomes are
smaller (50 to 150 nm) and form by the inward folding of the plasma membrane.
Multiple vesicles form in multivesicular endosomes (MVEs), which translocate to the
cell membrane, leading to membrane fusion and the release of the exosomes to the
extracellular environment. Microvesicles, which have a wider range in size (100 to
1,000 nm), are formed by the outward budding of the plasma membrane directly into
the extracellular space (13).

EVs play a critical role in placental development and immune regulation during preg-
nancy. The number of EVs per volume of blood in a healthy mother greatly increases during
pregnancy, and the majority of these EVs originate from fetal trophoblasts (14). Trophoblast
EVs (tEVs) have been found to carry immunoregulatory molecules, presumably suppressing
the immune response to allow for the successful development of the fetus (15). However,
tEVs also play a detrimental role during placental disease, such as preeclampsia (16, 17).

The role that EV-mediated communication plays during intracellular bacterial infections
has been explored only recently, with a select number of pathogens, and the role of tEVs
during prenatal infection is unknown. Mycobacterium-infected macrophages produce EVs
that carry bacterial components, such as RNA, proteins, and glycopeptidolipids (18–20).
EVs from Salmonella enterica serovar Typhimurium-infected macrophages carry Salmonella
proteins and induce the production of proinflammatory cytokines through Toll-like recep-
tor 2 (TLR2)- and TLR4-dependent mechanisms (21). Additionally, mice treated with EVs
from S. enterica-infected cells generated antibodies against proteins found on the EVs, spe-
cifically Salmonella outer membrane proteins (22). EVs from L. monocytogenes-infected
macrophages carry bacterial DNA, and this response is dependent on the DNA-sensing
cGAS-STING system (23). These findings show that EVs play a potential role in immune
responses to intracellular bacterial infection. The purpose of the work presented here is to
begin to decipher the immunological role of tEVs produced in response to L. monocyto-
genes placental infection. Toward that end, we determined the effects of L. monocytogenes
infection on tEV production, on the ability of tEVs to alter target immune cells, and on tEV
RNA and protein content.

We used an L. monocytogenes-infected trophoblast stem cell (TSC) system to model pla-
cental infections and tEV production and function. tEVs isolated from infected TSCs stimu-
lated the production of the proinflammatory cytokine tumor necrosis factor alpha (TNF-a)
in recipient macrophage-like cells. Unexpectedly, we observed that cells became more sus-
ceptible to L. monocytogenes infection after the tEV treatment. Using an untargeted proteo-
mics approach, we found that tEVs from infected and uninfected TSCs had distinct protein
profiles, with the infected tEVs containing more unique protein signatures than tEVs from
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uninfected TSCs. Ribosomal and other RNA binding proteins were increased in the tEVs by
infection. However, in contrast to previous studies using macrophages, no bacterial
proteins were found. RNA sequencing on the EVs revealed many mRNAs that were overre-
presented in the tEVs from infected cells, including genes involved vasculogenesis and
morphogenesis, which are processes involved in placental development. These data sug-
gest that infection changes the tEVs produced in the placenta, which may lead to an
altered immune response.

RESULTS
Characterization of tEVs from infected TSCs. Trophoblast stem cells (TSCs) from

C57BL/6 mice were used to model placental infections. TSCs were infected with L.
monocytogenes at a multiplicity of infection (MOI) of 100, and fluorescence microscopy
was used to visualize the infection at 24 h postinfection (hpi), confirming that L. mono-
cytogenes can indeed infect these cells, as well as replicate and polymerize actin in this
time frame (Fig. 1A). Additional infection of TSCs with a bioluminescent L. monocyto-
genes strain confirmed that the bacteria are replicating at 24 hpi and continue to repli-
cate beyond this time point (see Fig. S1A and B in the supplemental material). These
results show that TSCs are infected readily with L. monocytogenes, albeit in a longer
time frame than J774 macrophages or other professional phagocytes (24).

Differentiated trophoblasts. In the mouse placenta, TSCs differentiate into differ-
ent trophoblast types, such as syncytiotrophoblasts (SynTs) and trophoblast giant cells
(TGCs), to serve various functions. Previous studies found that the removal of the
growth factors FGF-4 and activin, which are used to continue the proliferation of TSCs,
pushes the cells toward the TGC phenotype. Additionally, the addition of retinoic acid
(RA), the active derivative of vitamin A, leads cells toward TGC differentiation (25).
Similarly, the activation of the Wnt pathway differentiates TSCs to SynTs (26). Here, we
tested if the differentiation of TSCs altered their susceptibility to L. monocytogenes
infection. We treated TSCs with either growth factors (GFs), base media (BM) alone,
5 mM RA, or 3 mM CHIR99021 (CHIR). The cells that received RA or CHIR did not receive
any GFs. CHIR is an activator of the Wnt pathway, a cascade that is involved in many
functions throughout the body, is required for proper placental development, and
leads to the development of SynTs, where BM and RA treatments produced TGCs (25,
26). After 96 h, we infected the differentiated trophoblasts with bioluminescent L.
monocytogenes to determine if there was any difference in susceptibility. We found
that the differentiated trophoblasts were much more resistant to L. monocytogenes
than TSCs grown with GFs, whether the TSCs were treated with BM alone, RA, or CHIR
(Fig. S1C). Because L. monocytogenes replicates in trophoblasts in vivo (27), we wished
to determine the effects of L. monocytogenes replication on tEV production, so we
used undifferentiated TSCs for the characterization here. However, the effect of L.
monocytogenes treatment on differentiated TSCs is of interest and is the subject of
ongoing studies.

