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Placental trophoblasts form the interface between the fetal and
maternal environments and serve to limit the maternal-fetal
spread of viruses. Here we show that cultured primary human
placental trophoblasts are highly resistant to infection by a number
of viruses and, importantly, confer this resistance to nonplacental
recipient cells by exosome-mediated delivery of specific micro-
RNAs (miRNAs). We show that miRNA members of the chromo-
some 19 miRNA cluster, which are almost exclusively expressed
in the human placenta, are packaged within trophoblast-derived
exosomes and attenuate viral replication in recipient cells by the
induction of autophagy. Together, our findings identify an unprec-
edented paracrine and/or systemic function of placental tropho-
blasts that uses exosome-mediated transfer of a unique set of
placental-specific effector miRNAs to directly communicate with
placental or maternal target cells and regulate their immunity to
viral infections.
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trategies to reduce maternal-fetal infections are essential

during pregnancy, where maternal infections can compro-
mise the host, and maternal to fetal transmission of microbes can
adversely impact the developing embryo (1-3). In eutherian
organisms, the placenta shields the fetus from the hematogenous
spread of diverse pathogens, including viruses, by providing
a physical barrier interfacing the maternal and fetal blood sys-
tems. Located at the placental villous surface and in direct
contact with the maternal blood is the syncytiotrophoblast, which
comprises multinucleated, terminally differentiated cells that me-
diate the crucial exchange of gases, nutrients, and waste products
between the mother and fetus. Once thought to function as a
passive barrier to pathogens, it is now clear that trophoblasts ac-
tively orchestrate an extensive repertoire of signals designed to
optimize placental transport functions, produce crucial hormones,
and immunologically defend the developing fetus.

Placental trophoblasts are ideally positioned to govern the
critical cross-talk between the maternal and fetal microenviron-
ments and provide a mechanical and immunological defensive
barrier to restrict virus access to the fetus. Antiviral innate im-
mune signaling is crucial at the maternal-fetal interface, where
vertical transmission of viruses from the maternal blood to the
fetus can have profound pathological outcomes, ranging from
neurodevelopment dysfunction to birth defects and fetal death.
Additionally, viruses that compromise maternal health jeopar-
dize the pregnancy even in the absence of vertical transmission to
the fetus. Thus, elucidating the defense mechanism(s) used by
placental trophoblasts to combat viral infections, as well as the
possible mechanisms of viral counter measures, is paramount for
designing therapeutic strategies aimed at preventing fetal disease.

Here we show that cultured primary human trophoblasts (PHTSs)
are highly resistant to infection by diverse and unrelated viruses
and that conditioned PHT culture medium confers resistance to
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viral infections in nonplacental recipient cells. We find that a
unique group of primate-specific microRNAs (miRNAs), which
are highly expressed in human trophoblasts from the chromo-
some 19 miRNA cluster (C19MC) (4, 5), are packaged within
PHT-derived exosomes and confer viral resistance to recipient
cells. Complementing these findings, we show that PHT-derived
exosomes and select CI9MC miRNAs robustly induce autophagy
in nonplacental recipient cells to facilitate enhanced antiviral
defenses. Our findings illuminate a pathway used by human
trophoblasts to suppress viral infections systemically by confer-
ring viral resistance to nonplacental cells, suggesting a unique
mechanism for shielding placental and maternal cells against
viral infections during pregnancy.

