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Zika virus (ZIKV) during pregnancy infects fetal trophoblasts and
causes placental damage and birth defects including microcephaly.
Little is known about the anti-ZIKV cellular immune response at
the maternal-fetal interface. Decidual natural killer cells (dNK),
which directly contact fetal trophoblasts, are the dominant mater-
nal immune cells in the first-trimester placenta, when ZIKV infec-
tion is most hazardous. Although dNK express all the cytolytic
molecules needed to kill, they usually do not kill infected fetal cells
but promote placentation. Here, we show that dNK degranulate
and kill ZIKV-infected placental trophoblasts. ZIKV infection of
trophoblasts causes endoplasmic reticulum (ER) stress, which
makes them dNK targets by down-regulating HLA-C/G, natural
killer (NK) inhibitory receptor ligands that help maintain tolerance
of the semiallogeneic fetus. ER stress also activates the NK activat-
ing receptor NKp46. ZIKV infection of Ifnar1™’~ pregnant mice
results in high viral titers and severe intrauterine growth restric-
tion, which are exacerbated by depletion of NK or CD8 T cells, indi-
cating that killer lymphocytes, on balance, protect the fetus from
ZIKV by eliminating infected cells and reducing the spread of
infection.
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n the first trimester of human pregnancy, when Zika virus

(ZIKV) infection is most damaging to the developing fetus
(1-3), ~70% of maternal immune cells at the maternal-fetal
interface are decidual natural killer cells (ANK), which are in
close contact with extravillous trophoblasts (EVT), placental
cells of fetal origin which invade the decidua to orchestrate pla-
centation. T lymphocytes and natural killer (NK) cells generally
do not kill EVT, which do not express the main classical HLA
molecules responsible for T cell activation (HLA-A and B)
(4-7) but do express HLA-C and nonclassical HLA-E and -G,
which help inhibit NK cell activation. HLA-G, whose expres-
sion is mostly restricted to the placenta, helps maintain dNK
tolerance of fetal cells. There is important cross-talk between
dNK and EVT—EVT regulate the maturation of dNK precur-
sor cells into tolerant dNK (8) and dNK promote EVT
migration and invasion of spiral arteries, processes essential for
placentation (9-13). Invading fetal EVT are susceptible to
infection by a variety of pathogens, including human cytomega-
lovirus (HCMYV), Toxoplasma gondii, and ZIKV (1, 14-17).
dNK in the placenta face a difficult problem—they must toler-
ate the semiforeign fetus but still protect against infection.
Although dNK contain the machinery needed to recognize and
kill, they have reduced cytolytic activity against classical NK tar-
get cells recognized by peripheral blood NK cells (pNK) and
are not known to kill infected trophoblasts (18-23). However,
dNK degranulate and secrete cytokines, including interferon
(IFN)-y, in response to HCM V-infected maternal decidual stro-
mal cells in equal levels to pNK (19, 20). We recently demon-
strated that dNK can eliminate intracellular Listeria infection in
trophoblasts without degranulating or killing the host cells (24).
Although ZIKYV infects the placenta and fetus and can cause
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severe birth defects including microcephaly, brain atrophy, and
subcortical and chorioretinal and optic nerve atrophy, little is
known about the response of decidual immune cells to ZIKV
and its effect on maternal-fetal transmission (25).