TSCs produce tEVs. At 24 hpi, the medium from uninfected and L. monocytogenes-
infected TSCs was collected, and large tEVs (L-tEVs) were isolated by collecting the
vesicles from the top of the 0.22-mm filter, while small tEVs (S-tEVs) were purified by
ultracentrifugation at 100,000 � g. EV preparations have often been referred to as
microvesicles and exosomes, but as these entities are formed by distinct processes and
are not just differentiated based on their size, we will refer to our separated samples as
L-tEVs and S-tEVs throughout this report (28). Transmission electron microscopy (TEM)
on the tEV preparations show the distinctive round shape in both vesicle preparations
(Fig. 1B and C). The TEM images do show S-tEVs and L-tEVs that appear to be a similar
size to each other despite the different isolation methods. A possible explanation for
this finding is that the L-tEV preparations have a more diverse population in the size of
EVs isolated. To determine if the infection altered tEV production, we performed nano-
particle tracking analysis on them using a Zetaview instrument (see Fig. S2A to D in
the supplemental material). We found that infection decreased the number of L-tEVs
produced by TSCs but did not affect the number of S-tEVs (Fig. 1D). In addition,
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infection did not alter the size of either L-tEVs or S-tEVs (Fig. 1E). Thus, L. monocyto-
genes differentially affected tEV production, decreasing the number of L-tEVs isolated.

tEV-mediated stimulation of macrophages. L. monocytogenes infections lead to a
proinflammatory response that is necessary to control the infection, with infected cells

FIG 1 Extracellular vesicles from L. monocytogenes-infected TSCs. (A) Trophoblast stem cells (TSCs) from C57BL/6 mice were infected with
GFP-expressing L. monocytogenes at a multiplicity of infection (MOI) of 100:1. At 24 h postinfection, the cells were fixed and stained with
DAPI (blue) and rhodamine phalloidin (Red) which bind to DNA and polymerized actin, respectively. The cells were later imaged with an
Olympus FluoView scanning confocal light microscope. The scale bar is 20 mm. (B, C) Transmission electron microscopy images of L-tEVs
(B) and S-tEVs (C) from L. monocytogenes-infected TSCs. (D, E) TSC-derived EVs were analyzed by nanoparticle tracking analysis that gives
the concentration and size distribution of the nanoparticles. The concentration (D) and mean size (E) of the tEVs with and without infection
are given. Comparisons were conducted using Student’s t test; *, P , 0.05; ns, not significant.
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producing cytokines, such as TNF-a (11). We hypothesized that tEVs can induce a simi-
lar proinflammatory response to L. monocytogenes infection. To test this hypothesis,
we treated J774 and RAW 264.7 macrophage-like cells with 5 � 106 tEVs derived from
uninfected and infected TSCs, and after 24 h, the TNF-a levels were measured using
the enzyme-linked immunosorbent assay (ELISA). We found that RAW 264.7 cells
treated with L-tEVs or S-tEVs derived from L. monocytogenes-infected cells resulted in
the induction of TNF-a, while the treatment with phosphate-buffered saline (PBS) or
tEVs from uninfected cells showed little TNF-a production (Fig. 2A). J774 cells, on the
other hand, showed a significant increase of TNF-a only when treated with L-tEVs
derived from infected cells, but not with S-tEVs from infected cells at the same concen-
tration (Fig. 2B). These results demonstrate that tEV function is altered by L. monocyto-
genes infection of TSCs and that this alteration is tEV subtype specific and cell specific.

EVs have been proposed as vaccines because of their ability to stimulate macro-
phages and induce antigen-specific memory (29–31). Additionally, macrophage activa-
tion causes increased resistance to L. monocytogenes infection (32). We hypothesized
that macrophages activated by the tEVs would become more resistant to L. monocyto-
genes infection. We again treated RAW 264.7 and J774 cells with 5 � 106 S-tEVs, and af-
ter 24 h, they were infected with bioluminescent L. monocytogenes. In J774 cells, there
was no difference in L. monocytogenes growth (Fig. 3A). This result was expected since