Results

PHT-Derived Exosomes Protect Recipient Cells from Viral Infection.
We found that PHT cells were resistant to infection by a panel of
viruses, including coxsackievirus B3 (CVB), poliovirus (PV),
vesicular stomatitis virus (VSV), vaccinia virus (VV), herpes
simplex virus-1 (HSV-1), and human cytomegalovirus (CMV)
compared with non-PHT cells (Fig. 14; Fig. S1 A-D). This lack
of viral replication was not due to inefficient viral binding and/or
entry or to defects in common endocytic pathways used by viruses
for their entry such as clathrin- or caveolar-mediated pathways
(Fig. S1 E and F). Strikingly, we found that exposure of diverse
non-PHT recipient cells for 24 h before infection to PHT condi-
tioned medium (isolated from naive PHT cells 48-72 h after
plating) decreased the replication of CVB, VSV, hepatitis C virus
(HCV), and VV (Fig. 1 B and C; Fig. S24). We also observed the
antiviral effect of conditioned PHT medium in several physio-
logically relevant fetal and/or maternal primary cells, including
human umbilical vein endothelial cells (HUVECS), human uter-
ine microvascular endothelial cells (HUtMVECs), human pla-
cental fibroblasts, and human foreskin fibroblasts (HFFs; Fig. 1C,
Right). In contrast, conditioned medium from other cell types
such as immortalized trophoblast BeWo cells had no effect (Fig.
S2B). This effect was not the result of direct neutralization of the
virus or induction of cell death, as conditioned medium had no
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Fig. 1. Conditioned PHT medium and exosomes confer viral resistance to recipient cells. (A) PHT or non-PHT cells were infected with a panel of viruses,
including coxsackievirus B (CVB), poliovirus (PV), vesicular stomatitis virus (VSV), vaccinia virus (VV), herpes simplex virus-1 (HSV-1), or cytomegalovirus (CMV).
Non-PHT cells were as follows: HeLa (CVB, PV), U20S (VSV, HSV-1, and VV), and human foreskin fibroblasts (HFF; CMV). Shown are the percent infected cells
[assessed by immunofluorescence (IF); *P < 0.0001]. (B) Non-PHT recipient cells were exposed for 24 h to nonconditioned or conditioned PHT medium and
then infected with CVB, VSV, HCV, or VV. Non-PHT cells were as follows: HFF (CVB), U20S (VSV, VV), and Huh 7.5 (HCV). Shown are the percent of infected
cells [assessed by IF (CVB, VSV), luciferase assay (HCV), or qRT-PCR (VV); *P < 0.05, **P < 0.005]. (C) (Left) Cells were exposed to nonconditioned or conditioned
PHT medium for 24 h and then infected with VSV or CVB. (Right) Cells were infected with VSV following exposure to nonconditioned or conditioned PHT
medium (*P < 0.05, **P < 0.005). (D) Conditioned PHT medium was subjected to heat inactivation or sonication before 24-h exposure to Vero cells and then
infected with VSV. Percent infection assessed as in A (*P < 0.0001). (E) U20S cells were exposed for 24 h to nonconditioned, conditioned, exosome-depleted
conditioned medium, exosomes purified from PHT, JEG-3, or from three preparations of murine dendritic cells (DCs) and then infected with VSV. Percent
infection assessed as in A (*P < 0.0005); each PHT exosome preparation was derived from a different placental preparation.

direct effect on viral titers or cell viability (Fig. S2 C and D).  C19MC-Associated miRNAs Confer Viral Resistance. The transfer of
Furthermore, we observed antiviral effects across multiple con-  RNA and/or miRNAs via exosomes may play an important role
ditioned medium samples isolated from independent and un- in exosome-based intercellular communication (6, 11, 12). The
related PHT preparations (Fig. S2 E-G). Together, our data human C19MCis the largest known miRNA cluster, comprising
indicated that PHT cells release specific components to the me- 46 miRNAs that are highly expressed almost exclusively in the

dium, which are capable of conferring viral resistance to non- human placenta. Moreover, as a group, CI9MC miRNAs are
placental recipient cells. also the most abundant miRNA species in trophoblastic exo-

To better define the component in conditioned medium of ~ SOMES, with a strong correlation between C19MC miRNA levels
PHT cells that is responsible for conferring viral resistance, we ~ in PHT cells and in PHT-derived exosomes (4, 5, 8, 13). To date,
exposed the conditioned medium to heat inactivation but found th}f flllmctll(l)n of thes'e ml?gﬁv[lgs r,%nliigled eESI.V(:’j' To t.es;
no effect (Fig. 1D). In contrast, sonication completely abolished % ether the expression o mi S could induce vira

the antiviral effect of PHT conditioned medium (Fig. 1D). Be- resistance in non-PHT cells, which do not naturally express these
cause exosomes, which function as cargo nanovesicles (6, 7), are miRNAs, we stably transfected U20S cells with a bacterial ar-