dNK Kill ZIKV-Infected JEG-3

Although ZIKV infects cultured human fetal trophoblast cell lines
grown as single cells or three-dimensional (3D) first-trimester pla-
cental cultures, isolated first-trimester primary trophoblast cells
(undifferentiated in culture) are difficult to infect without using a
very high multiplicity of infection (MOI) (26, 27). To examine the
dNK response to ZIKV-infected trophoblasts, we first infected the
human trophoblast-like choriocarcinoma cell line JEG-3, whose
MHC Class I expression resembles EVT, with the 2015 epidemic
PRVABCS9 strain of ZIKV. JEG-3 were readily infected (S7
Appendix, Fig. S1) (26, 28-30). Within 2 d of ZIKV infection with
an MOI of 1 to 2, 50 to 70% of JEG-3 became infected and
stained with pan-flavivirus envelope antibody. Although the
infection was cytopathic at high MOI, only ~15% of JEG-3
infected at MOI 2 were not viable above background at this time
point (SI Appendix, Fig. S1 B and C), making them suitable targets
for killing assays. It is worth noting that the PRVABC59 strain and
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early pregnancy, are poorly cytotoxic but promote placenta-
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the case of other viral infections, dNK release their granules
and kill ZIKV-infected trophoblasts. In a trophoblast-like cell
line, human primary extravillous trophoblasts, 3D villous
explants, and Ifnar1~’~ pregnant mice, dNK reduce placental
and fetal viral loads and protect against fetal loss.
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the nonepidemic MR766 strain were not significantly different in
JEG-3 cytopathicity (S Appendix, Fig. S1D), contrary to what has
been described in stem cell-derived trophoblasts (31). dNK
isolated from first-trimester healthy human decidua were
cocultured with ZIKV-infected JEG-3. Although dNK do not
release their cytotoxic granules in response to other viral or
Listeria infections (19, 24), dNK degranulated against ZIKV-
infected JEG-3, assessed by externalization of the internal
cytotoxic granule marker CD107a (Fig. 1 A and B). dNK also
killed ZIKV-infected JEG-3 as measured by >'Cr release assay
(Fig. 1C) and inhibited production of infectious virus, assessed by
plaque assay on Vero cells cultured with supernatants from the
cocultures (Fig. 1D). Cytotoxicity was inhibited by the calcium
chelator EGTA, which blocks NK cell degranulation and perforin
function (Fig. 1E), indicating that killing was mediated by cytotoxic
granule release. dNK from multiple human first-trimester samples
killed JEG-3 infected with either the 2015 epidemic PRVABC59
or the nonepidemic MR766 strain but did not kil HCMV or
HSV-2-infected JEG-3 above background (Fig. 1F), even with
high infection levels (Fig. 1G). A similar level of HCMV infection
as achieved in this assay triggers pNK to kill JEG-3 (19). ZIKV is
so far the only trophoblast infection known to trigger dNK killing.
Killing of JEG-3 infected with the epidemic strain was significantly
greater than killing of cells infected with the nonepidemic strain,
even though both strains produced statistically similar viral titers
(Fig. 1G). ZIKV-infected JEG-3 also activated dNK to produce
the antiviral and macrophage-activating cytokine IFN-y (Fig. 1 H
and I). IFN-y is known to inhibit EVT migration, which is
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important for placentation (32). Thus ZIKYV, unlike other viral
infections, turns a trophoblast-like cell line into a dNK target,
disrupting tolerance to infected trophoblasts.

ZIKV Down-Regulates HLA-C and HLA-G on JEG-3

Classical MHC Class I molecules strongly inhibit NK activation,
but HLA-A and -B are not expressed by EVT (4). Immune
tolerance of EVT depends partially on EVT expression of HLA-
C, -E, and -G, recognized by the LILRB1, LILRB2, NKG2, and
KIR2DL family NK receptors (33). ZIKV and other flaviviruses
up-regulate HLA class I in human fibroblasts, endothelial cells,
myocytes and neuronal cells secondary to virus-induced type I
interferon induction, which inhibits NK killing (34, 35). We veri-
fied that ZIKV up-regulates HLA-A/B/C in the U-251 human
glioblastoma cell line (SI Appendix, Fig. S2 A and B). Because
NK activation depends on expression of HLA and various stress
ligands, we examined the effect of PRVABC59 and MR766 infec-
tion on JEG-3 expression of HLA and the stress-related NK
ligands MICA/B. Neither strain of ZIKV up-regulated HLA-A,
-B, -E, or -F or MICA/B on JEG-3 (Fig. 2 A-C). Both HLA-C
and -G were reduced on JEG-3 48 h postinfection with either
strain to a similar extent (Fig. 2 4-C). Consistent with the lack of
HLA up-regulation and a previous report (28) ZIKV infection of
JEG-3 did not induce IFNB or the IFN-stimulated genes, OAS
and MXI, which were up-regulated in U-251 (SI Appendix, Fig.
S2C). In contrast, HSV-2 and HCMYV, which cause congenital
infection, down-regulated HLA-C but did not affect expression
of HLA-G on JEG-3 (Fig. 2 A4, D, and E). Notably, ZIKV did
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Fig. 1. dNK kill ZIKV-infected JEG-3. (A and B) Representative flow cytometry plots (A) and median proportion (B) of dNK degranulating to uninfected