FIG 2 tEVs from L. monocytogenes-infected TSCs induce TNF-a production. A total of 5 � 105 RAW 264.7 (A) and
J774 (B) macrophage-like cells were treated with 5 � 106 tEVs from uninfected and L. monocytogenes-infected TSCs,
and the production of tumor necrosis factor a (TNF-a) was measured using enzyme-linked immunosorbent assay
(ELISA). Comparisons were done using the Student’s t test; **, P , 0.01; ****, P , 0.0001.
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these tEVs failed to induce TNF-a production in J774 cells. However, we found that
treatment with S-tEVs from uninfected TSCs increased the susceptibility of RAW 264.7
cells to infection. Surprisingly, treatment with tEVs from infected cells made the RAW
264.7 cells even more susceptible to infection (Fig. 3B). This result was unexpected,
and as far as we are aware, this report is the first to demonstrate that EVs can induce
macrophages to become more susceptible to infection. This effect was not limited to

FIG 3 tEVs from L. monocytogenes-infected TSCs make cells susceptible to L. monocytogenes infection.
(A to D) A total of 5 � 105 J774 cells (A), RAW 264.7 cells (B), BMDMs (C), and TSCs (D) were treated
with 5 � 106 S-tEVs. After 24 h, the cells were infected at an MOI of 10 (A, B, C) or an MOI of 100 (D)
with mid-log phase bioluminescent L. monocytogenes. The cells were imaged using the PerkinElmer in
vivo imaging system (IVIS). Each group consisted of six replicates. At each time point, the EV groups
were compared using Tukey’s post hoc multiple-comparison test. The stars indicate the any statistical
difference between the 1 Listeria and PBS groups; *, P , 0.05; **, P , 0.01; ****, P , 0.0001.
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cell lines. Bone marrow-derived macrophages (BMDMs) also became more susceptible
to infection with tEV treatment, especially with those from L. monocytogenes-infected
cells; albeit the differences were not seen until later time points (Fig. 3C). Additionally,
tEV treatment also increased TSC susceptibility to L. monocytogenes infection (Fig. 3D),
although this effect was less prominent than that of macrophage-like cells. Overall, we
found that S-tEVs from infected TSCs can increase susceptibility to infection, which was
an unexpected effect.

Treatment of mice with tEVs. Our in vitro results suggest that tEVs from L. monocyto-
genes-infected TSCs make macrophages more susceptible to L. monocytogenes infection.
However, tEV treatment also induced TNF-a. We therefore sought to determine the effect
of tEV pretreatment on in vivo infection and whether tEVs would exacerbate the infection
as indicated by the macrophage result or lessen the infection due to the induction of cyto-
kines. We treated BALB/c mice intravenously (i.v.) with 108 S-tEVs from uninfected or
infected TSCs or an equivalent amount of PBS. At 24 h later, 104 bioluminescent L. monocy-
togenes was inoculated into the mice through i.v. injection. At 72 h postinfection, the ani-
mals were imaged using in vivo imaging system (IVIS) imaging to quantify bacterial growth
(see Fig. S3A in the supplemental material). The spleens from the animals were also col-
lected and serially plated to determine CFU. There was no difference in the biolumines-
cence of the infection with any of the tEV conditions (Fig. S3B), and although there was a
slight decrease in spleen CFU recovered with tEVs from infected TSCs, this finding was not
statistically significant (Fig. S3C). Taken together, tEV pretreatment does not significantly
affect the susceptibility of nonpregnant mice to L. monocytogenes infection. Whether tEVs
affect infection in the context of pregnancy is the subject of ongoing experiments.

Proteomic analysis of the effect on infection on tEVs. EVs carry a wide range of
signaling molecules to deliver to recipient cells (33). We performed a proteomic analy-
sis to determine if L. monocytogenes infection alters the protein profile of S-tEVs. Using
shotgun tandem mass spectrometry, we found that there were many more unique pro-
teins identified in S-tEVs from infected TSCs (331 proteins) than those in S-tEVs from
uninfected cells (13 proteins). Additionally, in proteins that were shared between the 2
tEV groups (187 proteins), there were often more peptides identified in the infection
condition, indicating larger amounts of that protein being transported in the tEVs from
infected TSCs. Ribosomes, histones, and tubulin proteins are some of the categories
where there were increased amounts in the infected tEVs. The full list of proteins that
had at least a 2-fold increase in peptide signature in the tEVs from the infected TSCs
are listed in Table S1 in the supplemental material. However, only four proteins saw a
2-fold higher content in peptide signatures in S-tEVs from uninfected cells that that in
infected cells (see Table S2 in the supplemental material).

