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Abstract

Zika virus is a teratogen similar to other neurotropic viruses, notably cytomegalovirus and rubella. The goal of these studies
was to address the direct impact of Zika virus on fetal development by inoculating early gestation fetal rhesus monkeys
using an ultrasound-guided approach (intraperitoneal vs. intraventricular). Growth and development were monitored
across gestation, maternal samples collected, and fetal tissues obtained in the second trimester or near term. Although
normal growth and anatomical development were observed, significant morphologic changes were noted in the cerebral
cortex at 3-weeks post-Zika virus inoculation including massive alterations in the distribution, density, number, and
morphology of microglial cells in proliferative regions of the fetal cerebral cortex; an altered distribution of Tbr2* neural
precursor cells; increased diameter and volume of blood vessels in the cortical proliferative zones; and a thinner cortical
plate. At 3-months postinoculation, alterations in morphology, distribution, and density of microglial cells were also
observed with an increase in blood vessel volume; and a thinner cortical plate. Only transient maternal viremia was
observed but sustained maternal immune activation was detected. Overall, these studies suggest persistent changes in
cortical structure result from early gestation Zika virus exposure with durable effects on microglial cells.
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Introduction

Zika virus remains a global public health concern (CDC 2020;
Mulkey et al. 2020; Pierson and Diamond 2020; Sharma et al.
2020). Zika virus has distributed across Africa, the Americas,
Asia, and the Pacific, with virus detected in blood, semen, saliva,
and urine. Known modes of transmission include mosquito,
vertical, and sexual transmission (Aliota et al. 2017; Hastings
and Fikrig 2017; Counotte et al. 2018; Arora 2020), and potentially
through the blood supply (Jimenez et al. 2017; Eick et al. 2019).
It has been reported that Zika virus can infect human cortical
neural progenitor cells in vitro (Hanners et al. 2016; Souza et al.
2016; Tang et al. 2016; Ferraris et al. 2019; Gratton et al. 2020),
human neurospheres and brain organoids (Garcez 2016; Sutar-
jono 2019), and microglia (Lum et al. 2017). Zika virus has been
identified as a teratogen similar to other neurotropic viruses,
notably cytomegalovirus (CMV) and rubella (Neu et al. 2015;
Coyne and Lazear 2016; Rasmussen et al. 2016). Animal models
have been employed to gain insight into the impact of Zika virus
on the developing fetus (Newman et al. 2017; Caine et al. 2018;
Dudley et al. 2019; Xu et al. 2019).

As demonstrated in our CMV studies, the rhesus monkey
model provides strategic advantages when compared with other
species particularly for addressing potential viral teratogens
(Barry et al. 2006). Examples of similar developmental features
when comparing humans and rhesus monkeys include gesta-
tional length; growth characteristics; hematopoietic, immune
system, and organ ontogeny; and placental structure to name a
few (Ramsey et al. 1976; Lee et al. 2005; Tarantal 2005; Batchelder
etal.2014; Barger et al. 2019). Neurodevelopmentally, the produc-
tion of cortical neurons in rhesus monkeys follows the “inside
out” sequence (Rakic 1974), and the proliferative zones of the
fetal monkey cerebral cortex possess the same classes of neural
precursor cells that exhibit the same distribution, morphology,
protein, and transcription factor expression present in other
animal models (Martinez-Cerdenio et al. 2012). Thus, key features
of cortical development are shared by rhesus monkeys and
humans (Cunningham et al. 2013a,b). Further, in both species
the neural precursor cell poolis greatly expanded, and microglial
colonization is more extensive than, for example, in rats. In both
humans and nonhuman primates, the proliferative zones of
the prenatal cortex are populated by neurogenic precursor cells
including Pax6™ radial glial cells, Tbr2* intermediate progeni-
tor cells, Pax6™ translocating radial glial cells, Pax6™ astroglial
precursor cells, and oligodendroglial precursor cells (Martinez-
Cerdeno etal. 2012; Cunningham et al. 2013a,b). Our prior studies
have also shown that there is more extensive microglial colo-
nization and phagocytosis of neural precursors in fetal human
and rhesus monkey brains when compared with other species
such as rats (Barger et al. 2019; Noctor et al. 2019).