and ZIKV PRVABC59-infected JEG-3 (8-h coculture, effector:target [E:T]

ratio 1:3) (n = 8). (C) dNK specific killing of uninfected and ZIKV

PRVABC59-infected JEG-3 (n = 10). (D) Viral plaque assay (on Vero cells) of supernatants after 8-h coculture of ZIKV PRVABC59-infected JEG-3 with dNK
(E:T ratio 10:1), relative to infected JEG-3 without added NK cells (n = 4). PFU, plaque forming units. (E) Effect of EGTA on dNK killing (n = 4). (F) Compar-
ison of dNK specific killing of JEG-3 that were uninfected or infected with indicated viruses (n = 3 to 9). (G) Levels of infection of the indicated viruses in
JEG-3. (H) Representative flow cytometry plots of IFN-y production by dNK after 8-h coculture with 721.221 or uninfected and ZIKV PRVABC59 infected
JEG-3 (MOI 2, E:T ratio 1:3) (/) and percentage of IFN-y producing dNK in response to infection (n = 21). Killing assays in C, E, and F were 8-h >'Cr release
assays performed at an E:T ratio of 10:1. Bars show median + interquartile range (B—F) of biological replicates or mean + SEM (G) of three independent
experiments. In all infection experiments, ZIKV (PRVABC59 and MR766), MOI = 2; HSV-2, MOI = 0.5; HCMV, MOI = 3. *P < 0.05; **P < 0.01; ***P < 0.001
by Wilcoxon rank sum test (B-E and /), nonparametric unpaired ANOVA (Kruskal-Wallis test) followed by Dunn’s posttest (F), and nonparametric paired
ANOVA (Friedman's test) followed by Dunn'’s posttest (G).
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Fig. 2. ZIKV infection down-regulates HLA-C and HLA-G in JEG-3. (A-E) Representative flow cytometry plots (A) or mean + SEM values (three to five inde-
pendent experiments) (B-E) of the percentage of HLA and MICA/B positive fractions on uninfected JEG-3 or JEG-3 infected with ZIKV PRVABC59 (MOI 2) (B),
ZIKV MR766 (MOI 2) (C), HSV-2 (MOI 0.5) (D), or HCMV (MOI 3) (E) for indicated times. |E-1, immediate early protein 1. *P < 0.05 by Wilcoxon rank sum

test (B-E).

not reduce HLA-C and HLA-G messenger RNA (mRNA) in
JEG-3 (8I Appendix, Fig. S2D), suggesting regulation at the pro-
tein level. Thus, ZIKV down-regulates HLA-C and -G, which
help maintain fetal tolerance, and does not induce other

NK-inhibiting classical HLA molecules in JEG-3.
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ZIKV Reduces HLA-G Expression in Primary EVT and dNK
Eliminate ZIKV-Infected EVT

Next we wanted to verify that ZIKV infects primary human
EVT and similarly modifies HLA expression and triggers NK

killing of infected cells. Primary placental cells are difficult to
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infect in vitro (26), but we were able to infect placental cell sus-
pensions using an extremely high inoculum (10'? PFU) (SI
Appendix, Fig. S3 A-C). In these suspensions, ZIKV preferen-
tially infected EVT, identified as B7-H3*CD49¢*. On average
about 30% of EVT stained for ZIKV E protein, while fewer
than 10% of other cells became infected; about half of the
infected cells in these cultures were EVT. To study MHC
expression and coculture with dNK, we purified EVT (by sort-
ing B7-H3"CD49¢™ cells) and infected them with the same
high MOI of ZIKV PRVABCSY, obtaining similar levels of
infection as in the full suspension (about 25% on average)
(Fig. 3 A and B). ZIKV significantly down-regulated HLA-C
and HLA-G in primary EVT, as we had observed with JEG-3
(Fig. 3 C and D). When autologous dNK were added to these
primary purified cultures for 12 h, the percentage of infected
EVT decreased significantly on average by about one-half, but
dNK effectiveness varied among donors (Fig. 3 4 and B). Thus,
ZIKV infects primary trophoblasts and causes HLA-G and -C
down-regulation, and infection is reduced by dNK.