Gene ontology (GO) enrichment analysis was performed to determine biological
functions that were represented by the proteins that were increased in S-tEVs from L.
monocytogenes-infected TSCs. The main processes that were seen were related to RNA
processing and translation, which is not an unexpected result given the many ribo-
somal and other RNA-binding proteins in these samples (Table S2). A protein interac-
tion map was created using the proteins that had at least a 2-fold increase in peptides
in the S-tEVs from infected cells (Fig. 4). We found that these proteins have high levels
of interaction with each other, and we can see clusters of ribosomal, cytoskeleton, and
histone proteins. There were not enough proteins that were increased in the tEVs from
uninfected TSCs to perform a GO analysis. Altogether, our results show that L. monocy-
togenes infection does lead to different proteins loaded in tEVs, with more unique pro-
teins seen in tEVs from infected cells. In contrast to other reports of EVs isolated from
infected cells, no L. monocytogenes proteins were detected in tEVs from any sample.

RNA sequencing on S-tEVs from L. monocytogenes-infected TSCs. Our finding
that S-tEVs from infected TSCs have increased amounts of RNA-binding proteins led us
to suspect that these EVs could also carry different RNAs. We performed RNA sequenc-
ing on S-tEVs from uninfected and L. monocytogenes-infected TSCs (Fig. 5). We identi-
fied 22,836 genes in the mRNAs from the S-tEVs, with 68 genes being overrepresented
in the S-tEVs from infected cells and 116 genes underrepresented in the S-tEV mRNAs
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from those cells (Fig. 5A). These differentially represented genes were used for the GO
analysis (Fig. 5B). Interestingly, two of the pathways upregulated in the genes of L.
monocytogenes-infected S-tEVs involved vascular development and morphogenesis,
which are functions involved in placenta implantation and development. The pathways
downregulated in the S-tEVs from infected TSCs involved metabolic processes. Overall,
we found that L. monocytogenes infection of TSCs altered the host mRNAs found in the
S-tEVs.

DISCUSSION

EVs are the subject of exciting new research that offers the potential for novel
approaches for the diagnosis and treatment of many diseases. A primary function of EVs
appears to be the stimulation of cell signaling pathways in recipient cells, including
immune cells, activating them in certain instances and dampening responses in others.
This delicate balance can be altered during disease and infection. For example, certain can-
cers secrete EVs that suppress immune cell activity, allowing the malignancy to proliferate
(34). Conversely, cells infected with intracellular pathogens secrete proinflammatory EVs
that help to control infection, although EVs from infected cells may sometimes have the
opposite effect (35).

During normal, healthy pregnancy, the number of EVs in the maternal bloodstream

FIG 4 Protein interaction networks of proteins found in S-tEVs from L. monocytogenes-infected TSCs. The
proteins of the S-tEVs from uninfected and L. monocytogenes-infected TSCs were determined by mass
spectrometry. Protein interaction networks of the proteins identified in the S-tEVs from L. monocytogenes-
infected TSCs were generated using the STRING program. The proteins involved in translation, microtubule
cytoskeleton organization, and nucleosome core pathways are highlighted in blue, green, and red,
respectively. Proteins that had twice the number of peptides identified in the L. monocytogenes-infected tEV
samples versus the uninfected tEV samples were used for the analysis. The thickness of the line represents
the confidence of the interaction between the proteins.

Listeria Infection Alters EVs Produced to TSCs Infection and Immunity

October 2022 Volume 90 Issue 10 10.1128/iai.00347-22 8

https://journals.asm.org/journal/iai
https://doi.org/10.1128/iai.00347-22


FIG 5 L. monocytogenes-infected TSCs produce S-tEVs with altered RNA profiles. (A) Volcano plot of
differentially expressed genes in S-tEVs from L. monocytogenes-infected and uninfected TSCs. Red
dots represent statistical significance (P , 1025) and log2 fold change (FC) greater or less than 1.
Total variables represent the number of genes that were used to generate a volcano plot. (B) Gene
ontology analysis of differentially expressed genes (p-adj of ,0.05) was used to investigate the
biological process pathways that were downregulated and upregulated in L. monocytogenes-infected
cells using gProfileR.
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increases greatly (14). These EVs, produced mainly by fetal trophoblasts of the pla-
centa, modulate immune responses but also can cause inflammation, leading to dis-
eases, such as the life-threatening preeclampsia. However, the function of placental
EVs in prenatal bacterial infection remains unknown. Considering their large number
and the abovementioned effects on immune cells, placental EVs may play an important
role in either ameliorating or exacerbating prenatal infection. We sought to study the
effect of L. monocytogenes infection on EV production and function by trophoblasts
because L. monocytogenes replicates in cytotrophoblasts in vivo (27). Whereas L. mono-
cytogenes does not infect syncytiotrophoblasts, the infection of cytotrophoblasts is
likely to have effects on pregnancy (6), perhaps mediated by tEVs.

Modeling placental function in vitro is a challenge. Replicating trophoblast cell lines,
such as BeWo and HTR8/SVneo, are convenient, but their genetic alterations conferring
proliferation may compromise their response to infection (36). Primary human or
mouse cells or explants are a superior representation of in vivo trophoblasts, but they
are expensive and laborious to isolate and cannot be maintained in culture, as they
require repeated isolation (37). TSCs offer an alternative between the two extremes.
They are isolated from mouse blastocysts and are naturally replicating with the addi-
tion of growth factors, facilitating repeated controlled experiments while also main-
taining many biological properties (38, 39).

