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Fetal Zika virus inoculation in macaques Giikia

revealed control of the fetal viral load
during pregnancy

Charles Egloff'?, Claire-Maélle Fovet', Jessica Denis®, Quentin Pascal’, Laetitia Bossevot', Sophie Luccantoni',
Marco Leonec', Nathalie Dereuddre-Bosquet', Isabelle Leparc-Goffart*®, Roger Le Grand',
Guillaume André Durand*®, Cyril Badaut*®, Olivier Picone? and Pierre Roques'”"

Abstract

Background Early pregnancy Zika virus (ZIKV) infection is associated with major brain damage in fetuses, leading
to microcephaly in 0.6-5.0% of cases, but the underlying mechanisms remain largely unknown.

Methods To understand the kinetics of ZIKV infection during fetal development in a nonhuman primate model,
four cynomolgus macaque fetuses were exposed in utero through echo-guided intramuscular inoculation with 10
PFU of ZIKV at 70-80 days of gestation, 2 controls were mock inoculated. Clinical, immuno-virological and ultrasound
imaging follow-ups of the mother/fetus pairs were performed until autopsy after cesarean section 1 or 2 months
after exposure (n=3 per group).

Results ZIKV was transmitted from the fetus to the mother and then replicate in the peripheral blood of the mother
from week 1 to 4 postexposure. Infected fetal brains tended to be smaller than those of controls, but not the femur
lengths. High level of viral RNA ws found after the first month in brain tissues and placenta. Thereafter, there was par-
tial control of the virus in the fetus, resulting in a decreased number of infected tissue sections and a decreased viral
load. Immune cellular and humoral responses were effectively induced.

Conclusions ZIKV infection during the second trimester of gestation induces short-term brain injury,
and although viral genomes persist in tissues, most of the virus is cleared before delivery.

Keywords TORCH infection, Viral clearance, Microcephaly, Neutralizing antibodies, Nonhuman primate model, Zika
Virus
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Introduction

Zika virus (ZIKV) is a flavivirus that is transmitted
mainly by Aedes albopictus and Aedes aegypti mosqui-
toes; ZIKV was discovered in 1947 in the Zika forest of
Uganda during surveillance of rhesus monkeys via sen-
tinel platforms [1]. Major epidemics in 2015 in South
and Central America revealed fetal brain developmental
defects associated with ZIKV maternal infection during
pregnancy. Since then, research has focused on under-
standing the mechanisms of pathogenesis, but limited
access to human samples has advocated for the need for
relevant animal models.

Nonhuman primates (NHPs) are a model of choice for
in vivo infection studies during pregnancy because they
share similarities with humans in terms of gestational
and neurodevelopmental timelines, immune system,
uterine anatomy, singleton gestation, hemochorial pla-
centation, endocrine control of parturition and vaginal
microbiome [2]. In addition, the brains of both humans
and NHPs require a long maturation process that ends
after birth [3, 4].

To date, in rodent animal models, a gestational stage
effect has been observed in many studies, with worse
fetal outcomes following ZIKV infection at earlier ges-
tational stages [5]. One of the major disadvantages of
rodent models, in addition to placentation type differ-
ences, is that the duration of pregnancy is relatively short
compared to that in humans. Therefore, the mechanisms
associated with the timing of both the exposure and brain
maturation are mainly representative of the most severe
cases but not of the majority of mildly affected human
infants. Furthermore, the lack of susceptibility of wild-
type mice to various strains of ZIKV necessitates the use
of immune-defective mice to further complicate disease
modeling [6].

Maternal infection during pregnancy is characterized
by prolonged maternal viremia and may cause damage to
the fetal brain and placenta. Studies of ZIKV during preg-
nancy have reported increased rates of congenital Zika
syndrome when infection occurs early in pregnancy [7].
Many viral infections in pregnant women might be asso-
ciated with miscarriage [8] Thus, ZIKV infections during
pregnancy are also accountable, in certain circumstances,
for abortive events [9, 10]. Cerebral ZIKV infection in
fetuses is responsible for neuro-progenitor damage, with
cell apoptosis responsible for destruction of the cerebral
parenchyma and disorganization of the architecture [11].
After maternal ZIKV infection in the NHP model, stud-
ies revealed uncertain maternal—fetal transmission with
a variable viral load in fetal brain tissue. Fetal abnormali-
ties and brain injury were variable and usually moder-
ate [12]. Cerebral tissues from these fetuses euthanized
at term revealed inflammation, a decrease in neuronal
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progenitors, calcification, vascularization, and modifica-
tions of the cellular mechanisms of stem cells [6, 13, 14].

Most studies in the NHP have focused on fetal sta-
tus close to delivery at the end of fetal maturation or
on infant neuropathological outcomes, while the evolu-
tion of viral pathogenesis and immune responses during
pregnancy from infection to term are still unknown [13,
15-24].

Nonetheless, there is still a clear need to develop addi-
tional NHP models to study the evolution of pathogen-
esis after ZIKV infection during pregnancy. A better
understanding of the evolution of the pathological pro-
cess during pregnancy is essential for determining the
appropriate fetal treatment. Indeed, for in utero treat-
ment to be effective, it is necessary to know whether the
development of lesions is progressive. Herein, in this
new NHP model involving pregnant Macaca fascicula-
ris dams and fetuses, to precisely control the timing of
the infection, we inoculated ZIKV directly into fetuses
in utero via an ultrasound-guided intramuscular route.
We describe the exposure of four cynomolgus macaque
fetuses to a French Polynesian ZIKV strain and its viral
evolution during pregnancy in dams and fetuses, with a
focus on fetal infection at either 30 days or 60 days pos-
texposure, thus revealing the early and late stages of in
utero ZIKV infection, respectively.