haracteristically released f trophoblasts and itive t tificial chromosome (BAC) that contained the entire human
charactenistically re cased Irom trophoblasts and are Sensitive 10 g\ i cluster. Compared with U20S cells transfected with
sonication (5, 8-11), we examined their role in PHT-mediated

trol BAC (that is deficient for the C19MC i -
transfer of viral resistance. We found that exosomes purified a contro (that is deficient for the Capression ¢

o ! . S quence), cells stably expressing C19MC BAC or cells exposed to
from PHT conditioned medium attenuated VSV infection in  pygr conditioned media expressed a higher level of C19MC

recipient cells (Fig. 1E). Importantly, the antiviral effect was  iRNAs, as confirmed by RNA sequencing (RNAseq) and
abrogated using exosome-depleted PHT conditioned medium quantitative RT-PCR (qRT-PCR; Fig. S3 4 and B; Table S1),
(Fig. 1E). In addition, exosomes isolated from other cell types  and exhibited resistance to VSV infection (Fig. 24). Likewise,
such as an immortalized human placental choriocarcinoma cell  transient transfection of U20S cells with miRNA mimics of
line (JEG-3) or primary murine dendritic cells had no effect on 16 C19MC-associated miRNAs [representing highly expressed
viral infection (Fig. 1E). Taken together, these data point to  miRNAs, or the two subfamilies of the C19MC (14)] markedly
a direct role for PHT-derived exosomes in the transfer of viral  reduced VSV infection (Fig. 2B; Table S2). We also found that

resistance to nonplacental recipient cells. transfection of mimics of the highest six expressed C19MCs (5,
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Fig. 2. PHT and exosomal C19MC miRNAs confer viral resistance to recipient cells. (A) U20S cells stably expressing control or C19MC BAC were infected with
VSV (infection levels assessed by qRT-PCR; *P < 0.0001). (B) U20S cells were transfected with C19MC miRNA mimics that represent the miRNA subgroups
detailed in Table S2 or control mimics and then infected with VSV (shown as percent infected cells assessed by IF; *P < 0.05, **P < 0.001). (C) U20S cells,
transfected with mimics of the six highest expressed C19MC miRNAs, scrambled control, or non-C19MC (miR-1, -424, -630, -720) miRNA mimics, were infected
with VSV (infection level assessed by IF or qRT-PCR; *P < 0.0005). (D) U20S cells, transfected with mimics of the top three antiviral C19MC miRNAs or with
scrambled control mimics, were infected with VSV (infection assessed by qRT-PCR; *P < 0.05, **P < 0.0001). (E) U20S cells, transfected with scrambled control
or miR-517b mimic, were infected with VV or HSV-1 (infection assessed as in D; *P < 0.0001).
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13) attenuated VSV infection, whereas transfection with mimics
of the lowest expressed seven had no significant effect (Fig.
2B). To define the impact of individual miRNAs, we expressed
individual mimics from among the highest expressed C19MC
miRNAs and detected a significant inhibition of VSV infection
with mimics of miR-517-3p, -516b-5p, and -512-3p, but not with
mimics of several non—-C19MC-associated miRNAs (miR-1, -424,
-630, and -720; Fig. 2 C and D). Likewise, we found that a mimic
of miR-517-3p also attenuated infection by the DNA viruses VV
and HSV-1 (Fig. 2F).