In the normally developing fetal rhesus monkey, proliferative
cortical neural precursor cells reside in the ventricular zone (VZ)
adjacent to the lateral ventricle, and in the subventricular zone
(SVZ) that is superficial to the VZ (Smart et al. 2002; Martinez-
Cerdeno et al. 2012; Cunningham et al. 2013a). In the second
trimester mitotic neural precursor cells produce cortical neu-
rons destined for cortical layers 4 and 5 (Rakic 1974), microglial
cells begin to colonize cortical proliferative zones (Cunningham
et al. 2013b), fetal microglia interact closely with mitotic neu-
ral precursor cells, and they regulate the size of the precur-
sor cell pool through cellular phagocytosis (Cunningham et al.
2013b; Barger et al. 2019; Noctor et al. 2019). Microglia—a special-
ized population of macrophage-like cells in the central nervous

system (CNS) (Kettenmann et al. 2011; Bachiller 2018)—display
the morphological phenotype of “activated” cells in the normally
developing fetal rhesus cortex. These cells extend a few thick
processes, and some display large amoeboid somata with no
processes or a few thin processes (Cunningham et al. 2013b;
Barger et al. 2019). Microglia arise outside of the CNS (Ginhoux
et al. 2010) and begin entering the developing human brain
during the first trimester. However, rather than distributing
evenly throughout the brain, microglial cells initially concen-
trate in specific laminae, including the proliferative germinal
zones that surround the ventricular system, and in the pial
meninges (Rezaie and Male 1999; Cunningham et al. 2013b).
Evidence suggests a link between microglial function and neu-
rodevelopmental disorders (Sekar et al. 2016; Wolf et al. 2017;
Bachiller 2018).

Understanding how microglial cells populate the developing
primate brain remains incomplete, and the impact of Zika virus
during critical developmental stages is not well understood.
Thus, these studies focused on the impact of Zika virus on
the developing fetus and utilized a direct ultrasound-guided
inoculation approach to specifically address how the virus can
alter developmental timelines when administered systemically
(fetal intraperitoneal, IP) or intracranial (IC, within the lateral
ventricles) in the late first trimester. These studies also explored
the impact of Zika virus on immune system activation and in
relation to neurodevelopmental findings.

Materials and Methods
Rhesus Monkeys

All animal procedures conformed to the requirements of the
Animal Welfare Act, and protocols were approved prior to imple-
mentation by the Institutional Animal Care and Use Committee
at the University of California, Davis. Female rhesus monkeys
(N=13) were time-mated and identified as pregnant by ultra-
sound according to established methods (Tarantal 2005). Prior
to study assignment normal embryonic growth and develop-
ment were confirmed by ultrasound. Activities related to animal
care were performed according to California National Primate
Research Center standard operating procedures.

Zika Virus

Zika virus PRVABC59 aliquots (Zika virus/H.sapiens-tc/PUR/2015/
PRVABC59) were kindly provided by Dr David O’Connor
(GenBank: KU501215), University of Wisconsin, Madison. A well-
characterized batch (NR-50240, human blood Puerto Rico, 2015)
was used for all studies. Aliquots were thawed immediately
prior to fetal inoculation (~0.1-0.3 mL, 10* plaque forming units
[PFU)/fetus).

Fetal Inoculation, Ultrasound Monitoring,
and Sample Collection

Early gestation (~50 days; late first trimester) fetal rhesus mon-
keys were directly inoculated using an ultrasound-guided IC
(N =3) orIP approach (N =6) as previously described (Chang et al.
2002; Tarantal 2005; Jimenez et al. 2005; Barger et al. 2019). Three
fetuses were inoculated IC (IC #1-3; ~0.1 mL) and 6 were inocu-
lated using a fetal IP approach (IP #1-6; ~0.3 mL). Trimesters in
rhesus monkeys are divided by 55-days increments with the first
trimester representing 0-55 days gestation, the second trimester
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Figure 1. Sedated dams were placed within plexiglass containment with open ports covered by mosquito netting for biocontainment. (A) In utero fetal CT scans were
conducted immediately following ultrasound examinations (once or twice; second and third trimesters) during gestation. Cropped images focusing on the fetal cranium
are shown (early third trimester; 3D reconstruction) with no evidence of anatomical changes including within soft tissue structures (transverse sections shown) (B).

56-110 days gestation, and the third trimester 111-165 days
(term 165 + 10 days) (Tarantal 2005). Four fetuses of comparable
gestational age served as controls. Ultrasound examinations
were performed prior to inoculation to confirm normal growth
and development then every ~7-10 days postinoculation
under ketamine or telazol sedation. Standardized parameters
were assessed including fetal growth (biparietal and occip-
itofrontal diameters, abdominal circumference, humerus, and
femur lengths) and structural development, amniotic fluid
volumes and placental parameters, which were compared to
normal growth and developmental trajectories for the species
(Tarantal 2005). Dams were weighed at each sedation for imaging
(all within normal limits), and blood (complete blood counts,
chemistry panels, and viral loads-qPCR) and urine samples
(~1 mL under ultrasound guidance; qPCR) were collected
according to established protocols. Computed tomography
(CT) scans were performed immediately after ultrasound
examinations once or twice during the study period depending
on the study group (Fig. 1). Dams were scheduled for hystero-
tomies per study group and the gestational sac removed for
complete fetal tissue assessments (Jimenez et al. 2005; Tarantal
et al. 2005).