Methods

Animals

Six pregnant female cynomolgus macaques (Macaca
fascicularis), 5-10 years old and weighing>3 kg, were
imported from Mauritius (negative for Zika virus and
Dengue virus). NHP were housed in IDMIT infrastruc-
ture BSL3 facilities (CEA, Fontenay-aux-Roses, France)
in accordance with French national regulations (Authori-
zation number #D92-032-02 for animal use). The CEA
was established in accordance with the ETS123 recom-
mendations of the European Directive 2010/63/CE and
the Standards for Human Care and Use of Laboratory
Animals (OLAW number #A5826-01). The studies were
approved by the institutional ethical committee (CEtEA
#44) and authorized by the French Research, Innova-
tion and Education Ministry under registration number
APAFIS#6805-20160920 171672 v4.

For all procedures, animals were sedated with 10 mg/
kg ketamine chlorhydrate via the intramuscular route
(Imalgen 1000®, Rhone-Mérieux, Lyon, France) or with
5 mg/kg xylazine via the intramuscular route (Rompun®,
Bayer/Elanco Animal Health, Neuilly sur-Seine, France)
for virus inoculation, imaging and blood collection or
with ketamine chlorhydrate and diazepam 0.25 mg/kg
via the intramuscular route (Valium®, Roche, Boulogne-
Billancourt, France) for caesarian sectioning. For surgical
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interventions, animals received an appropriate analgesic
treatment and were monitored by veterinary and ani-
mal care staff for adverse reactions and signs of disease.
Euthanasia was performed after anesthesia using 180 mg/
kg pentobarbital (Doléthal®, Vetoquinol SA, Lure,
France).

Viral stock and in utero inoculations

The ZIKV strain H/PF/13 was collected from human
serum in French Polynesia in 2013 [25] and obtained
from the EVAg program (https://www.european-virus-
archive.com). The strain was amplified from C6/36
mosquito cells and titrated with VERO E6 cells to a con-
centration of 2 x 10® TCID50/mL.

The dams were sedated, and the fetuses were inocu-
lated intramuscularly in the thigh at the most accessible
muscle (not specifically identified) with 0.1 mL (1x 103
pfu) of ZIKV. Control animals were inoculated with
saline using the same procedure. Inoculation was per-
formed in utero via a maternal transabdominal route,
avoiding placental disks through trans-amniotic mem-
brane ultrasound-guided puncture under aseptic condi-
tions with a 20G/3.5-inch spinal needle at the beginning
of the procedure (Fig. 1). The same day, the dams were
subjected to amniotic puncture under aseptic conditions
before inoculation.

Mock
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Clinical follow-up

The longitudinal follow-up and sampling methods are
summarized in Fig. 1. Animals were observed 7 days a
week, and if present, abnormal behavior was reported in
a specific single-animal file. During each anesthesia, clin-
ical examination was performed, and body weight and
rectal temperature were recorded. Dams were followed
for 3 weeks after cesarean section. Blood cell counts,
hemoglobin levels and hematocrit levels were deter-
mined from blood samples collected with EDTA-coated
tubes using an HMX A/L analyzer (Beckman Coulter).

Ultrasound examination

All pregnant females were evaluated weekly using a
“General Electric Logiq e” device with a 4.2-13 MHertz
probe to perform cerebral morphology and biometric
measurements: biparietal diameter (BPD), head circum-
ference (HC), abdominal circumference (AC) and femur
length (FL). Reference ranges were plotted using data
from Tarantal et al. [26].

Amniocentesis, cesarean section and cord blood sampling

Cesarean section analysis was performed at 32, 34, and
36 days post inoculation for group 1 (BU661, BZ514
and CA953D, respectively) and at 82, 70, and 68 days
post inoculation for group 2 (BQ967, BB807C, and

cesarean

BU661 1 Ll a X Blood, saliva and vaginal fluid samples.
@
m GD75/dpfi0 GD107(dpfi32 m Euth/62 Fetal ultrasound
° A Amniotic fluid sample
A @® Umbilical cord blood sample
ZIKV cesarean
X X X X X % X X
61/0 97/A3’6 Euth/66
A [}
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X XXX X x i /
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A (]
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” 66/0 148/82 11 gugnya12
A
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Fig. 1 Study plan. Fetuses were infected intramuscularly with 10* pfu ZIKVH/PF/13 on GD 61-85. Serial maternal blood draws and ultrasounds
were performed. Fetuses were euthanized for tissue collection following fetal delivery by cesarean section. Infected dams were euthanized 1 month
after cesarean section. The animal symbols used are in green for group 1 (cesarean section and fetal euthanasia 1 month after exposure) and blue
for group 2 (cesarean section and fetal euthanasia 2 months after exposure); the mock animals are colored in gray for both groups. The data are
given as GD/dpfi: gestation day/day post fetal inoculation; Euth/dpfi: female euthanasia/day post fetal inoculation
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CAB872B, respectively). Before delivery, a 20-gauge 3.5-
inch spinal needle was inserted into the ventral abdo-
men to the amniotic sac by avoiding the placenta with
ultrasound guidance to collect 5 mL of amniotic fluid.
The fetuses were then exposed, the umbilical cord was
sectioned after fetal blood sampling (2 mL), and the
two placental discs were removed.