As EVs are much smaller than eukaryotic cells or even bacteria, their isolation is complex
and has been the subject of controversy. Currently, differential ultracentrifugation is the
most used method for isolating S-EVs. Low-speed centrifugation removes cells and larger
cell debris, and subsequent high-speed ultracentrifugation (100,000 � g minimum) pools
the tiny vesicles separate from the cells. Recent literature suggests that different isolation
methods can affect the profile of EVs. Precipitation, density gradients, and filtration have all
been used to isolate EVs, although each of these methods have their own positives and
drawbacks (40). We chose to use differential centrifugation paired with filtration to ensure
preparations free of soluble protein and bacteria because it is considered the gold standard
method. It is important to note, though, that the EV isolation method can potentially influ-
ence the findings (28).

L. monocytogenes is an intracellular pathogen that normally grows rapidly in macro-
phages in vitro unless the macrophage has been activated toward a proinflammatory
M1 phenotype. For example, RAW 264.7 macrophage-like cells treated with IFN-g are
resistant to infection and kill intracellular L. monocytogenes (32). Unexpectedly, we
found that treatment with tEVs isolated from L. monocytogenes-infected TSCs did not
lead to increased L. monocytogenes death; conversely, this treatment made the cells
more permissible for growth of the bacteria. This result occurred despite the induction
of TNF-a, which normally indicates the stimulation of macrophages resulting in greater
resistance to infection. As far as the authors are aware, this is the first account of an EV
treatment that causes cells to become more susceptible to L. monocytogenes infection.
Interestingly, this phenotype was not observed in J774 cells. Both RAW 264.7 and J774
macrophage-like cell lines originate from BALB/c mice and have long been used in
infection studies, although RAW 264.7 cells are from a male and J774 cells are from a
female. J774 cells are more permissive for the growth of L. monocytogenes, and we
expected activation by tEVs to reduce bacterial replication in these cells. The observa-
tion that these cells were equally permissive for L. monocytogenes growth under all
conditions was unexpected. The mechanisms of the increased susceptibility in RAW
264.7 cells (and other cell types) but not in J774 cells remain of interest for future
work. In addition, how the tEVs from infected TSCs stimulate recipient cells in the
absence of bacterial products is under investigation and will require the directed
manipulation of the altered contents. One hypothesis is that the tEVs are transmitting
damage-associated molecular pattern (DAMP) molecules. The presence of histones,
which elicit inflammation through DAMP recognition (41) in the tEVs from infected
TSCs, supports this hypothesis. This process could result in the alteration of macro-
phage function, including possible enhanced phagocytic uptake, resulting in the
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increased susceptibility to infection. However, the mechanisms will require more
extensive analysis than we provide here. Should the hypothesis be true, the implica-
tions for placental immunity could be very interesting.

EVs represent a potential strategy by L. monocytogenes to spread throughout the
host by rendering recipient cells more susceptible to the bacteria. L. monocytogenes
invades humans through epithelial cells that line the intestines, and from there, the
pathogen relies on cell-to-cell spread to access the rest of the body. A previous report
indicated that inhibiting EV formation attenuated L. monocytogenes growth in the
spleens of mice, further suggesting that L. monocytogenes could be hijacking host EV
function for its own benefit (23). The investigators reported that EVs from L. monocyto-
genes-infected cells carried Listeria DNA and activated the cGAS-STING pathway. This
result is notable because this pathway leads to the release of type I interferons, which
enhance L. monocytogenes growth in vivo (42–44). Further studies will be needed to
identify these pathways and define the role tEVs play during placental infection.

In mice, tEVs from infected TSCs detectably reduced infection in the spleen, but the
result was not statistically significant to a P value of 0.05. The reduction was modest,
which could have been due to many factors. The number of tEVs administered (108

tEVs), single versus multiple tEV injections, whether the mice are pregnant, the timing
and infectious dose of L. monocytogenes, and the strain of mouse used may all be im-
portant, and these parameters need further exploration.