Amniotic fluid, fetal blood, and fetal cerebrospinal fluid (CSF)
were collected, then fetal body weights and measures (biparietal,
occipitofrontal diameters; head, arm, chest circumferences;
hand, foot, humerus, femur lengths; crown-rump length; data
not shown, all within normal limits) were assessed and select
organs weighed (brain, spleen, thymus, adrenal glands, kidneys,
liver, thyroids; data not shown, all within normal limits). Speci-
mens collected for gPCR included dura mater; right and left cere-
bral hemispheres (frontal, parietal, temporal, occipital lobes; in
addition to coronal sections from the frontal lobe, parietal/tem-
poral lobes, and occipital lobe for immunohistochemical

analysis, see below); cerebellum (right and left) and midbrain;
right and left optic nerves; right and left eyes (cornea, retina, and
sclera); spinal cord (cervical, thoracic, and lumbar); dorsal root
ganglia; right and left parotids, submandibular, and salivary
glands; omentum; thymus; spleen; liver (right, left, quadrate,
and caudate lobes); pancreas; right and left adrenal glands
and kidneys; right and left axillary and inguinal lymph nodes;
diaphragm; tracheobronchial and mesenteric lymph nodes;
right and left thyroids; trachea; esophagus; pericardium; aorta;
right and left atria and ventricles; lung lobes (right and left;
all lobes); reproductive tract including right and left gonads;
urinary bladder; gastrointestinal tract (stomach, duodenum,
jejunum, ileum, colon; meconium); skin; skeletal muscle;
and bone marrow. The placenta was weighed and assessed
including primary and secondary disk measures, umbilical cord
and membrane insertion sites, blood vessel distribution, cut
surfaces, and presence of infarcts (all within normal limits).
Decidua, membranes, umbilical cord, and multiple sections of
the placental disks including the maternal and fetal sides of
the placenta were collected. All specimens were quick frozen
in triplicate over liquid nitrogen for gPCR, and multiple blocks
of tissues were collected for histopathology (hematoxylin and
eosin, H&E) and immunohistochemistry (Tarantal et al. 2005;
Batchelder et al. 2014; Barger et al. 2019; Noctor et al. 2019).
Similar specimens were collected from the dams at tissue
harvest (day of hysterotomy or up to 11-months posthys-
terotomy) in addition to reproductive tract draining lymph
nodes.

Quantitative PCR

Viral RNA was isolated from 140 pL of EDTA-anticoagulated
cell-free plasma or urine using the QlAamp Viral RNA Mini kit
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(Qiagen, Valencia, CA) as recommended by the manufacturer.
Tissues were processed for viral RNA using the Allprep
DNA/RNA Mini kit (Qiagen) using the QIAcube (Qiagen) as
recommended by the manufacturer. cDNA was then synthesized
using random primers and the Sensiscript Reverse Transcrip-
tase kit (Qiagen) according to the manufacturer’s protocol.
Quantification of viral load was performed by real-time PCR
using the Tagman amplification system. The primers and
probe were as follows: forward 5- CGYTGCCCAACACAAGG-
3, reverse 5-CCACYAAYGTTCTTTTGCABACAT-3, and probe
5'-FAM-AGCCTACCTTGAYAAGCARTCAGACACYCAA-TAMSp-3'.
Real-Time quantitative PCR analysis was carried out in 96-well
optical plates using the QuantStudio 12 K Flex Real-Time PCR
System (ThermoFisher Scientific, Grand Island, NY) and the
TagMan Universal PCR Master Mix (ThermoFisher Scientific)
according to the manufacturer’s protocols. PCR reactions were
run in triplicate in separate wells and contained 1x TagMan
universal master mix with 600 nM of forward and reverse
primers and 100 nm probe in a 25-pL reaction volume. Cycling
conditions were as follows: 1 cycle of 2 min at 50 °C, 15 min at
95 °C, followed by 50 cycles at 15 s at 95 °C, and 60 s at 60 °C.

Flow Cytometry

The activation state of circulating maternal and fetal immune
cells was assessed by flow cytometry. Two aliquots were stained
with panels organized around activation phenotypes relevant to
antigen presenting cells or T-cells. Antibodies used at optimal
concentrations included those reactive to CD3, CD4, CD8, CD11b,
CD11c, CD14, CD16,CD20, CD25, CD28, CD80, CD95, CD127, CCRS5,
CXCR5, HLA-DR, NKG2A, and PD-1. Data were collected on a BD
Fortessa or FACSymphony cytometer and analyzed in FlowJo.