To verify that the results obtained with primary EVT and
JEG-3 apply to intact placental tissue, 3D placental explants
(which survive up to 6 d; SI Aé)pendix, Fig. S3D) were infected
with a high viral inoculum (10° PFU) for 72 h (Fig. 3 E-G) (1,
36, 37). Infection, detected by staining for envelope E protein,
incorporated into mature virions, and NS2B protease,
expressed during viral replication, was prominent in
CD49a*CDH-1" cells with large nuclei located at the tips of
the villi, which identified them as EVTS (~47% of the infected
cells) and in cytotrophoblasts (~35% of the infected cells; CTs,
identified as cells with small nuclei located under EVTs or syn-
cytium, expressing CDH-1) (Fig. 3 E and F). ZIKV was virtu-
ally undetected in stromal cells and syncytiotrophoblasts (STs;
identified as SDC-1" cells with small nuclei in a continuous
layer surrounding the villi). Indeed, STs have been shown to
resist ZIKV infection, although ZIKV can alter the permeabil-
ity of the syncytium leading to infection of mesenchymal cells
in the chorionic villi (38). Coculture of infected explants with
autologous dNK significantly reduced the number of infected
EVT by about half, indicating that dNK can help control ZIKV
infection in tissue (Fig. 3G).

ZIKV-Induced Endoplasmic Reticulum Stress Down-Regulates
HLA-C and -G and Is Critical for NK Killing

HLA expression, which plays a critical role in NK activation, is
reduced by endoplasmic reticulum (ER) stress (39, 40).
Because ZIKV replicates in the ER and is known to cause ER
stress (41, 42), we hypothesized that ER stress induced by
ZIKV was responsible for HLA-C and -G down-regulation in
infected JEG-3 and primary trophoblasts, which would explain
lower protein levels without a decrease in mRNA. ZIKV infec-
tion induced ER stress in JEG-3 to a similar extent as the ER
stressor tunicamycin (which induces the unfolded protein
response [UPR] by blocking N-linked glycosylation) (43), as
assessed by increased XBPI splicing and induction of ER
stress-related mRNAs, BIP, CHOP, ATF4, and GRP9%4 (30)
(Fig. 44). To determine whether ZIKV also causes ER stress
in vivo, we measured Xbpl splicing, Chop and Bip expression
by qRT-PCR in total /placental RNA isolated on embryonic day
(E)15.5 from Ifnar~'~ (A129) mice that were uninfected or
infected with ZIKV on E6.5 (Fig. 4B). Indeed, ZIKV infection
caused significant ER stress in the placenta. Thus, ZIKV infec-
tion causes ER stress in vitro in a human trophoblast-like cell
line and in the placentas of Ifnar '~ mice infected early in
pregnancy.

To identify the ZIKV components that induce ER stress we
used a reporter assay to quantify XBP1 splicing and the amount
of active ATF6 transcription factor in JEG-3 cotransfected with
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either pFLAG-XBP1u-Fluc or p5xATF6-GL3 + pRLSV40P
reporter and plasmids encoding individual ZIKV proteins (S
Appendix, Fig. S4 A and B). Overexpression of seven ZIKV
proteins, the glycoproteins prM-E, E, and NS1 and the ER
membrane-anchored small hydrophobic proteins NS2A, NS2B,
and (2K)-NS4B, increased luciferase activity, while expression
of six genes that encode for C, M, NS2B, N3, NS4A, and NS5
did not (SI Appendix, Fig. S4B). By and large, the ZIKV pro-
teins that project into the ER lumen in the initially synthesized
ZIKV polyprotein triggered ER stress, while the proteins that
project into the cytosol did not. NS2B-3, encoding for a fusion
of the NS3 protease and its cofactor NS2B, induced higher
reporter expression than NS2B or NS3 alone. Not surprisingly,
overexpression of most ZIKV genes that caused XBPI splicing
or ATF6 activation also partially down-regulated HLA-C/G (SI
Appendix, Fig. S4 C and D).