Necropsy

A trained pathologist performed the necropsy and
macroscopic analysis of the internal organs, brain and
placenta immediately following delivery and euthana-
sia. Infected dams were euthanized 1 month after sur-
gery. The fetal brains were removed from one block.
Left cerebral hemispheres were fixed in 4% paraform-
aldehyde (PFA; Sigma Aldrich Chimie, St Quentin Fala-
vier, France) for 72 h for histological analysis. The right
cerebral hemispheres were dissected according to ana-
tomical zones and immediately frozen for molecular
analysis. Biopsies were made for placenta and thoraco-
abdominal organs, snap-frozen for molecular analysis
or fixed in PFA for histological analysis.

Viral quantification in fluids and tissues

In fluids

The plasma viral load was quantified via quantitative
RT-PCR using primers amplifying the envelope protein
(E) region derived from Lanciotti et al. [27].

Viral RNA was prepared from 100 pL of EDTA-
treated anticoagulated, cell-free plasma using the
Nucleospin 96 Virus Kit (Macherey Nagel, Diiren,
Germany; ref: 740452.4). RNA was eluted in 100 pL of
nuclease-free water and stored at —80 °C until analy-
sis. The ZIKV stock was diluted in an EDTA-plasma
sample from ZIKV-noninfected macaques, after which
a standard curve was generated by serial tenfold dilu-
tions. Standards, controls (+and —) and viral RNA
samples were extracted and tested in parallel as follows.
Extracted RNA (10 pL) was reverse transcribed, and
PCR was performed using the Superscript One-Step
RT-qPCR Kit (ref: 11732088, Invitrogen, Villebon-sur-
Yvette, France) in a total 25 pL reaction volume using
a CFX96 Touch real-time PCR detection system (Bio-
Rad) with the following cycling conditions: 30 min at
56 °C, 5 min at 95 °C, 45 cycles at 95 °C for 15 s and
60 °C for 30 s. All amplifications were performed in
duplicate. Standard RNA template dilution had a cor-
relation coefficient of 98-99% over 7 orders of magni-
tude, with a limit of quantification of 5x 10* copies of
RNA/mL and a limit of detection of 10? copies of RNA/
mL (Ct<40).
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In tissues

The results of ZIKV RNA RT-qPCR quantification
cycle (Cq) were compared to those of cellular GAPDH
RNA via a method derived from Labadie et al. 2010 for
CHIKV [28].

Tissue lysates were obtained using a Precellys sys-
tem (Bertin Technologies, Montigny-le-Bretonneux,
France) as previously described [29]. Total RNA was
extracted in duplicate from lysate aliquots using the
Nucleospin 96 RNA Core Kit (Macherey Nagel réf:
740466.4) following the manufacturer’s instructions.
Relative RT-qPCR was carried out simultaneously
with ZIKV primers, a FAM-labeled probe (same as
for fluid/plasma samples) and GAPDH primers with
a Cyt-5-labeled probe, as described above. RT-qPCR
assay efficiencies were determined using standard
dilution curves (tenfold serial dilution) for the ZIKV
and GAPDH series from a tissue matrix spiked with a
known amount of ZIKV viral RNA (Fig. S1). As both
amplification reactions were set up to the same effi-
ciency, each ZIKV genomic quantification value was
normalized against the GAPDH value in the same sam-
ple, and the relative copy number for each sample was
calculated with the following equation: Relative copy
number = 27(Ca ZIKV=Ca GAPDH) The Jower limit of detec-
tion depends on the amount of GAPDH RNA within
the sample and on the quantity of ZIKV RNA (expected
to reach 35-38 RT-qPCR Ct), which varies from one
tissue to another.

Total RNA was quantified per tissue sample using UV
spectroscopy (absorbance at 260 and 280 nm). For each
sample and assay, 500 ng of RNA was used; thus, the
quantity of ZIKV RNA/ng total RNA was determined.
The samples from the standard curve were also normal-
ized to 500 ng of total RNA (50 ng/uL, 10 pL per assay)
from tissues per PCR; thus, the final number of ZIKV
copies in the standard ranged from 5264 x 10° to 2.1 x 10
copies/ng total RNA. This latter value was fixed as the
threshold of our method.

Immune response

Cytokines

Cytokines (G-CSE, GM-CSE, IEN-y, IL-1B, IL-1rA, IL-2,
IL-4, IL-5, IL-6, IL-8, IL-10, IL-12/23 (p40), IL-13, IL-15,
MCP-1, MIP-1a, MIP-1f, TGF-a, TNF-a and VEGF)
were quantified in EDTA plasma using a 23-plex Milli-
plex Map Nonhuman Primate Cytokine Magnetic Bead
Panel (Merck Millipore, Darmstadt, Germany) and a
Bioplex 200 system (Bio-Rad Lab., Marnes-la-Coquette,
France) according to the manufacturer’s instructions with
the addition of an in-house macaque cytokine control
[30]. This control was generated by pooling supernatants
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of Macaca fascicularis PBMCs stimulated with PMA-
ionomycine, concanavalin A or LPS.

ELISA responses of sera to inactivated ZIKV

IgG was detected with an inactivated ZIKV-based ELISA
as previously described [31]. Briefly, 96-well plates (Max-
isorp, NUNC-ImmunoPlate, Thermo Fischer Scientific,
Villebon sur Yvette, France) were coated with inactivated
ZIKV (the year 1989 African ZIKV strain ArB41644 [32])
diluted (1:200) in PBS. Anti-ZIKV IgG levels were tested
with 100 pL of diluted monkey serum samples (1:500).
After the washing steps, the IgG was detected with the
secondary antibody horseradish peroxidase-conjugated
anti-monkey IgG (1/10 000) (Thermo Fisher Scientific).
The optical density (OD) was read at 450 nm, and the
final value, the OD ratio (ODr), was obtained by divid-
ing the average OD of duplicate wells from the corre-
sponding blank wells coated with uninfected cell culture
supernatant treated under the same conditions of ZIKV
production and used as a negative control. The threshold
of positivity was fixed to an ODr of 3.