Immunohistochemical Analysis

Coronal sections of the fetal brain ~3-mm thick were obtained
from the frontal lobe, parietal/temporal lobes, and occipital lobe
and immersion-fixed in 4% paraformaldehyde (PFA) for 3-4 days.
After fixation tissue was rinsed in 0.1 M phosphate buffered
solution pH 7.4 (PBS) containing 0.01% NaNj3 (weight per volume)
3 x 12 h. Blocks of tissue were embedded in 3.5% low melting
point agarose and cut in the coronal plane at 100 pm on a
vibratome, and collected in either PBS with 0.01% NaNj for
immunostaining, or tissue collecting solution (25% glycerol, 30%
ethylene glycol in 0.1 M PBS) for storage at less than or equal to
—20 °C until analysis.

Prior to immunostaining, sections were rinsed sequentially
in PBS 3 times for 1 h at 4 °C, overnight in PBS at 4 °C, and the
following day 3 x 1 h in PBS on a shaker at room temperature.
Antigen retrieval was carried out for some staining by heating
sections at 37 °C for 30 min in 10 mM citrate buffer, pH 3.5. After
the citrate buffer returned to room temperature sections were
rinsed 3 x5 min and incubated in a blocking buffer contain-
ing 10% donkey serum (Millipore), 0.2% gelatin (ThermoFisher
Scientific), and 0.1% Triton X-100 (ThermoFisher Scientific) for
1.5 h at room temperature. Sections were incubated overnight
on a shaker at 4 °C in antibody incubation buffer (PBS with 2%
donkey serum, 0.2% gelatin, and 0.1% Triton X-100) and a cocktail
containing 3 of the following primary antibodies and/or stains:
chicken anti-Ibal (1:150, SySy, 234 006) to label microglial cells,
goat anti-GFAP (1:50, Santa Cruz, SC-6171) to label astrocytes,
mouse anti-NeuN (1:200, Millipore, MAB377) to label neurons,

rabbit anti-Tbr2 (1:100, Abcam, ab23345) to label neural precur-
sor cells, rabbit anti-phosphohistone H3 (PH3, 1:50, Millipore) to
label M-phase dividing cells, or Isolectin GS-IB4 AlexaFluor 568
(1:500, Invitrogen). The next day sections were rinsed 3 x 15 min
in PBS and incubated for 2 h at room temperature in antibody
incubation buffer containing donkey anti-mouse, donkey anti-
chicken, and donkey anti-goat secondary antibodies (1:250, Jack-
son Immunoresearch) conjugated to the fluorophores AF405,
AF488, TRITC, or AF647. Sections were stained with DAPI (Sigma,
1:1000 in PBS) for 15 min, rinsed 3 x5 min in PBS, mounted
on SuperFrost slides (Fisher), and coverslipped with Mowiol.
Apoptotic cells were labeled with a TUNEL kit (ThermoFisher
Scientific).

Images of fluorescently immunostained sections were
obtained on an Olympus Fluoview 1000 confocal microscope. At
least 2 images of the cortical proliferative zones were obtained
from 3 sections from each lobe of each fetus for analysis. Three-
dimensional reconstructions of immunopositive cells (Ibalt
cells, IB4" vessels) that were fully captured in confocal Z-
stacks were used to quantify and compare cell number, volume,
distribution, and morphology between groups using Imaris
image analysis software (Bitplane, Concord, MA). Double blind
analysis was performed when using Imaris software to analyze
parameters of cell morphology (5 cells per section) that included
average process length, mean process diameter, the total sum
of process length (pm) per microglia, the number of process
branches and process terminal points, average process area,
process branching angle, process straightness, sum of process
area, and the number of Sholl intersections. Data for imaged
cells and structures were reported as the average +standard
deviation and derived from samples from each fetus. T-tests
were performed for comparison between 2 groups, and 1-way
analysis of variance (ANOVA) for multiple group comparisons
were performed with a 2-tailed P-value nonparametric test using
Graphpad Prism (Graphpad Software, Inc.).

Results
Fetal Outcomes Postvirus Inoculation

Female rhesus monkeys were time-mated and identified
as pregnant by ultrasound using well-established methods
(Tarantal 2005). Three fetuses were directly inoculated IC under
ultrasound guidance and six were inoculated using a fetal
IP approach in the late first trimester (~50-days gestation).
Four fetuses of comparable gestational age served as controls.
Normal growth and development were observed for all fetuses
throughout the study period (ultrasound, CT scans). Fetal tissues
were collected by hysterotomy in the second (70-days gestation)
or late third trimester (~145-days gestation; term 165 + 10 days)
as scheduled.