To determine if ER stress alone makes JEG-3 susceptible to
dNK killing, JEG-3 were treated with tunicamycin for 24 h using
a concentration that causes ER stress without apoptosis
(Fig. 44). Tunicamycin down-regulated both HLA-C and -G in
JEG-3 and led to dNK killing (Fig. 4 C and D). The ER stress
inhibitor salubrinal, which prevents dephosphorylation of the
eukaryotic translation initiation factor 2 alpha (elF2a) (44),
inhibited both ZIKV- and tunicamycin-induced XBPI splicing
and induction of ER stress signature genes (Fig. 44). More-
over, salubrinal also restored HLA-C/G expression in ZIKV-
infected JEG-3 (Fig. 4 E and F) and inhibited dNK killing of
tunicamycin-treated and ZIKV-infected JEG-3 (Fig. 4 D and
G). Thus, ER stress in a ZIKV-infected trophoblast cell line
causes HLA-C/-G down-regulation.

The NK Activating Receptor NKp46 that Recognizes
ER-Stressed Cells Contributes to dNK Killing of ZIKV-Infected
JEG-3

NK killing requires activating receptor ligation by target cells.
We recently found that the NKp46 activating receptor, ubiqui-
tously expressed on NK and also on some innate lymphoid
cells, recognizes ER-stressed target cells by binding to calreticu-
lin (CRT), an ER-resident protein that is externalized and pre-
sented on the cell membrane during ER stress (45). Moreover,
we also showed that ZIKV-induced ER stress up-regulates
CRT on JEG-3, increases pNK binding to infected cells, and
triggers their killing of ZIKV-infected JEG-3. pNK killing is
inhibited by antibodies to CRT or NKp46 or by knocking down
or knocking out their genes, CALR or NCRI. Because dNK are
less cytotoxic than pNK we first examined which activating
receptors are expressed on dNK (Fig. 4H). dNK strongly
expressed NKp46 and NKp30 and weakly expressed NKG2D
and 2B4, but much less than pNK. dNK expression of NKp44,
NKp80, NKG2C, or DNAM-1 was not detected. NKp46 block-
ing antibody, but not anti-NKp30, significantly inhibited dNK
killing of ZIKV-infected JEG-3, suggesting that NKp46 on
dNK is an activating receptor triggered by ZIKV infection, as
previously found for pNK (45) (Fig. 4I). Taken together, these
data show that ZIKV-induced ER stress down-regulates HLA-
C and -G, ligands for dNK inhibitory receptors, and increases
activation of NKp46 to disrupt the balance of NK activating
and inhibitory receptor binding at the trophoblast cell surface,
triggering dNK killing of ZIKV-infected trophoblasts.

NK Depletion in Pregnancy Aggravates ZIKV Infection in
A129 Mice

To promote infection, ZIKV dampens but does not eliminate
(35) the induction of type-I IFNs in human cells but is less able
to do this in mouse cells (46). As a consequence, wild-type
(WT) mice are difficult to infect with ZIKV, and A129 mice,
deficient in the Type I IFN receptor gene Ifnar, are used for
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infection studies (47). Type I IFNs have been implicated as  verified by examining maternal blood lymphocytes the day before

mediators of pregnancy complications during ZIKV infection
in mice (48). To assess the cellular immune response to
ZIKV early in pregnancy, pregnant A129 or WT mice were
infected with 10° PFU PRVABCS59 strain intraperitoneally on
E6.5 (equivalent to the human first trimester). Some mice were
depleted of NK, CD8 T cells, or B cells before ZIKV challenge,
using cell-type-specific antibodies (anti-asialo GM1 glycoprotein,
anti-CDS, and anti-CD20, respectively) administered before and
after infection and control mice were treated with anti-KLH rat
IgG2b control antibody. Selective depletion of each cell type was
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infection (SI Appendix, Fig. S54). Although anti-asialo GM1
depletes both basophils and NK, basophils are not known to play
a role in ZIKV pathogenesis. None of the WT mice became
infected. Fifteen of 16 A129 mice infected with this low inoculum
and treated with the control antibody carried their pregnancies to
E15.5, when mice were killed (Fig. 54). The number of viable
fetuses on E15.5 in infected A129 mice was not statistically differ-
ent from that in uninfected mice and antibody depletion did not
significantly affect the litter size, but fetal weights were signifi-
cantly reduced by infection and did not change with antibody
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depletion (n = 35 per group, P = 0.02) (Fig. 5 B and C). All of
the A129 mice and their fetuses became infected as assessed by
qRT-PCR of maternal blood and spleen, placentas, and fetal
heads on E15.5 (Fig. 5 D-G). Depletion of NK or CDS8 T cells,
but not B cells, increased viral loads in both the tissues of dam
and fetus 9 d postinfection (Fig. 5 D-G). The proportion of dams
with failed pregnancies was significantly higher in NK- and CD8 T
cell-depleted mice, but B cell depletion had no significant effect
on pregnancy outcome (Fig. 54). However, depletion of NK or
CDS8 T cells did not affect fetal weights or litter size of surviving
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pregnancies, when compared to control antibody treated infected
animals. Taken together these data indicate that on balance NK
and CDS8 T cells protect the fetus from ZIKV infection early in
pregnancy in mice. Although ZIKV antibodies and vaccination
strategies designed to induce ZIKV antibodies very effectively
protect mice from ZIKV transmission (49), and transplacental
antibody transfer from ZIKV-infected mothers to fetus has been
reported (50), depleting B cells likely had no effect in this model
because the native antibody response does not develop until
weeks after viral exposure, while the NK response is immediate
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and the CDS8 T cell response to viruses begins to be detected
within 5 to 7 d.