There were several interesting proteins detected in the tEVs. We were particularly
interested to see an enrichment of ribosomal proteins in tEVs derived from infected
cells. Other groups have also found ribosomal proteins when performing a proteomic
analysis of EVs (45–47). These studies usually focus on the RNA-binding aspects of
these proteins, as RNA has been associated heavily with EVs (13). However, the appear-
ance of ribosomes in EVs could be independent of RNA. A potential explanation is that
translation levels are increased during cell stress (such as an infection), which could
lead to higher ribosome numbers and eventually more ribosomal proteins in EVs.
Another RNA binding protein identified in our infection tEVs is PEG10. PEG10 is a Gag-
like protein that is required for trophoblast differentiation and placental development
(48). This protein can also selectively bind and load mRNA into exosomes, and these
EVs alter the gene expression of the recipient cell (49). The ability of EV-associated
PEG10 to alter gene expression could be an explanation for the altered behavior of
cells treated with tEVs from L. monocytogenes-infected cells. Surprisingly, tEVs from
infected TSCs lacked any L. monocytogenes proteins in our analysis, contrasting previ-
ous EV studies of macrophage infection (19, 22, 50, 51). Most previous reports used
macrophages as the initially infected cells, and the lack of L. monocytogenes proteins
may reflect reduced bactericidal mechanisms of trophoblasts compared with macro-
phages. This difference in protein processing and EV protein content could have im-
portant implications for the function of tEVs during pregnancy. The lack of any L.
monocytogenes proteins also indicates that bacteria or significant amounts of bacterial
components were not likely to be present in the tEV preparations, either inside or as
contaminants, at least at the level of detection of mass spectrometry.

In addition to altered proteins found in the tEVs, we also saw a change in mRNAs during
infection. One notable type of mRNAs observed in the S-tEVs from infected cells corresponds
to histone protein products. As noted above, we also found histone proteins themselves in
the tEVs from L. monocytogenes-infected TSCs. Interestingly, histones have been identified in
EVs in response to treatment with the Gram-negative bacterial component lipopolysaccha-
ride (LPS) (45, 52). Additionally, histones have been identified in the bloodstreams of animal
models of sepsis and patients with sepsis (53–55). These results together with our findings
suggest that packaging of histones, and potentially host cell DNA along with them, may be a
general mechanism to communicate infections via DAMP recognition. Further work is
needed to determine if histones are responsible for the tEV activation of macrophages.

Some of the other genes that we saw overrepresented in the mRNAs from the
infected S-tEVs involved vasculature development and morphogenesis. Vasculogenesis
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of fetal and maternal vessels are required steps for placenta implantation and develop-
ment (56). Previous work with tEVs found that they recruit vascular smooth muscle
cells and promote the invasion of extravillious trophoblasts, which are key steps that
are essential for remodeling the decidua surrounding the placenta (57, 58). EVs have
also been found to play a direct role in implantation of the embryo (59), and inflamma-
tion is a key part of implantation (60). Additionally, morphogenesis of the placenta is
required for the proper development of the organ (61, 62). One intriguing gene that
had increased mRNA in the tEVs from infected TSCs is syncytin-A, which is responsible
for the cellular fusion necessary for the development of the multinucleated synciotro-
phoblasts (63, 64). It is possible that L. monocytogenes invasion of the placenta acti-
vates the release of tEVs required to carry out these processes, with the mRNAs housed
in the vesicles acting on the recipient cells. Otherwise, the RNA profiles of the tEVs
could represent the mRNAs being transcribed in the TSCs during infection, although
the mRNAs we identified in the tEVs differ compared with those seen in human troph-
oblasts infected with L. monocytogenes (65). Additionally, EVs have been found previ-
ously to contain mRNA profiles that differ significantly from the mRNAs in the cell of
origin, and EV mRNAs can be translated in recipient cells (66, 67). Much more work will
be required to determine the exact function of tEV RNAs during prenatal infection.

Overall, we show that infection of TSCs with L. monocytogenes alters tEV production
and function in unexpected ways. tEVs from L. monocytogenes-infected TSCs elicit TNF-a
production in RAW 264.7 macrophage-like cells. We also found that tEVs can make certain
cell types less resistant to subsequent infection, which was unexpected. A multiomics
approach showed that L. monocytogenes treatment greatly altered the components loaded
into the tEVs, resulting in increased RNA and nucleic acid binding proteins and unique
mRNAs in the tEVs from infected cells. The observation that there were no L. monocyto-
genes proteins present in tEVs from infected TSCs suggests a host factor or factors altered
in the tEVs may be mediating the stimulation of target macrophages. The mechanism of
this interaction is of great interest and is the subject of current investigation.

MATERIALS ANDMETHODS
Bacterial cultures. Listeria monocytogenes 10403S bioluminescent strain 2C (Xen32) was used

throughout the study (68). This strain has a lux-kan insertion in the flaA locus and has a 4-fold increase
in intravenous 50% lethal dose compared with wild-type 10403S. Constitutively green fluorescent pro-
tein (GFP)-expressing L. monocytogenes (10403S wild-type strain transformed with pMB2044) was pro-
vided kindly by Daniel A. Portnoy (University of California, Berkeley, CA). All strains were grown in brain
heart infusion medium (BHI) to mid-logarithmic phase for infection.

Cell culture. Trophoblast stem cells (TSCs) were isolated originally from C57BL/6 mice and were gra-
ciously provided by Julie Baker (Standford University, Palo Alto, CA) (38). They were grown in RPMI 1640
medium with GlutaMAX, 20% fetal bovine serum (FBS), and 1 mM sodium pyruvate, as well as 35 mg/mL
fibroblast growth factor 4 (FGF-4), 10 ng/mL activin, and 1 mg/mL heparin to maintain TSC replication
(39). RAW 264.7 and J774 cells were obtained from ATCC and were grown in RPMI medium with
GlutaMAX, 10% fetal bovine serum (FBS), and 1mM sodium pyruvate.