Molecular Analysis: gPCR

Maternal viral loads were followed longitudinally (day of
inoculation then weekly for ~1 month then every 2-3 weeks
postinoculation) until hysterotomy. Transplacental transfer
of Zika virus from the fetus into the maternal circulation
was shown to occur soon after fetal inoculation (P=0.003
for inverse association of gestational age with log-odds of
detection) (Fig. 2A). The viral loads ranged from 1.8 x 10°
to 4.9x10* Zika virus copies/ml. In one case Zika virus
was detected a second time in maternal blood at 7-weeks
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Figure 2. Viral loads and flow cytometry. (A) Maternal viral loads were followed longitudinally until hysterotomy. Transfer of virus from the fetus to the dam occurred
soon after fetal inoculation. (B) Fetal tissues were extensively assessed following hysterotomy at 70-days (3-weeks postinoculation) or ~145-days gestational age
(3-months postinoculation; term 165 + 10 days). Selected tissues shown. IC =intracranial, IP = intraperitoneal, R = right, L = left, LN = lymph node. (C) Maternal immune
activation, reflected in CCRS expression by CD4™1 T-cells, followed a pattern of early up regulation followed by later decline. (D) Maximum maternal viral loads and
CCRS expression appeared to be associated; increased expression of CCR5 followed the early spike in maternal viral loads by 10-30 days. Animal IP #6 had the highest
maternal viral load and near-highest maternal CCR5 expression (“+” marker in all figures and a dotted line overlaid on traces; see Fig. 6H).

postfetal inoculation (IP). Maternal urine was negative at all
time points assessed (blood and urine collected at the same
time points across gestation; urine analyzed on the days of
collection).

Fetal tissues were extensively assessed following hystero-
tomy at 70 days (3-weeks postinoculation) or ~145 days (3-
months postinoculation) gestational age (Fig. 2B). All weights
and measures were within normal limits for the age groups. The
Zika-inoculated fetus with tissues collected at 70-days gestation
(3 weeks post-IP inoculation) developed massive, disseminated
infection. Zika virus-positive fetal tissues included the cerebral
hemispheres (right and left frontal, parietal, temporal, occipital
lobes; range 1.0 x 10%-6.1 x 10* copies/mg), cerebellum (2.3 x 10%*-
5.2 x 10* copies/mg), dura (2.4 x 102 copies/mg), optic nerve
(2.3 x101-2.9 x 10% copies/mg), retina and cornea (1.9 x 10%-
2.9x 10° copies/mg), spinal cord (cervical, thoracic, lumbar;
5.8 x 103-1.4 x 10* copies/mg), thymus (7.8 x 10° copies/mg),
kidneys (2.0x 10° copies/mg), as well as others. Decidua
(1.1 x 10° copies/mg), membranes (amnion and chorion; 2.1 x 10*
copies/mg), and placenta (9.9 x10®° copies/mg) were also

Zika virus positive. The tissues of the dam were assessed
~11-months posthysterotomy and all tissues were negative at
that time.

A subset of fetal specimens was Zika virus positive at
~3-months postinoculation and in most cases at low copy
numbers. With IC administration, Fetus #1 was negative
in all tissues and the only positive sample was meconium
(1.9 x 10® copies/mg; dam all tissues negative at 6-months
posthysterotomy). Fetus #2 showed low copy numbers in select
tissues (frontal, parietal, temporal lobes; spinal cord; 1.5-
8.2 x 10! copies/mg) and the placenta (5.0 x 10? copies/mg; dam
all tissues negative at 11-months posthysterotomy). Fetus #3 was
only positive in the kidney (2.6 x 10! copies/mg) and the placenta
(9.8 x10' copies/mg; dam all tissues negative at 9-months
posthysterotomy). Similarly, a small number of fetal tissues
were Zika virus positive at ~3-months postinoculation with IP
administration. Although two fetuses were negative for all tis-
sues (dams also negative at 7- or 10-months posthysterotomy),
one IP fetus was Zika virus positive in frontal and temporal
lobes (5.8 x 101-1.8 x 10? copies/mg; dam all tissues negative
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11-months posthysterotomy); one fetus was low positive in
the kidneys (8.8 x 10' copies/mg; dam tissues collected same
day and all negative); and one fetus was positive in frontal,
parietal, and temporal lobes (1.7 x 10>-1.1 x 10®° copies/mg),
cerebellum (1.7 x 10! copies/mg), and optic nerve (2.7 x 10%-
4.6 x 10° copies/mg) (dam negative for all tissues 10-months
posthysterotomy). Amniotic fluid and fetal blood collected at
hysterotomy were negative in all cases.