To understand how ZIKV causes fetal loss and such signifi-
cant intrauterine growth restriction (IUGR), we compared the
histology of E15.5 placentas of mice that were infected with
ZIKV on E6.5 with uninfected mice and also examined the
effect of depletion of B, CDS8 T, and NK cells on viral load and
placental pathology. The labyrinth is the part of the placental
disk that contains the villi, which transfer nutrients from the
maternal blood to the fetus. Placental viral loads increased sig-
nificantly with NK (n = 10, P = 0.01) or CDS8 T cell depletion
(n =10, P = 0.003) but not B cell depletion (Fig. SE). The laby-
rinth area of infected mice given control antibodies was also
reduced compared to uninfected control mice and was further
significantly reduced in NK- and CD8 T cell-depleted mice
(n =5, P =0.009 for CD8; n =5, P =0.008 for NK depletion)
(Fig. SH). Of note, NK depletion did not affect labyrinth size in
uninfected mice, so the effect of NK cell depletion was due to
ZIKYV infection. The placentas of infected mice showed severe
pathology, with trophoblast apoptosis and fetal red blood cell
karyorrhexis, which were exacerbated in mice depleted of NK
cells (Fig. 5I). In placentas costained for ZIKV (using ZIKV
mouse antiserum) and trophoblast CK (cytokeratin) or stromal
and endothelial cell V (vimentin) markers, ZIKV infection was
detected in about a third of CK+ trophoblasts and was rare in
V+ cells (Fig. 5J). Moreover, infection significantly increased in
NK-depleted mice so that about half of CK+ cells stained for
ZIKV (n = 5, six fields per sample, P = 0.02 for NK depletion
relative to control antibody) (Fig. 5K). The placentas of NK
and CD8-depleted animals also had reduced endothelial cell
numbers (Fig. 5L). Thus, although uterine NK (uNK) could
potentially contribute to fetal pathology by killing infected
trophoblasts, the depletion experiments on balance indicate
that CD8 T and NK cells protected against ZIKV infection in
pregnant mice since spontaneous abortions, viral loads and pla-
cental pathology increased and labyrinth size decreased with
CD8 Tor NK cell depletion.

Discussion

Here we show that ZIKV is unique among congenital infections
because it triggers dNK to degranulate and kill infected
trophoblast-like cells, breaking tolerance of infected placental
cells. ZIKV infection of a trophoblast-like cell line and of iso-
lated primary human trophoblasts from normal human first-
trimester pregnancies down-regulated HLA-G, a nonclassical
HLA molecule that plays an important role in immune toler-
ance by binding to NK switch-motif receptors (51). HLA-G and
-C down-regulation was linked to ZIKV replication in the ER,
which causes secondary ER stress. An ER stress inhibitor, salu-
brinal, both blocked HLA-G and -C down-regulation and inhib-
ited dNK Kkilling of ZIKV-infected trophoblast-like cells.
Although we did not evaluate other flaviviruses in this study,
since they rarely cause congenital infections, they also replicate
in the ER and likely also induce ER stress (52), perturb classi-
cal and nonclassical HLA expression, and turn infected cells
into NK targets. Mice infected with ZIKV early in pregnancy
also showed evidence of placental ER stress. [UGR was the
most salient pathology in ZIKV-infected mice.