Isolation of extracellular vesicles. A total of 107 TSCs in a 150-cm2
flask were infected with L. mono-

cytogenes at a multiplicity of infection (MOI) of 100 or treated with an equivalent volume of BHI. After
1 h, the cells were washed three times with PBS and fresh medium that was depleted of EVs by centrifu-
gation, and 5 mg/mL gentamicin was added to ensure that there were no extracellular bacteria (24). At
24 h of infection, the conditioned medium from the infected and uninfected TSCs was collected and
centrifuged at 4,000 � g for 20 min in 50-mL conical tubes. The supernatants were transferred to fresh
conical tubes and centrifuged again at 4,000 � g for 30 min. The supernatants were then filtered with a
0.22-mm filter using the Steriflip system. To collect large vesicles (L-tEVs), the filter was washed once
with phosphate-buffered saline (PBS), and then 1 mL of PBS was added repeatedly to the top of the fil-
ter, which resuspended the tEVs from the filter. This preparation was then stored at 280°C. To collect
small tEVs (S-tEVs), the flow through from the filter was ultracentrifuged at 100,000 � g for 2 h. The su-
pernatant was removed carefully so that there was about 0.5 mL left at the bottom of the tube, then
25 mL of PBS was added, and the preparation was ultracentrifuged again at 100,000 � g for 2 h. Once
again, the supernatant was removed carefully, and the pellet was resuspended in an additional 1 mL
PBS. The preparation was stored at 280°C.

Transmission electron microscopy. A total of 108 tEVs were fixed in 2% paraformaldehyde for 5 min.
A total of 5mL of the sample solution was placed on carbon-coated EM grids, and tEVs were immobilized for
1 min. The grids were washed by transferring to five 100-mL drops of distilled water and letting them dry for
2 min on each drop. The samples were stained with 1% uranyl acetate. Excess uranyl acetate was removed
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gently with filter paper, and the grids were air dried. The grids were imaged with a JEOL 100CXII transmission
electron microscope operating at 100 kV. Images were captured on a Gatan Orius Digital Camera.

Nanoparticle tracking analysis. tEV preparations were diluted 1:100 in PBS and were injected into
a Zetaview machine (Particle Metrix). The Zetaview was set to a sensitivity of 89, a shutter speed of 300,
and a frame rate of 30 frames per second. Cutoffs of a 10-nm minimum and 1,200-nm maximum were
used.

TNF-a quantification. J774 and RAW 264.7 macrophages were plated into a 24-well plate at 5 � 104

cells/well. After 24 h, the cells were treated with 5 � 106 of tEVs from either uninfected or infected TSCs
or an equal volume of PBS. After 24 h, the conditioned medium was collected and TNF-a was quantified
by enzyme-linked immunosorbent (ELISA) assay from R&D Systems according to the instructions of the
manufacturer.

Listeria intracellular growth assay. Cells were plated into a 24-well plate at 5 � 10(4) cells/well.
After approximately enough time to allow the cells to replicate and reach confluence, they were washed
three times with PBS. Medium with L. monocytogenes was added at the given multiplicity of infection
(MOI) for CFU of L. monocytogenes per cell. After 1 h, the wells were washed three times with PBS and
medium with 5 mg/mL gentamicin added. Bioluminescence images were taken at the given time points
using an in vivo imaging system (IVIS) Lumina System (Perkin Elmer, Inc.), with 5 min of exposure and
large binning, starting upon infection. The signal was quantified using Living Image software (Perkin
Elmer). Images were again taken at the given time points. To determine the CFU of the infected cells,
TSCs were infected with L. monocytogenes in the same manner as above. At the indicated time points,
the cells were lysed in Millipore water with 10 mM Tris (Invitrogen) and 0.1% Triton X-100 (Sigma). The
cells were rocked in the lysis buffer for 5 min. The lysates were then diluted in PBS and plated onto BHI
plates with 50 mg/mL kanamycin.

Fluorescence microscopy. Flame-sterilized glass coverslips were placed into a 6-well dish. A total of
105 cells were seeded into each well. The cells were infected 24 h later with mid-log phase green fluores-
cence protein-expressing L. monocytogenes at an MOI of 100 as reported previously (69). After 1 h, the
media were replaced with medium containing 5 mg/mL gentamicin. At the listed periods postinfection,
the cells were fixed with 4% paraformaldehyde and solubilized with 0.1% Triton X-100. The coverslips
were treated with rhodamine phalloidin (Invitrogen) for 30 min. The coverslips were then mounted to
slides with DAPI Fluoromount-G (SouthernBiotech). The slides were imaged with an Olympus Filter
FV1000 confocal microscope, and images were taken at �60 magnification.