Flow Cytometric Analysis

We assessed maternal T-cell activation and maturation by fol-
lowing expression of CCR5, HLA-DR, and memory/effector sub-
set markers. Maternal CCR5 expression by CD4* T-cells followed
a pattern of early up regulation with a later decline similar
to maternal viral loads (Fig. 2C,D). Indeed, maximum maternal
viral loads and CCRS5 expression appeared to be associated. The
increased expression of CCRS5 followed the early spike in mater-
nal viral loads by 10-30 days. Interestingly, in two cases maternal
CCR5 expression was maintained despite resolution of viremia
(one red and one green line on right, Fig. 2C). One of these dams
had tissues collected on the same day as fetal tissue collection
(late third trimester, 145-days gestation) and another ~1 year
later; Zika virus was not detected in the tissues of either dam.

Immunohistochemical Analysis: Fetal Brain
3-Weeks Postinoculation

The brain of a Zika virus-infected fetus was first assessed
3-weeks after fetal IP inoculation, and compared with cortical
tissue from the right hemisphere of an age-matched control.
Tissue blocks of fetal cerebrocortical tissue from the frontal,
parietal/temporal, and occipital lobes were collected, fixed in
4% PFA, and 100 pm thick sections were cut in the coronal plane
on a vibratome. Sections were quadruple stained with combi-
nations of markers labeling microglial cells (anti-Ibal), neural
precursor cells (anti-Tbr2), radial glial cells (anti-GFAP), blood
vessels (Isolectin B4), neurons, (anti-NeuN), and nuclei (DAPI).
In normally developing fetuses at 70-days gestation (second
trimester), cerebral cortical microglia are often positioned as
a single layer of cells close to the ventricle, at the boundary
between the VZ and SVZ. Additional microglial cells are dis-
tributed sparsely across other laminar compartments in the
fetal cortex (Cunningham et al. 2013b; Fig. 3A). This same distri-
bution pattern was observed in the control fetus across cortical
lobes (Fig. 3B,C). In contrast, the distribution of microglial cells
was highly disorganized in the fetal brain ~3-weeks post-Zika
virus inoculation. A large increase in the number and density
of microglia were noted in the cortex. In addition, microglial
cells were often concentrated in dense clusters throughout the
cerebral proliferative zones in the frontal, parietal, temporal,
and occipital lobes (Fig. 3D-F). The clusters of microglial cells
ranged in size from 60 to 210 pym in diameter, and were often
associated with blood vessels (Fig. 4A,B). Microglial clusters were
not observed in the control fetus (Fig. 3A-F), were associated
with ectopic clusters of Tbr2* precursor cells, and were noted in
proliferative regions that were atypically devoid of Tbr2" neu-
ral precursor cells and GFAP™ cells (Fig. 3K-0). Clusters located
in regions devoid of typical cortical cell types may represent
microglial cells that had displaced or phagocytosed the corti-
cal cells that would normally be present (Cunningham et al.
2013b). Increased expression of the purinergic P2X7 receptor by
microglial cells and endothelial cells within the clusters was also

observed (Fig. 4F-M). Upregulated P2X7 expression in microglia
has been correlated with an immune response during influenza
infection (Leyva-Grado et al. 2017). The volume of the cortical
proliferative zones occupied by microglial cells was quantified
in optical stacks and compared across groups with Imaris image
analysis software (Bitplane, Concord, MA). In the control fetus,
microglia occupied 1.7 +1.2%5P of the volume of cortical prolif-
erative zones. In contrast, microglia occupied a 10-fold greater
volume in the proliferative zones after Zika virus inoculation
(11.7 £3.9%5P; P < 0.001; Fig. 3G).

We further examined the distribution of microglial cells in
the proliferative zones by quantifying the volume microglia
occupied in bins that spanned from the ventricular surface
through the SVZ. Each bin was 640 pm wide in the “X” axis
arranged parallel to the ventricular surface, 100 pm in height in
the “Y” axis or radial dimension, and 15 pm deep in the “Z” axis.
At 70-days gestation microglial cells were typically located near
the ventricle, with a smaller volume of microglia in bins furthest
from the lateral ventricle (Fig. 3G), whereas there was a 6- to
10-fold increase of microglial volume in each bin in the fetus
inoculated with Zika virus. Microglial distribution after Zika
virus inoculation differed significantly when compared with the
control (P <0.0001).