It is worth noting that ER stress and the UPR are hallmarks
of IUGR and the closely associated preeclampsia syndrome, as
well as microcephaly (53-59). A recent report using cerebral
organoids further identified an UPR signature during micro-
cephaly pathogenesis (60). Our results showing induction of
ER stress and up-regulation of an UPR signature in ZIKV-
infected placentas suggest that ZIKV-induced ER stress may be
a root cause of birth defects (61, 62). ZIKV infection also leads
to metabolic alterations, mitochondrial dysfunction, and
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inflammation in placental cells and these changes contribute to
tissue damage in the placenta (63-65). Placental cells constitu-
tively secrete interleukin (IL)-1f, indicative of inflammasome
activation (66), and express high levels of gasdermin E, which
may contribute to IL-1p release (12). ZIKV exacerbates this
inflammatory state (67, 68). Indeed, blocking IL-1 signaling
with an IL-1 receptor agonist in ZIKV-infected pregnant dams
improves placental function, increases fetal viability and
reduces birth defects in mice (69). ZIKV-induced ER stress
could contribute to metabolic alterations in the placenta that
lead to placental inflammation and tissue damage.

A previous in vitro study suggested that pNK do not kill
ZIKV-infected primary human cells because ZIKV induces
type I IFNs, which up-regulate classical HLA molecules that
inhibit NK killing (35). However, pNK from ZIKV-infected
patients show signs of activation (70) and murine pNK that
developed memory-like characteristics after in vivo ZIKV infec-
tion exhibited superior antiviral capacity (71). In the present
study, we confirmed that ZIKV up-regulates type I IFNs in a
neuronal cell line but found that ZIKV doesn’t induce type I
IFNs and inhibits classical HLA expression and MICA/B stress
signals in a human trophoblast cell line. Thus, in trophoblasts,
ER stress, rather than IFN induction, regulates changes in
HLA expression and causes down-regulation, while in other
cells, especially neurons, ZIKV induces Type I IFNs that
up-regulate HLA. These differences in HLA expression help
make trophoblasts good NK targets but may inhibit NK recog-
nition and control of infection in the brain and elsewhere.

NK killing generally requires activation of an NK activating
receptor in addition to lack of inhibitor receptor signaling. We
recently found that an activating receptor, NKp46, expressed
ubiquitously on pNK and dNK, selectively recognizes ZIKV-
infected JEG-3 (45). ZIKV induction of ER stress is recognized
by NKp46 in trophoblasts and probably also in other cells. It
will be worthwhile to examine in detail how dNK and pNK acti-
vating and inhibitory receptors respond to different cell types
infected with ZIKV and how the effects of ZIKV infection and
ER stress are integrated and sensed by NK to result in either
tolerance or killing and cytokine release. Another NK activat-
ing receptor, that might be induced in dNK during placental
ZIKV infection, could also be triggered by ZIKV-infected
trophoblasts, since inhibition of dNK killing of ZIKV-infected
JEG-3 was only partially blocked by anti-NKp46 (Fig. 41). It is
likely that this early innate immune NK response will have a
profound effect on disease course. The variability we noted
among human samples in dNK degranulation, killing and IFN-
y response to ZIKV-infected JEG-3 and primary trophoblasts
suggests that there may be genetic or nongenetic factors that
influence NK responses and the consequences of infection.

The protective versus pathological role of dNK that kill
ZIKV-infected trophoblasts is difficult to predict ab initio. On
the one hand, dNK help control viral replication and spreading
by killing infected cells. On the other, tolerance to infected pla-
cental cells is broken and trophoblasts, which play a critical role
in placentation, are likely destroyed by both viral cytopathicity
and dNK killing. Moreover, dNK respond to ZIKV-infected
JEG-3 by producing IFN-y, which can inhibit EVT invasion of
the decidua, a key mediator of vascular remodeling in the pla-
centa (32). Here we found that depletion of either CD8 T cells
or NK prior to a low inoculum of ZIKV early in pregnancy in
Ifnarl™"~ mice worsened viral loads in the fetus, placenta, and
mother and led to spontaneous abortions, which were rare in
control antibody-treated mice challenged with this viral inocu-
lum. Thus, innate and adaptive killer lymphocytes on balance
protect against ZIKV infection in pregnancy. In particular,
despite disruption of tolerance and the importance of dNK in
regulating trophoblast migration, maturation, and placentation,
IUGR secondary to infection, assessed by fetal weights and