PHT-Derived Exosomes and C19MC-Associated miRNAs Up-Regulate
Autophagy. Mammalian cells use diverse defense mechanisms
to combat microbial pathogens. One crucial mechanism is the
induction of autophagy, an evolutionarily conserved lysosomal
degradation pathway that has been associated with an array of
cellular functions. Autophagy also degrades intracellular foreign
microbial invaders (a process sometimes referred to as xen-
ophagy) and thus serves as an important cellular response to
suppress microbial infections. We found that exposure of U20S
cells to PHT conditioned medium or to purified PHT-derived
exosomes markedly stimulated autophagy, as assessed by the
formation of mRFP-LC3b—containing punctae and by electron
microscopy, whereas conditioned medium depleted of PHT
exosomes had no effect (Fig. 3 4 and B; Fig. S44). In contrast,
we observed no effect of PHT conditioned medium or C19MC
miRNAs on cell death induction or type I IFN signaling in re-
cipient cells (Figs. S2D, S4E, and S5) and observed antiviral
activity of conditioned PHT medium in cells that fail to respond
to type I IFNs (Fig. S5E). In addition, PHT cells themselves
also do not exhibit enhanced type I IFN signaling (Fig. S54)
but do exhibit high levels of autophagy (Fig. 44; Fig. S64-C).
Autophagy induction was observed in diverse cell types (Fig. 3 A
and B; Fig. S4B) and was absent in cells exposed to exosome-
depleted PHT conditioned medium (Fig. 34 and B). In addition,
PHT conditioned medium induced the up-regulation (greater
than threefold) of several key proautophagy transcripts (e.g.,
ATG4C, UVRAG, and LC3A) while having no effect on other
innate immune pathway components (e.g., Toll-like receptors,
IFN regulatory factors, cytokine-mediated signaling) in U20S
cells exposed to conditioned PHT medium (Fig. S4C; Table S3),
further supporting the induction of autophagy. We found that 3-
methyladenine (3-MA), an inhibitor of autophagosome biogenesis,
inhibited autophagosome formation in recipient cells exposed to
conditioned PHT medium (Fig. 3C). Last, we found that in-
coming VSV particles were trafficked to LC3b-positive punctae
formed following exposure of cells to conditioned PHT medium,
suggesting that the mislocalization or targeting of incoming viral
particles to autophagosomes and/or autolysosomes might impact
viral replication (Fig. 3D).

Because we observed a role for C19MC-associated miRNAs
in the induction of viral resistance, we assessed whether these
miRNAs could induce autophagy. We found that transfection
of cells with mimics of six of the highest expressed C19MC
miRNAs (Fig. 4 A and B), the entire C19MC (Fig. S4D), or
mimics of individual C19MC miRNAs that attenuated viral in-
fection (Fig. 4C) also stimulated autophagy, as observed by mRFP-
LC3b punctate formation or by electron microscopy, and did not
induce cell death (Fig. S4E). Furthermore, we found that C19MC-
associated induction of autophagy occurred via the up-regulation
of autophagic flux, as supported by a decrease in p62 protein levels
in cells expressing the entire C19MC (Fig. 4D) without a corre-
sponding reduction in p62 mRNA levels (Fig. S4F).

Antiviral Effects of C19MC-Associated miRNAs Require Autophagy.
We observed an inhibition of viral replication and a pronounced
up-regulation of autophagy in cells exposed to PHT conditioned
medium and in cells expressing C19MC-associated miRNAs. To
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Fig. 3. PHT-derived exosomes induce autophagy in recipient cells. (4) U20S
cells transfected with mRFP-LC3b were exposed to nonconditioned, PHT con-
ditioned, or exosome-depleted conditioned PHT medium or purified PHT
exosomes for 24 h, and LC3b punctae formation was assessed by confocal
microscopy. (Upper) Confocal micrographs. (Lower) Quantification of mRFP-
LC3b punctae per cell (*P < 0.0001). (B) (Upper) Electron micrographs of cells
exposed to nonconditioned or conditioned PHT medium (Vero), exosome-
depleted conditioned PHT medium (Vero), or purified PHT exosomes (U20S).
Arrows denote autophagosomes. (Scale bar, 500 nm.) (Lower) Quantification
of electron micrographs of cells exposed to nonconditioned (Vero and U20S),
conditioned PHT media samples (Vero and U20S), exosome-depleted
conditioned medium (Vero), or purified PHT exosomes (U20S) (*P < 0.0001).
(C) U20S cells transfected with mRFP-LC3b were exposed to nonconditioned
or conditioned PHT medium in the absence or presence of 3-MA for 8 h, and
LC3b punctae formation was assessed by confocal microscopy. (Upper)
Confocal micrographs. (Lower) Quantification of mRFP-LC3b punctae (*P <
0.0005). (D) (Left) Confocal images of VSV entry into U20S cells transiently
transfected with mRFP-LC3b exposed to nonconditioned (Upper) or condi-
tioned (Lower) PHT medium. VSV particles are shown in green and DAPI-
stained nuclei are shown in blue (/nset, magnification: 5x). Areas of coloc-
alization appear as yellow. (Right) Quantification of the extent of colocali-
zation between VSV particles and mRFP-LC3B positive punctae (*P < 0.0001).