Sera neutralization of ZIKV (50% cutoff

for the microneutralization assay)

A volume of 120 pL of diluted sera was added to 120 pL
of a virus suspension containing 50 TCID50 of the Afri-
can ZIKV ArB41644 strain from the Central African
Republic isolated in 1984 (National Reference Center for
Arboviruses collection). The mixture was incubated for
1 h at 37 °C with 5% CO2, after which the mixture was
added to Vero cells (ATCC CCL-81, 1.3x10° cells/well).
After 3.5 days of incubation, the cytopathogenic effects
were examined via light microscopy by an experienced
operator. The serum neutralizing titer was calculated as
the inverse of the highest neutralizing dilution.

Histopathologic analysis

Organs Paraffin blocks were processed in serial sections
for hematoxylin and eosin (HE) staining and control
slides (Gill's n°1 hematoxylin, Sigma; Eosin Y acqueous
0.5% VWR international, Rosny-sous-Bois, France). In
addition, Luxol fast blue and Von Kossa staining were
performed on fetal brain slides. Histological analysis
included recording and semiquantitative grading of the
overall severity of the main lesions. Different sampling
was initiated from the basal plate through the chori-
onic villi and chorionic plate in order to obtain the most
homogeneous results. Furthermore, according to the
lesion appearance, the histopathological analysis consid-
ered two subdivisions of lesion component: severity/type
of inflammation and degeneration (edema, necrosis)/
cellular loss. For each lesion, a score ranging from 0 to
4 depending on the subjective severity of the lesion was
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proposed (0=not present, 1 =mild degree, 2=moderate
degree, 3=high degree, 4 =intense degree). For placenta,
sampling was initiated from the basal plate through the
chorionic villus and chorionic plate and the sum of the
scores for each lesion was calculated (Fig. 8).

Results

Study plan and pregnancy outcome

Four cynomolgus macaque fetuses were intramuscularly
inoculated by a trans-amniotic echo-guided procedure
at the beginning of the second third of pregnancy with
1% 10? pfu of a French Polynesian ZIKV strain (H/PF/13).
Two other fetuses were sham inoculated. Thereafter, the
dam/fetus pairs were subjected to frequent sample col-
lection and monitoring, as shown in Fig. 1. No inocula-
tion-related complications were noted, and in particular,
there was no rupture of membranes or fetal death. Cesar-
ean delivery and fetal euthanasia were performed either
1 month after intramuscular ZIKV inoculation in three
pairs or a few days before term for the other three pairs (2
ZIKV-exposed individuals and 1 mock-exposed individ-
ual per group). None of the dams showed clinical signs of
Zika infection, and all the dams remained afebrile during
the study period; infected dams were euthanized 1 month
after cesarean section. Weights and hemograms did not
show any pathological variation compared to those of the
2 mock-exposed pairs (data not shown).

Maternal viral load

Four days post fetal inoculation (dpfi), the virus was
detectable at significant levels in the blood of only 2
out of the 4 dams. In the other two exposed dams, the
viremia on day 4 either remained below the lower limit
of quantification (CA872B) or was detected only later
(BZ514 viremia starting 1 week after fetal exposure)
(Fig. 2). Thereafter, plasma viremia was detectable up to
20-40 dpfi in all 4 dams. The viremia peaked between
days 4 and 10 (mean 7 dpfi), which differs from the
reported data of subcutaneous inoculation in dams (usu-
ally before 5 dpi) [13]. Thus, compared to the results of
previous trials conducted in our laboratory, the dura-
tion and intensity of ZIKV infection are much greater
in pregnant females than in adult animals [33]. All dams
had detectable viral loads in their saliva between 4 and 10
dpfi that peaked close to the time of viremia (BZ514 and
CAR872B) after 2 days for the animal BB807C, but that of
CA953D remained below the lower limit of quantifica-
tion. None of these four animals had a detectable viral
load in their vaginal fluids (data not shown).

Overall, the detection of maternal viremia suggests
retrograde transmission from the fetus to the mother
through the placental barrier, considering that retrograde
transmission via a non-hematogenous route seems highly
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improbable given the pathogenicity associated with
ZIKV.

The persistence of the viral RNA in the blood, fluid,
lymphoid tissue and central nervous system was also
assessed at 1 month after the cesarean section (Supple-
mentary Table 1). We did not detect any viral RNA in the
blood or fluids, but we detected viral RNA in the spleens
of the two females at 34-36 dpfi (BZ514 and CA953D,
194.7 and 0.3 RNA copies/mg, respectively)that were
euthanized 60 dpfi (Group 1). But we did not detect viral
RNA in the spleen of the mothers that were euthanized
at 90 dpfi (Group 2). However, in animal BZ514 (Group
1, euthanized at 56 dpfi), viral RNA was detectable in the
iliac and inguinal lymph nodes (77.4 and 71 RNA copies/
mg, respectively), and in animal BB807C (Group 2, euth-
anized at 98 dpfi), viral RNA was detectable in the naso-
pharyngeal and axillary lymph nodes (55.7 and 14.4 RNA
copies/mg, respectively).

Ultrasound and fetal biometrics

Ultrasound assessment was conducted weekly to moni-
tor fetal viability and growth and to detect any cerebral
defects. Head circumference was compared to femur
length, which was assumed not to be impacted by ZIKV
[34].