Microglia in the normally developing second trimester fetal
cortex typically exhibit a morphological phenotype tradition-
ally identified as “activated”. These cells extend a few thick
processes, and some display large amoeboid somata with no
processes or a few thin processes (Cunningham et al. 2013b;
Barger et al. 2019). In general, microglial cells in the Zika virus-
inoculated fetus displayed morphological phenotypes similar
to those present in normally developing fetuses. However, Zika
virus was associated with a range of more complex morpho-
logical phenotypes. For example, we observed microglia with
large membranous expansions that are typically associated with
phagocytosis of neural precursor cells at later stages of develop-
ment (Barger et al. 2019), and are uncommon in rhesus monkey
cortical proliferative zones at 70-days gestation. Since microglia
were clustered around blood vessels after Zika virus inocula-
tion, blood vessels were labeled with Isolectin B4 (IB4), images
were acquired with a confocal scanning microscope, and vessel
structures quantified with Olympus Fluoview (Olympus) and
Imaris Software (Bitplane, Concord, MA). Vessel diameter of the
Zika virus inoculated fetus was greater when compared with
the control (control: 7.67 0.2 pm; Zika virus: 12.03+0.6 um;
P <0.0001; Fig.4E). We then quantified the total volume that
blood vessels occupied in the cortical proliferative zones. IB4*
blood vessels occupied 0.70+0.12% of the volume of cortical
proliferative zones in the control fetus (0.73+0.12%). However,
blood vessel volume was increased 2-fold after Zika virus inoc-
ulation (1.52+0.16%; P < 0.01) (Fig. 4N).

Tbr2* neural precursor cells exhibit a bimodal distribution
in the normally developing fetal cortex: Tbr2* cells are con-
centrated in a dense inner band that is centered superficial
to the VZ/SVZ boundary (Martinez-Cerdeno et al. 2012), and a
diffuse outer band further from the lateral ventricle (Bulfone
et al. 1999; Englund et al. 2005; Martinez-Cerdefio et al. 2012;
Hevner 2019). In the typically developing fetal cortex microglia
colonize proliferative zones (Cunningham et al. 2013b; Barger
et al. 2019; Noctor et al. 2019) and regulate the size of the
precursor cell pool through cellular phagocytosis of neural pre-
cursor cells (Cunningham et al. 2013b). Given the significant
change in microglial cell distribution and density after Zika virus
inoculation, we examined Tbr2* cell distribution by quantifying
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microglia (green) in the control occipital lobe (B) and parietal lobe (C). (D) The number and density of Iba1l* microglial cells (green) was greatly increased in the 70-day
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Zika virus inoculation compared with the control. The vertical white line represents the thickness of the CP in control sections, and the vertical green line represents
the thickness of the proliferative zones in control sections. (J) Histograms showing a significantly thinner cortical plate at 70 days, 3 weeks after Zika virus inoculation.
(K, L) Tbr2T precursor cells (red) were positioned closer to the ventricle, and distribution of Iba1t microglia (green) was atypical in the 70-day Zika virus inoculated
fetus. (M-0) Ectopic clusters of Tbr2*t precursor cells (red) were present in the proliferative zones of the Zika virus inoculated fetus (white arrowheads) and colocalized
with clusters of microglial cells (green). oSVZ = outer SVZ,iSVZ = inner SVZ.

the distance of Tbr2* neural precursor cells from the lateral (Fig. 3K-L). These data are consistent with significant alterations
ventricle. We found that the dense inner band of Tbr2*+ cells in the cortical proliferative zones post-Zika virus inoculation.
was significantly closer to the ventricle after Zika virus inocu- Since Tbr2* neural precursor cell position was altered in the

lation (control: 63.7 + 3.0 pm; Zika virus: 36.8 +£2.3 um; P < 0.001) 70-day fetus after Zika virus inoculation, and because Tbr2*+
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neural precursor cells produce cortical neurons (Englund et al.
2005), we quantified the thickness of the cortical gray matter
and the cortical wall. The cortical plate was significantly thinner
after Zika virus inoculation (control: 460 & 13.3 pm; Zika virus:
283 +4.9 pm; P <0.0001), and the thickness of the entire cortical
wall from the lateral ventricle to pial meninges was thinner
in the Zika virus inoculated fetus (control: 2307 86 pm; Zika
virus: 1583 £+ 42 pm: P < 0.0001) (Fig. 3H-J). Total brain weight was
similar across the 70-day cohort (~30 g).

Immunohistochemical Analysis: Fetal Brain
3-Months Postinoculation

We next assessed cortical tissue from the right hemisphere of
Zika virus-inoculated fetuses (IC and IP; N=3 per group) that
were harvested in the late third trimester (~145-days gestation;
term 165 + 10 days) and compared the tissues to those from fetal
age-matched controls (N=3). Analysis of this cohort demon-
strated that measurable developmental effects can occur as a

result of Zika virus infection in the first trimester and can persist
for at least 3-months postinoculation.