determine whether the antiviral effects of these conditions in-
volved autophagy, we suppressed autophagy by treatment of cells
with 3-MA or by RNAi-mediated silencing of beclin-1, a key
factor in autophagic induction (15). We found that inhibition
of autophagy using 3-MA or by RNAi-mediated silencing of
beclin-1 expression significantly restored the level of VSV in-
fection in U20S cells expressing the entire C19MC (Fig. 5 4
and B) or in cells exposed to PHT conditioned medium (Fig.
S4G). Interestingly, we also found that addition of 3-MA to
PHT cells also enhanced VSV infection (Fig. 5C). These data
show that the induction of autophagy is critical for the antiviral
effect of CI9MC miRNAs.

Discussion

The placenta shields the embryo from the spread of pathogens.
Here we report on the striking finding that human placental
trophoblasts are resistant to viral infection and are capable of
conferring viral resistance to nonplacental cells. Viral resistance
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Fig. 4. C19MC miRNAs induce autophagy. (A) (Upper) Electron micrographs of U20S cells transfected with scrambled control or the six highest expressed
C19MC miRNA mimics (Table S2). Black arrows denote autophagosomes and/or autolysosomes. (Scale bar, 500 nm.) (Lower) Quantification of electron
micrographs shown at top (*P < 0.005) or in PHT cells. (B) U20S cells were transfected with mRFP-LC3b and either scrambled control or the six highest
expressed C19MC miRNA mimics. (Upper) Confocal micrographs. (Lower) Quantification of mRFP-LC3b punctae per cell (*P = 0.0005). (C) (Left) Electron
micrographs of U20S cells transfected with scrambled control or the most potent antiviral miRNA mimics. Black arrows denote autophagosomes and/or
autolysosomes. (Scale bar, 500 nm.) (Right) Quantification of adjacent electron micrographs (*P < 0.005). (D) (Upper) A representative immunoblot for p62 or
GAPDH in U20S cells stably transfected with either control Del or C19MC BAC. (Lower) Densitometry of p62 levels (normalized to GAPDH) from three in-

dependent immunoblots as described above (*P < 0.05).

is transferrable via trophoblastic conditioned medium, trophoblastic
exosomes, or miRNA members of the C19MC primate-specific
cluster, which are packaged within exosomes (5). Together,
this pathway may constitute a powerful evolutionary adapta-
tion to enhance the protection of the developing fetus against
viral invaders.

We and others have shown that PHT cells produce robust levels
of miRNAs throughout pregnancy, as well as other small RNAs
[piwi-interacting RNAs (piRNAs), small nuclear (snRNAs), small
nucleolar (snoRNAs)] (10, 13, 17, 18). Interestingly, many of
these miRNAs, including members of the C19MC, are found in
the maternal blood throughout pregnancy and rapidly decline in
the first 24 h postpartum (19, 20), suggesting a miRNA-based
mechanism for fetal-maternal communication (13, 21). Our data
thus provide evidence for a unique paracrine and/or systemic
function of placental trophoblasts, using exosome-mediated trans-
port of a unique set of primate-specific effector miRNAs to directly
communicate with maternal cells and possibly neighboring pla-
cental cells and regulate their immunity to viral infections. It is
possible that PHT-derived C19MC miRNA-containing exosomes
specifically target their cargo to a discrete subpopulation of ma-
ternal cells, or may aid in the selectively eliciting antiviral responses
and up-regulating autophagy.