Whereas no major fetal defects were found, a tendency
towards a reduction in cephalic perimeter has been
observed in all infected fetuses. However, the observed
perimeter reduction was less than the value recognized
as characteristic of microcephaly (<2 SD, as shown in
Fig. 3). All mock-exposed fetuses had normal biometrics
for cephalic perimeter and femur length.

Fetal viral load
An amniotic fluid puncture was performed before fetal
extraction for euthanasia (i.e., 35 dpfi for group 1 and 70
dpfi for group 2). Only the sample from CA953D-f (group
1) had a detectable viral load in the amniotic fluid, while
its experimental duplicate (ie BZ514-f, infected fetuses
for wich amniocentesis was performed 1 month after
ZIKV inoculation) was negative, as were the samples
from the two fetuses extracted at 2 months postexposure.
As expected, fetuses euthanized 1 month after inocu-
lation (CA953D-f and BZ514-f) had high levels of ZIKV
RNA in brain and placental tissues (Fig. 4A) that were
largely above the quantification threshold (2 copies/ng
total RNA), except in the brainstem and lumbar spinal
cord of CA953D-f. Importantly, the number of infected
tissues was lower at 2 months postexposure than at 1
month postexposure (p<0.001 chi-square test). In addi-
tion, the viral loads in tissues from fetuses euthanized
before natural delivery (CA872B-f, BB807C-f) were
lower than those observed at month one postinoculation,
despite the small persistence of the virus in the cerebral
parenchyma and apparent increase in the placenta and
amnios (Fig. 4B). Thus, out of the 38 ZIKV-positive tis-
sues tested in the 2-month fetal group, only 6 had ZIKV-
positive signal, while 31/38 had ZIKV-positive genomic
material in the 1-month fetal group (Fig. 4A). Overall,
these data suggest that the viral load is controlled during
pregnancy.

Cytokine profiles
The cytokine response was variable between dams
(Fig. 5). There was no evidence of differences in the
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protein profiles between infected and mock dams.
BB807C (infected group 2, subjected to cesarian sec-
tion before term, i.e., 2 months after fetal inoculation)
had frequently the highest levels, especially in GM-CSF,
IFNy, IL4, IL13, IL1pB, IL6, IL15, and TNFy. However,
since the clinical, ultrasound and viral load profiles
were similar between the different dams and fetuses, it
was not possible to draw any conclusions. Conversely,
BQ967 (mock) frequently had the lowest levels, often
below the detection limit, especially for IL5, IL12-23,
IFNy, IL4, IL13, MIP1«, IL1pB, IL6, IL15, TNFa, VEGF
and IL2. However, the other mock infected animal
BU661 had high levels of IL12-23, MIP-13, MIP-1q,
IL-8, and IL-2. Interestingly, for the mother BZ514, at
approximately day 40 post inoculation, the expression
of IL5, IL12-23, IFNy, IL4, MIPla, IL1b, TNFa, ILS,
VEGE, IL2 and IL10 increased, corresponding to the
reappearance of ZIKV in the maternal blood but being
below the limit of virus quantification (Fig. 2). The
effect of cesarean section and removal of the infected
fetus did not lead to any difference in cytokine kinetics
between the two groups.

Maternal serology

To determine the humoral immune response of the
mothers, the ratio of OD (rOD), the seroneutralization
titer at all dpfi, and the anti-ZIKV IgG titers at some dpfi
were determined (Fig. 6). All the profiles were very simi-
lar, confirming the pertinence of the kinetics observed
following rDO using 1/500 dilutions of serum (Fig. 6A).
Thus, the appearance, maximum and disappearance of
neutralizing IgG can be observed and compared.

Using serum samples diluted 1/500, we investigated
the kinetics of specific anti-ZIKV IgG against inactivated
ZIKV in the six dams by ELISA (Fig. 6). None of the mock
dams recognized inactivated ZIKV, while every infected
dam presented an anti-ZIKV IgG signal that became
detectable either at 14 dpfi (BB807C and CA872B) or
between 14 and 21 dpfi (BZ514 and CA953D), as shown
in Fig. 6A.

The increase in anti-ZIKV IgG levels was identical for
the 4 dams and ended at approximately 40 dpfi; sub-
sequently, the anti-ZIKV IgG levels decreased slightly
in two dams (CA953D and CA872B; Fig. 6A). To assess
the exact titer of these anti-ZIKV IgGs, we performed
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titration by limit dilution and found that the decrease
in the anti-ZIKV IgG titer in CA872B was also observed
from 1/32000 at dpfi 55 to 1/16000 at dpfi 98 (Fig. 6B);
rDO had similar results as did the titer.

IgG functionality

Neutralization assays were performed for the four
infected dams by incubating the sera with ZIKV
(Table 1). The first sign of specific virus neutralization
was observed with sera collected at dpfi 14 (for BZ514,
BB807C and CA872B with titers of 1/20, 1/80 and 1/80,
respectively) or dpfi 21 for CA953D (1/80). The maxi-
mum was reached at dpfi 28 for BZ514, BB807C and
CA872B (1/320) and at dpfi 55 for CA953D (1/320).
Notably, for the total anti-ZIKV IgQG titer, there was a
decrease in the neutralizing titer in the serum of the
CA872B female.

Histology

In addition to hematoxylin and eosin (H&E) staining
of brain slides, we performed luxol fast blue staining,
which assesses myelination pathway activity, and Von

Kossa staining, which assesses calcification; however,
no histopathological changes can be observed in the
nervous system of the exposed fetus compared to that
in the mock-exposed fetus. All the images revealed that
the brain tissues exhibited a normal pattern (supple-
mentary Figs. S3 and S4).