Sen Santara et al.
Decidual NK cells kill Zika virus-infected trophoblasts



Downloaded from https://www.pnas.org by 134.174.21.188 on June 1, 2022 from | P address 134.174.21.188.

placental size, was worsened by uNK depletion. Thus, ZIKV
infection in the absence of antiviral killer lymphocytes is likely
overall more cytopathic for the placenta since dNK lysis of
infected EVT likely limits the spread of infection to uninfected
trophoblasts, reducing, but not eliminating, the pathological
consequences. NK depletion in the absence of ZIKV had no
apparent effect on placental development, as assessed by laby-
rinth size, unlike IL15-deficient mice that lack NK cells and
have smaller placentas (72). This suggests that other IL15-
responsive cell types besides NK cells, such as macrophages,
might be important contributors to placental development (73).
The effect of CDS8 T cell depletion on ZIKV infection in preg-
nancy was previously shown (74, 75). Protection by CDS8 T cells
was likely due to peripheral CD8 T cell control of viral replica-
tion, since CD8 T cells are strongly activated by ZIKV infection
in the periphery (76-79) and are mostly absent in the placenta
early in pregnancy in both mice and humans (79, 80). T cells
constituted only a few percent of decidual hematopoietic cells
and did not increase with ZIKV infection compared to unin-
fected mice until very late in pregnancy. Since ZIKV increases
MHC expression in cells other than trophoblasts (35), which is
predicted to dampen NK reactivity, the major effect of NK
depletion in pregnancy may be largely secondary to uNK activ-
ity locally in the decidua. However, there is no way to selec-
tively deplete uNK without depleting pNK, so our depletion
experiment could not separate the importance of local placental
NK from systemic NK in the better outcome of ZIKV infection
in NK-competent mice.

Why the Brazilian epidemic strain of ZIKV is so virulent,
especially in pregnancy, is not well understood. The epidemic
strain differs from the prior strain by only 13 amino acids and an
insertion in the 3’ untranslated region stem loop (81). Mutations
that increase virulence are concentrated in PrM and the envelope
regions of the virus (81, 82). These proteins contribute to ZIKV
ER stress in our study. The epidemic and nonepidemic strains
did not differ in JEG-3 cytopathicity in our study, but dNK killed
JEG-3 infected with the epidemic strain significantly more than
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the nonvirulent strain. Studies to compare infection of villous
explants with different strains in the presence of dNK could
examine whether the epidemic strain causes more placental
pathology.

In conclusion, congenital ZIKV infection induces ER stress
that activates dNK and antiviral control in placental tropho-
blasts. This dNK defense is relevant in vivo since NK depletion
worsened congenital ZIKV disease. Previously, dNK have not
been thought to have a role in controlling placental infection.
We recently demonstrated an antimicrobial role for dNK in pla-
cental Listeria monocytogenes infection (24) and decidual
HCMYV infection (19, 83). These results and this study suggest
that dNK help control placental infection to protect the fetus.

Materials and Methods

JEG-3 was infected with ZIKV PRVABC59 or MR766, HSV-2 or HCMV or treated
with tunicamycin. Human placental villi and purified cells were isolated from
discarded, deidentified healthy human placental and decidual tissue (gesta-
tional age 6 to 12 wk) with approval from Harvard and Boston Children’s
Hospital Human Institutional Review Committees and infected with ZIKV.
Pregnant Ifnar1 "~ and WT C57BL/6 mice were intraperitoneally infected with
ZIKV PRVABC59 on E6.5 and killed at E15.5 to assess pregnancy loss and viral
loads in mother, placenta, and fetus by plaque assay. Mouse studies were
approved by the Harvard Medical School Institutional Animal Care and Use
Committee. All relevant materials and methods, including isolation and cul-
ture of human placental tissue, cells and cell lines, viruses, infection protocols,
assays of NK function, flow cytometry and confocal microscopy, mouse experi-
mental protocols and analysis of placental histology, and statistical methods
are described in S/ Appendix, Materials and Methods.

Data Availability. Constructed plasmids have been deposited at Addgene
(https://www.addgene.org/Judy_Liebermany/). All other study data are included
in the article and/or S/ Appendix.
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