Our data show that conditioned media from PHT cells, puri-
fied PHT-derived exosomes, and miRNA mimics of several
members of the C1I9MC potently induce autophagy, an impor-
tant component of host antiviral signaling (22). The degradation
of microbes via the fusion of autophagosomes with lysosomes is
a key component in the antimicrobial effects of autophagy, yet
autophagy can also direct MHC class II presentation (23), the
production of antiviral type I IFNs downstream of Toll-like re-
ceptor 7 engagement (24), or even altered T-cell signaling (25).
Strikingly, we show that blocking autophagy using either a phar-
macological or molecular approach at least partially restored
viral susceptibility of recipient cells exposed to PHT conditioned
medium or expressing C19MC-associated miRNAs, supporting a
role for this cellular pathway in the induction of viral resistance
by these conditions. Whereas some of the viruses used in our
study (e.g., CVB and HCV) may benefit from the formation of
autophagic vesicles during their replication (26, 27), these viruses
were also sensitive to the antiviral effects of C19MC miRNAs.
There may be several explanations for this, and it is important
to point out that the pathway(s) by which C19MC-associated
miRNAs induce autophagy may differ from the pathways that
have been described previously, thus complicating the direct
comparison of our results using C19MC-associated miRNAs and
the work of others who used different mechanisms to stimulate
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autophagy (most commonly by rapamycin- or starvation-induced
autophagy). In addition, many studies focus specifically on
autophagy induced in response to viral replication (likely via the
induction of innate immune signaling downstream of pattern
recognition receptor activation). In contrast, our findings spe-
cifically focus on the induction of autophagy before the initiation
of viral replication, which could profoundly impact the ability of
incoming viral particles to properly traffic and/or release their
genomes, consistent with our findings with VSV (Fig. 3D). Similarly,
we found that expression of a VV gene rpo35 (encoding a subunit
of a DNA-directed RNA polymerase) that is expressed within
2 h postentry (28, 29) is inhibited in PHT cells and by condi-
tioned PHT medium in recipient cells (Figs. S1D and S2G),
suggesting that the inhibition of viral replication in PHT cells
and non-PHT cells exposed to conditioned medium occurs early
in the virus life cycle. Interestingly, we found that VSV infection
was enhanced in PHT cells by treatment with 3-MA (Fig. 5C),
suggesting that autophagy may be at least one mechanism by
which these cells resist viral infections. Notably, the overall level
of infection in PHT remained quite low (~10% overall infection),
suggesting additional mechanisms may protect these cells from viral
infections. Our results do not rule out other functions for auto-
phagy in placental trophoblasts, such as maintenance of cellular
homeostasis in terminally differentiated syncytiotrophoblasts. Like-
wise, although our data point to a prominent role for autophagy
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Fig.5. Suppression of autophagy restores C19MC-medated antiviral effects.
(A) U20S cells transfected with scrambled control or miRNA mimics of the six
most prevalent C19MC miRNA mimics. Cells were exposed to 3-MA before
and during VSV infection. Relative VSV RNA was analyzed by qRT-PCR (*P <
0.0005). (B) (Left) U20S cells stably expressing control or C19MC BAC trans-
fected with scrambled control siRNA or beclin-1 siRNA for 72 h were infected
with VSV, and relative infection was determined by qRT-PCR. (*P < 0.05,
determined using ANOVA with Boneferroni correction). (Right) Immuno-
blots for beclin-1 or actin in cells transfected as described above. (C) PHT cells
were treated with 3-MA before infection with GFP-VSV (in the presence of
3-MA). Relative VSV RNA was analyzed by gRT-PCR (*P < 0.005).

PNAS | July 16,2013 | vol. 110 | no.29 | 12051

MICROBIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1304718110/-/DCSupplemental/pnas.201304718SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1304718110/-/DCSupplemental/pnas.201304718SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1304718110/-/DCSupplemental/pnas.201304718SI.pdf?targetid=nameddest=ST2

L T

/

1\

=y

in the antiviral effects of conditioned PHT medium, PHT-derived
exosomes, and C19MC-associated miRNAs, they do not exclude
other possible cellular pathways that may be affected or converge
on the autophagic pathway, such as other innate immune path-
ways (30), although our data indicate that type I IFN signaling
plays no role in C19MC-induced viral resistance (Fig. S5).