Preterm placentas sampled at 34—-36 dpf (CA953D and
BZ514) on gestational days (GDs) 110 and 97, respectively,
showed a few fibronectin-necrotic foci accompanied by
some inflammatory cell infiltration in the villi. The infil-
trations were composed mainly of polymorphonuclear
neutrophils but also of macrophages, which are character-
ized by abundant cytoplasm, pale eosinophilic space and a
large nucleus with a central nucleolus, and lymphocytes,
which are small, round cells (Fig. 7A, B). These lesions
were larger and easier to see in CA953D fetal tissue. In
addition, CA953D presented a necrotic lesion on the side
of the basal plate that looked like an infarction (well-delin-
eated focal coagulation necrosis as observed for BB807C
in Fig. 7B). Rare images suggest vasculitis lesions with
excess fibrin and infiltred mononuclear cells around the
vessels but without clear vascular lesions.

Table 1 Seroneutralization kinetics. Titers were obtained using the MN50 technique

dpfi/ID 0 7 14 21 28 42 55 67 84 98
BZ514 <1/20 <1/20 1/20 1/80 >1/320 1/40 1/160 ND ND ND
CA953D <1/20 <1/20 <1/20 1/80 1/40 1/160 >1/320 ND ND ND
BB807C <1/20 <1/20 1/80 1/80 >1/320 >1/320 >1/320 >1/320 1/160 >1/320
CA8728B <1/20 <1/20 1/80 1/160 >1/320 1/160 >1/320 >1/320 1/40 1/80

Positive values are indicated in bold
ND not done, dpfi days post fetal infection
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Fig.7 Hematoxylln eosin staining of placenta from infected and unexposed fetus/mother couples A Fibrin plug and sceral fibrosis are observed
in the villi. The histology score for this tissue was 3. B Multifocal focal cellular debris associated with fibrin (necrosis) and mixed neutrophilic,
macrophagic and lymphocytic infiltration were observed with a histology score of 7 (Fig. 8). C and D Normal tissue was observed in control animals
(histological score=0). Doted circle (fibrin); PMN black arrow; Macrophage arrowhead. Scale Bar=50 pm

In term placentas: The lesions are identical between
the two couples that were sampled at 68-70 dpfi
(CA872C and BB807C) on GD151-153 and lesions
are present on approximately 5-10% of the villi, with
images of villous sclerosis+accumulation of fibrin in
the villi. This is exemplified in Fig. 7B as white/pink
trabeculae when compared to the control (Fig. 7D), in
which the villi remained independently separated by a
well-defined white space noncolapsed. This could be a
sequela of lesions such as vasculitis to infection (Fig. 8).

The inflammatory status of the placenta was still
observable in the uterus of the females we sampled 1
month after the caesarian section (Fig. S2). Lower level
of histology score was observed in the mother to infant
interface (uterus and vagina) but at an equivalent level
between 1-month-old group (4, 1 and 1, 2 for uterus
and vagina respectively for CA953 and BZ514) vs
2-month-old-group (3, 2 and 1, 2 for uterus and vagina
respectively for CA872B and BB807C).
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Fig. 8 Histological score of the placenta. Gray: mock-exposed pairs,
green: 1-month-old group, blue: 2-month-old group. Lights colors
represent inflammation score and dark colors represent degeneration
score
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Discussion

Validation of the fetal in utero inoculation model

The results from this study indicate that direct inocula-
tion of the fetus via the intramuscular route is a good
strategy for examining the fetal effects of ZIKV. To our
knowledge, this is the first study conducted with exclu-
sive fetal inoculation. Previously, Coffey et al. inoculated
rhesus monkey dams with ZIKV via intravenous and
intra-amniotic routes and found ZIKV RNA in many tis-
sues as well as reduced neural precursor cells [20]. The
limitations of the NHP animal model for congenital Zika
syndrome include relatively low fetal damage (no macro-
scopic lesion apart from relative microcephaly), variable
infection rates (between 50 and 100% of fetuses were
infected after maternal inoculation), and a high risk of
fetal death after maternal inoculation [36]. However, in a
more recent study from the same group in which virus
was inoculated subcutaneously into mothers at G45, no
clinical or pathogenic signs or viruses were detected at
delivery [37]. Following our fetal intramuscular inocula-
tion, all the challenged dams and fetuses presented a viral
load in the blood or tissues. Importantly, compared with
control infection, ZIKV infection led to relative micro-
cephalia in all infected fetuses. Direct intramuscular
inoculation of the fetus via the intraamniotic route allows
(1) maximization of the number of fetuses infected by
the shunting placental barrier, (2) a trend toward smaller
head circumference, and (3) the use of a low inoculum
dose (1x 103 pfu).

Ultrasound and fetal pathology

Observational studies of human cases revealed a rate of
Zika-associated birth defects of approximately 5-7%
after maternal Zika infection [38, 39]. The findings
associated with the central nervous system (CNS) are
microcephaly, ventriculomegaly, calcifications, malfor-
mations of cortical development, anomalies of the cor-
pus callosum and of the posterior fossa, arthrogryposis,
ocular abnormalities, and extraneurologic signs such as
intrauterine growth restriction and placentomegaly [40].
ZIKV-related CNS anomalies present mainly as progres-
sive CNS lesions and a slowing rate of fetal head growth,
and these anomalies seem to be evident only in the late
second trimester, even when maternal infection occurs in
the first trimester [41].