Proteomics. The protein profile of the purified tEVs was determined using untargeted mass spectrome-
try performed at the Michigan State University (MSU) Genomics Core Facility. Briefly, three independent EV
preparations each of 109 S-tEVs from uninfected and infected TSCs were lysed, and the proteins were precipi-
tated using acetone and digested with trypsin. Nanospray liquid chromatography with tandem mass spec-
trometry (LC-MS/MS) was used to determine the peptide profiles. The peptide data were analyzed using the
Scaffold proteome software, which mapped the identified peptides back to the mouse and L. monocytogenes
references to determine the originating proteins.

Gene ontology (GO) enrichment analysis for proteomics. GO analysis was performed using the
Gene Ontology Resource (http://geneontology.org/) and protein Analysis Through Evolutionary Relationships
(PANTHER) program to identify the biological processes of the proteins seen in the S-tEVs from infected TSCs
(70). Additionally, protein interaction networks were generated using the STRING program (71). Proteins that
had twice the number of peptides identified in the 1 Listeria EV samples versus the – Listeria EV samples
were used for the analysis.

RNA sequencing. RNA extraction, RNA library preparations, sequencing reactions, and initial bioinformatics
analysis were conducted at Genewiz, LLC (South Plainfield, NJ). Three independent EV preparations each of 109

S-tEVs from uninfected and infected TSCs were used. Total RNA was extracted following the TRIzol reagent user
guide (Thermo Fisher Scientific). RNA was quantified using a Qubit fluorometer (Life Technologies, Carlsbad, CA),
and RNA integrity was checked with the TapeStation system (Agilent Technologies, Palo Alto, CA). The SMART-
Seq v4 ultra low input kit for sequencing was used for full-length cDNA synthesis and amplification (Clontech,
Mountain View, CA), and the Illumina Nextera XT library was used for sequencing library preparation. Briefly,
cDNA was fragmented, an adaptor was added using transposase, and limited-cycle PCR was conducted to enrich
and add indexes to the cDNA fragments. The final library was assessed with the Agilent TapeStation system. The
sequencing libraries were multiplexed and clustered on one lane of a flow cell. After the clustering step, the flow
cell was loaded on the Illumina HiSeq instrument according to the manufacturer’s instructions. The samples were
sequenced using a 2-bp � 150-bp paired-end (PE) configuration. Image analysis and base calling were con-
ducted by the HiSeq Control Software (HCS). Raw sequence data (.bcl files) generated from the Illumina HiSeq
system were converted into fastq files and demultiplexed using the Illumina bcl2fastq 2.17 software. One mis-
match was allowed for index sequence identification.

The raw PE read sequencing data were uploaded to the Galaxy Web platform, and we used the pub-
lic server at http://www.usegalaxy.org to process the transcriptome sequencing (RNA-seq) data (72).
Briefly, PE reads were processed to trim sequencing adapters and low-quality bases using Trimmomatic
(73). The clean PE RNA-seq reads were mapped to the mouse reference genome (Mus musculus 10) using
HISAT2 (74). The gene expression of mapped reads was then measured with featureCounts (75).

Differential gene expression analysis was performed using DESEq2 v1.32.0 in R v4.1.1 (76). Genes
with a minimum of 5 reads in at least 4 samples were filtered out, resulting in a total of 23,836 genes.
Differentially expressed genes with p-adj of ,0.05 were used to perform gene ontology analysis using
the g:Profiler system (https://biit.cs.ut.ee/gprofiler/gost) (77). Biological processes with a p-adj of ,0.05
were considered significant. The volcano plot was generated using the EnhancedVolcano package in R
using fold change of.1 and P value of ,1025 parameters (78) (Fig. 5).
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Mouse infections. All animal experiments were performed under IACUC-approved animal protocol
201800030 in accordance with biosafety level 2 (BSL-2) guidelines established by Michigan State
University Campus Animal Resources. Michigan State is an AAALAC International-accredited institution.
The 5- to 8-week-old BALB/c mice were obtained from Charles River Laboratories. They were housed in
the Clinical Center Animal Wing at Michigan State University for 2 weeks to acclimate them. The mice
were treated with either 200 mL of PBS, 108 tEVs from uninfected TSCs, or 108 tEVs from L. monocyto-
genes-infected TSC through tail vein injection. After 24 h, the mice were infected with 104 L. monocyto-
genes through tail vein infection. At 96 h postinfection, the mice were imaged using the IVIS imaging
system as described previously (68, 79) and sacrificed humanely using cervical dislocation in accordance
with approved procedures while the animals were anesthetized. The spleens were harvested, mashed,
serial diluted, and plated onto BHI plates with 50 mg/mL kanamycin. Each spleen was diluted and plated
in duplicate.

Data availability. Gene expression data, including raw sequencing files and read counts, can be
accessed on the public NCBI Gene Expression Omnibus platform (GEO accession no. GSE212928).
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