Surprisingly, we found that, unlike the other viruses tested in
our study, conditioned PHT medium and expression of C1I9MC
miRNAs significantly enhanced hCMYV infection (Fig. S2 H and 1),
indicating that, although C19MC miRNAs attenuate the replica-
tion of many viruses, they may function in a proviral manner to
enhance the infection of CMV and possibly other viruses. Our
findings (Fig. 14) and the work of others (31) suggest that PHT
cells are resistant to CMYV infection, and studies of CMV-infected
placentas suggest that CMV specifically targets invasive and
endovascular cytotrophoblasts as a means of entry into the fetal
compartment (31-33). CMV is known to inhibit host autophago-
some biogenesis during its infection, even when autophagy is
stimulated (34, 35). However, the specific mechanism(s) underlying
the up-regulation of CMYV infection by C1I9MC miRNAs are likely
complex, involving diverse viral and/or cellular strategies.

Our work defines an unexpected role for C19MC miRNAs in
transferrable, autophagy-mediated antiviral responses (Fig. S7).
Whereas our data demonstrate the influence of human miR-512-
3p, -516b-5p, and -517-3p on viral infection and autophagy, the
identification of relevant molecular targets and autophagic
pathways that are impacted by these and other members of the
C19MC is ongoing (36). Importantly, our data suggest that key
members of the CI9MC miRNAs identified in our studies mount
an antiviral response through synergistic interactions with other
C19MC members and possibly even through up-regulation of
gene expression (37). It is also likely that other components within
PHT-derived exosomes or within conditioned PHT medium po-
tentiate the antiviral effects of C19MC-associated miRNAs. These
components may interact with a network of C19MC miRNA tar-
gets to mount an antiviral response, spanning diverse and possibly
redundant pathways (38). Thus, exosomal C19MC miRNAs may
direct a pathogen-specific response, facilitating the deployment of
a selective repertoire of defense mechanisms designed to protect
the developing feto-placental unit and maternal tissues against
viral infections.

Materials and Methods

Cell and Exosome Purification. PHT cells were isolated from healthy singleton
term placentas using the trypsin-DNase-dispase/Percoll method as described
by Kliman et al., with previously published modifications (39, 40) under an
exempt protocol approved by the Institutional Review Board at the Uni-
versity of Pittsburgh. Under the protocol, patients provided written consent
for the use of de-identified discarded tissues for research on admittance to
the hospital. Cells were maintained in DMEM (Sigma) containing 10% (vol/
vol) FBS (HyClone) and antibiotics at 37 °C in a 5% CO, air atmosphere. Cells
were maintained 72 h after plating, with cell quality monitored both morpho-
logically (by microscopy) and by medium human chorionic gonadotropin (hCG)
levels (ELISA; DRG International), showing a characteristic increase in medium
hCG as cytotrophoblasts differentiate into syncytiotrophoblasts (40, 41).

For isolation of PHT (or JEG-3) exosomes, PHT cells were maintained for
48 h in DMEM containing 10% FBS that was ultracentrifuged at 108,000 x g
for 10 h to deplete preexisting FBS exosomes. Exosomes were isolated as
described previously (5, 9). Briefly, supernatants from 200 million PHT cells
were centrifuged at 300 x g for 5 min, 1,200 x g for 10 min, and 10,000 x g
for 30 min. Exosomes were concentrated by centrifugation at 2,500 x g for
25 min using a Vivacell 100 filter (BioExpress) and then ultracentrifuged at
108,000 x g for 1 h, and the pellet was subsequently ultracentrifuged on top
of a 30% sucrose/D,0 density cushion at 108,000 x g for 1 h (42). The exo-
somal phase was collected and resuspended in PBS. Dendritic cell (DQ)-
derived exosomes were purified as previously described (43) from culture
supernatants of C57BL/6 mouse DCs generated from bone marrow pre-
cursors cultured in medium supplemented 10% FCS, GM-CSF (1,000 U/mL),
and IL-4 (500 U/mL).
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Conditioned media from PHT or other cells were harvested between 48
and 72 h after plating. Nonconditioned medium was complete PHT medium
(described in detail above) that had not been incubated with PHT cells.
Conditioned media were subjected to sonication or heat inactivation for 30
min at 65 °C. Recipient cells were exposed to conditioned medium for ~24 h
before assays.