No antenatal macroscopic lesions were found in NHP
models of congenital ZIKV infection. A study by Stein-
bach et al. suggested that a reduction in head circumfer-
ence assessed by ultrasound does not consistently predict
a low brain mass (> —2 SD) in newborn NHPs after ZIKV
infection, which is a potential limitation of prenatal
imaging in identifying subtle brain changes in NHPs [19].
Microcephaly has been reported in mouse and swine
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models of gestational ZIKV infection, as has a reduc-
tion in the growth rate of the fetal head in NHP mod-
els [17, 18, 20, 42, 43]. Our in utero inoculation model
made it possible to observe cerebral damage, which was
defined by a reduction in the cephalic perimeter that can
be visualized by ultrasound; this process was similar for
all infected fetuses. Hematoxylin and eosin staining and
Luxol fast blue and Von Kossa staining were performed
on the fetal brains, and unfortunately, we could not cor-
relate the ultrasound observations with patent histologi-
cal changes in the nervous system (Figs. S3 and S4). In
particular, we did not observe brain calcification, which
is well described in the fetal brains of human newborns
or stillborn neonates infected with Zika virus. A recent
study described the potential role of a recent acquired
deletion (2016) in the glycan loop of the E protein within
Asian ZIKV strains in increasing neurotropism and sub-
sequent brain damage; however, our ZIKV strain from
2013 did not harbor this deletion [44].

Our results are thus consistent with the data in the
literature, given (1) moderate encephalic damage, (2)
slower growth of the fetal head during pregnancy, and (3)
no other detectable macroscopic damage.

In a Brazilian study, despite high specificity, ZIKV-
associated abnormalities detected by prenatal ultra-
sound poorly predicted neonatal outcome, suggesting
ultrasound is a poor diagnostic tool for congenital Zika
syndrome [45]. The definition of microcephaly remains
controversial, typically between —2 SD and -3 SD
below the median. However, sonographic recognition
of a normally proportioned fetus may help exclude a
broader spectrum of ZIKV-associated congenital inju-
ries detected postnatally [34]. Ultrasound lesions are
only part of congenital Zika syndrome, and some lesions
may become visible only later, even if the fetus appears
asymptomatic at birth. Our model is valuable as it reli-
ably reproduces fetal Zika infection pathogenesis without
visible macroscopic damage.

Fetal and dam viral loads

The timing of infection and its impact on fetal transmis-
sion remain difficult to establish. In our study, all the
dams exhibited viremia after in utero exposure. Mater-
nofetal transmission of ZIKV is estimated to occur in
20-30% of infected pregnant women in human clini-
cal studies [39, 46, 47] and 50-70% of infected pregnant
female in nonhuman primate preclinical studies [9, 13,
17-20, 48]. According to our model, retrograde vertical
transmission occurred in 100% of cases. Since close to
full clearance of the virus just before delivery is observed
despite direct inoculation, our study suggested that the
rate of maternal transmission of ZIKV would be much
greater than that reported in other studies. Clearance of
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ZIKV in amniotic fluid and fetal blood has previously
been shown in infected fetuses, but control in the brain
has never been clearly demonstrated [49]. Earlier work in
a rhesus macaque model from which some ZIKV mutants
were isolated from brain tissues shown an increased neu-
rovirulence of these “adapted strain” when intracranially
inoculated in mice. But these indirect findings could not
be reproduced in later studies [50, 51]. Fetal pathology
occurs in humans and multiple animal models even in
the absence of ZIKV detection in the fetus’s body [45, 49].
In addition to the indirect effects of maternal ZIKV infec-
tion on the developing fetus, partly because of placental
function impairment [52], we suggest that transient fetal
ZIKYV infection is sufficient to cause brain damage.

Our results suggest that the absence of ZIKV RNA in
fetal tissue at term, as observed in some cases, does not
necessarily indicate the absence of maternofetal trans-
mission or fetal infection. Crooks et al.,, after inoculat-
ing pregnant rhesus macaques at the end of the first
trimester, reported a significant difference in viral load
and pathology at the maternal-to-fetal interface but not
at the fetal level and found no evidence of vertical ZIKV
transmission at delivery [53]. In a recent paper, intravag-
inal inoculation at early stage (GD30) of a high dose of
African ZIKV in pregnant macaques induced fetal loss
2 weeks later in 2 out of 3 dams, during which ZIKV was
detected in all tissues; at term, ZIKV was detected only at
the maternal—fetal interface [54]. In light of our results,
transient fetal infection may also have occurred. How-
ever, in contrast to Crooks et al., our direct fetal inocula-
tion allowed macroscopic cerebral damage [53].

In our study, in contrast to the findings of the prelimi-
nary study by Steinbach et al. [19], no correlation could
be demonstrated between extended viremia and adverse
fetal outcomes. All the dams had extended viraemia, and
a reduction in the cephalic perimeter was observed in all
the fetuses, although we could observe clearance of ZIKV
during gestation in fetal tissues.

While all fetuses were directly infected, maternal
viremia was prolonged in all fetuses, even in group 2, in
which fetuses were euthanized at term with almost no
virus in the brain. However, the viral load in the placenta
and amnios persists to a significant degree, suggesting
that the placenta is the reservoir of the virus for this pro-
longed viremia rather than the fetus itself. In addition,
the placenta of the infected dams showed inflammatory
lesions associated with vascular changes (villous scle-
rosis and placental infarction). It is therefore likely that
these changes could be the cause of the brain diameter
reduction. Although Magnani et al. did not find de novo
mutations in intrahost ZIKV populations associated
with viral replication in the amniotic fluid of 11 pregnant
rhesus macaques, recent work has shown that selection
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of mutations may occur specifically in the placenta of
pregnant rhesus macaques (those with a mutation in
the NS2B protein) but only in 50% of the tested couples
[48, 55]. This might be consistent with the large variation
we observed between the fetuses extracted at 2 months
post-inoculation. Finally, within the rhesus model, ZIKV
pathogenesis was clearly enhanced. A new study focus-
ing on the African lineage of ZIKV, which inoculated the
virus in mothers earlier than in our study (GD 30/45 ver-
sus GD 60/85), revealed extensive infection of fetal inter-
face tissues on day 7 post-inoculation (pi), persisting and
increasing on day 14 pi, along with infection of fetal tis-
sues and fluids [24]. In this assay, the virus reached the
fetus in 8 out of 9 mothers, confirming the major role
played by placental/decidua tissues in enhancing virus
replication, as observed in our study.

Immune response to control fetal infection

During the acute phase, it was often observed that
ZIKV elicited rapid increase in serum cytokines and
chemokines. This was shown specifically in a macaque
model for IFNa, TNFa, MCP-1, IL-15, IL-10, IL1RA,
and MIP-1a after exposure to 5 10° pfu of ZIKV, with
responses peaking at approximately 1-2 days post infec-
tion [56]. The systemic cytokine response was minimal
after subcutaneous ZIKV inoculation of rhesus macaques
in the study by Hirsch et al. [57]. The in utero ZIKV infec-
tion route with 10% pfu elicited both a delayed viral peak
and delayed cytokine and chemokine responses (as an
example, peak on day 7 or day 40 for MCP-1), in contrast
to direct peripheral infection of adult macaques. How-
ever, perhaps due to the unique immunotolerance context
related to pregnancy and the low dose of virus inoculated,
differences in cytokine and chemokine responses between
pregnant and mock-exposed animals are unclear due to
the small sample size and large variation [58].

Cytokine expression in the plasma did not change fol-
lowing infection or clearance of the viral reservoir (i.e.,
after cesarean section in our animals). One hypothesis is
that this results from direct inhibition of innate immune
pathways by ZIKV that direct the synthesis and secretion
of proinflammatory cytokines [59].

Despite robust maternal anti-ZIKV-specific antibody
responses, ZIKV RNA was still detected in tissues from
all animals. Similarly, Nguyen et al. [18] detected ZIKV in
the peripheral blood of pregnant NHPs for a much longer
period (up to 43 days) than was observed in adult male
macaque and nonpregnant female [60, 61] (5 days). All
the neutralizing antibodies were detectable from 14 or 21
dfpi; simultaneously, all the neutralizing antibodies were
detectable via ELISA and reached their maximum at 28
dfpi, except for one monkey (Table 1). The antibody kinet-
ics were comparable to those leading to high titers found
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at 30 days post infection in nonpregnant rhesus monkeys
by Pantoja et al. and comparable with those in pregnant
human women [62, 63]. Notably, however, seroneutraliza-
tion occurred later than that observed in Haddow et al,,
who exposed animals through vaginal or rectal routes [64].

In animals from the 1-month group, the viral load in
BZ514-f was greater than that in CA953D-f, i.e., 22 323
virus copies per ng of total RNA in the cortex occipi-
tal lobe versus 12, respectively. In their mothers, the
IgG titer was 1/8000 versus 1/16000 at 55 dpf; moreo-
ver, seroneutralization decreased for BZ514 but not for
CA953D, with an effect on the fetuses’ head circumfer-
ence that was smaller for BZ514-f than for CA953D-f.

In the 2-month group, the same tendency was found
for the CA872B-m/f and BB807C-m/f pairs, with the
highest viral load for CA872B-f compared with BB807C-f
(33,774 vs 13,149 in amnios, respectively); however, in the
mothers, we found a lower IgG titer at dpfi 98 (1/16000 in
CAB872B versus 1/32000 in BB807C), a low seroneutrali-
zation titer at dpfi 98 (1/80 versus 1/320) and a smaller
head circumference for CA972B-f than for BB807C-f.

For both groups, the observations were similar: the
highest viral load was associated with a faster decrease in
the IgG titer and a lower degree of seroneutralization in
association with the smallest head circumference. Here,
we correlated the immunological response, viral load and
pathological effect on the fetus.

Limitations of our study

Our study demonstrated that viral load was controlled at
the brain level despite the persistent presence of the virus
in the placenta. Due to limitations in longitudinally track-
ing fetal viral load, this inference is drawn from higher
viral loads observed in fetuses delivered earlier post-infec-
tion, suggesting the potential for viral clearance. Due to
the small number of subjects, it is difficult to compare the
different groups statistically, especially with respect to the
immune response. Furthermore, in the absence of immu-
nohistochemistry or in situ hybridization analysis, our
understanding of histological lesions is restricted to quali-
tative analysis. We have not examined the genetic charac-
teristics of the viruses detected in the tissues or explored
their replicative capacity, which was outside the objective
of this work but deserves further exploration to obtain fur-
ther insight into the role of the placenta. Characterization
of fetal involvement by analysis of RNA profile expression
and investigations at the molecular level during pregnancy
would provide a better characterization of the disease.

Conclusions

ZIKV infection during the early step of fetal development
induces brain disease, but most of the virus is cleared before
delivery. This may explain the relatively high percentage of
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subclinical disease at birth without abrogation of induced
sustained long-term neurocognitive impairment. Thus, in
humans, many children from ZIKV-infected mothers are
apparently born within the normal range without micro-
cephaly, during which time their development changes.
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