Viruses. Experiments were performed with VSV, GFP-tagged VSV, recombi-
nant yellow fluorescent protein (YFP)-tagged VV as described (44), cox-
sackievirus B3-RD isolate (CVB3-RD) as described (45), PV as described (46),
CMV (hCMV Towne strain, obtained from William Goins, University of
Pittsburgh), cell culture grown HCV expressing firefly luciferase (HCVcc-luc),
or GFP-tagged HSV-1 (strain KOS, provided by Prashant Desai, The Johns
Hopkins University) as described (47). Viral titers were determined by plaque
assays as described (48). HCVcc-luc propagation was performed as described
(49).

For experiments assessing productive viral infection, PHT cells were in-
fected with CVB, PV, VSV, VV, or HSV-1 for 14-15 h [multiplicity of infection
(MOI) = 5] or CMV for 24 h for immunofluorescence. For 3-MA experiments
assessed by qRT-PCR, PHT cells were infected with GFP-VSV for 15 h at MOI = 5.
For experiments analyzing immediate early viral gene expression measured
by gRT-PCR, PHT cells were infected with CVB, VSV, VWV, or HSV-1 for 6-7 h at
MOI = 1. Hela cells were infected with CVB or PV at an MOI = 5 for 8 h. HFF
cells were infected with CMV for 24 h and VSV or CVB (MOI = 5) for 15 h. Vero
cells were infected with VSV for 6 h (MOI = 5). Caco-2 cells were infected with
VSV or CVB for 7 h (MOI = 5). RL-95 cells were infected with CVB for 15 h
(MOI = 5). For immunofluorescence, U20S cells were infected with CVB for 7 h
(MOI = 5) or VSV (MOI = 5), VV, or HSV-1 (MOI = 1) for 15 h. For gRT-PCR,
U20S cells were infected with CMV, VSV, HSV-1, or VV for 5-6 h (MOI = 1).
Huh7.5 cells were infected with HCVcc as described previously (49).

miRNA Mimics, Plasmids, and Transfections. Mimics for C19MC miRNAs (miRIDIAN),
as well as a nontargeting control miRNA mimic, were obtained from Thermo-
Fisher Scientific (Dharmacon) as described (5). U20S cells were reverse
transfected with one or multiple miRNA mimics or miRNA mimic control (final
concentration 6 nM for each miRNA mimic) using DharmaFECT-1 transfection
reagent (Thermo-Fisher Scientific) or Hiperfect (Qiagen) according to the
manufacturers’ instructions. Cells were assayed 48 h posttransfection. The
total concentration of nontargeting control miRNA mimics was adjusted to
that of all active miRNA mimics. For siRNA transfections, U20S cells were
reverse transfected using DharmaFECT-1 transfection reagent. For silencing
of beclin-1, 40 nM per well of scrambled nontargeting siRNA (siControl) or
Beclin-1 siRNA (Cell Signaling, #62225) was transfected. Plasmid transfections
were performed using X-tremeGENE 9 (Roche) according to the manufacturer’s
protocol. The mRFP-LC3b expression construct was purchased from Addgene
(plasmid 21075) and originally constructed by Tamotsu Yoshimori (50). For
experiments with conditioned media and purified exosomes, cells were ex-
posed to media 24 h posttransfection and fixed 48 h posttransfection. For all
other experiments, cells were assayed 48 h posttransfection.

General Statistical Analysis. Experiments were performed at least three times
as indicated in the figure legends or as detailed. Data are presented as
mean =+ SD. Except where specified, Student t test was used to determine
statistical significance for virus infection and autophagy assays when two
sets were compared, and one-way ANOVA with Bonferroni’s correction for
post hoc multiple comparisons was used to determine the statistical sig-
nificance for reporter gene assays. P < 0.05 was determined significant.
Additional methods can be found in the S/ Materials and Methods.
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