Cortical tissue from control and Zika-inoculated fetuses were
immunostained with antibodies to label microglia (Ibal), astro-
cytes (GFAP), neurons (NeuN), mitotic cells (phosphohistone H3),
blood vessels (IB4), and cells undergoing apoptosis (TUNEL).
Qualitative assessment of microglia revealed that the overall
range of morphological phenotypes in the occipital lobe of con-
trol and Zika virus inoculated fetuses appeared similar. However,
in Zika virus inoculated fetuses we noted a small number of
highly dysmorphic microglial cells that possessed very short,
fragmented processes and resembled senescent microglia that
are associated with neurodegenerative conditions (Lopes et al.
2008; Streit et al. 2009; Martinez-Cerdefio et al. 2018). Although
the number of dysmorphic microglia was small in Zika virus
inoculated fetuses, they were not observed in controls. There
were also no qualitative differences in the morphology or distri-
bution of GFAP™ astrocytes. Quantitative evaluation of microglial
cell morphology showed discrete, significant changes in cell
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shape. Double-blind analysis of Ibal* cell morphology using
Imaris FilamentTracer (Bitplane) showed that microglial cell
processes were shorter (P < 0.05); thicker (P < 0.02); and branched
at sharper angles in Zika virus inoculated fetuses compared with
age-matched controls (P < 0.0001), with posthoc tests indicating
significance between the control and IC Zika virus inocula-
tion group. Double-blind analyses also indicated that microglial
processes were straighter in control fetuses when compared
with fetal IP Zika virus inoculation (P < 0.0001). These data sug-
gest that Zika virus exposure, through either route of infec-
tion, impacted fetal microglial cells and produced long-lasting
changes in cellular morphology (Fig. 5A-C).

We next quantified the proportion of cortical tissue occupied
by microglial cells in control and Zika virus groups. The volume
of occipital lobe tissue occupied by Ibal™ cells as a proportion
of total tissue volume was quantified and compared. In con-
trol fetuses, microglia occupied 6.340.92%P of periventricular
cortical volume. In fetuses that had been administered Zika
virus by the IP route, microglia occupied more than double
the volume of cortical tissue (14.3 +0.89%°P; P < 0.0001, ANOVA).
Microglia occupied 9.1+1.81%P of periventricular cortical tis-
sue in fetuses that were inoculated by the IC route, but this was
not found to be significantly different from controls (Fig. 6A-F).
The increased proportion of tissue volume occupied by microglia
in the control group during the second trimester (1.3% at 70 days)
compared with the third trimester (6.3% at 145 days) reflected
the ongoing colonization of the cerebral cortex by microglia
during gestation (Cunningham et al. 2013b). The increase in
volume occupied by microglia in fetuses administered Zika virus
from 11.7% at 70 days to 14.3% at 145 days may also partially
reflect ongoing colonization. We also carried out qualitative and
quantitative measures of other cortical cell types and did not
detect a difference in the number of astrocytes, neurons, PH3*
mitotic cells, or TUNEL* apoptotic cells when comparing groups
in the periventricular region of the occipital lobe.

Vessels were stained with IB4, imaged, and volumetrically
analyzed as above. IB4" blood vessels occupied a similar volume
of periventricular cortical tissue in the control and IC-inoculated

fetuses in the third trimester (1.36+0.7% vs. 1.44+1.39%),
whereas the volume occupied was modestly elevated after IP
inoculation (2.4 £+ 1.9%; P < 0.001) (Fig. 6A-C, G).

Sections of the occipital lobe were labeled with DAPI and
imaged. Cortical gray matter was identified, and 9 measure-
ments were made at the same points for each fetus in all groups
using Zeiss Fluoview software. The thickness of the cortical plate
in control fetuses measured 845.20 £62.53 umSP; fetal IP Zika
virus measured 820.70 £+ 61.14 pmSP, and fetal IC inoculation was
770.40 + 31.92 pmSP; ANOVA and Tukey posthoc analysis showed
that the cortical plate was significantly thinner in both the Zika
virus IC (P <0.0001) and IP (P <0.01) groups.

Finally, we considered if fetal cortical and maternal effects
of Zika virus were correlated. We used orthogonal partial least
squares (OPLS) to derive a quantitative score reflecting the
total impact of Zika virus infection on cortical measures. The
scores derived by OPLS identify a combination of predictive
variables that best discriminate animals in the control versus
Zika virus-infected groups (Trygg and Wold 2002) (Fig. 6H). The
algorithm identified the percent microglial volume at 100-200
microns from the lateral ventricle as most different and also
provided a summary score (Axis 1) that could be correlated with
viral loads and immune activation. Interestingly, the summary
score was not obviously associated with detection of Zika virus
nucleic acid in the fetal brain (Fig. 2B). Although associations
with maternal viremia or immune activation did not reach
statistical significance, we found that the fetus with the highest
OPLS score manifested the highest maternal viral load and near-
highest maternal CCR5 expression. Data points for this fetus are
emphasized in Figure 2 with a “plus” marker in the graphs and
a dotted line overlaid on traces.

DISCUSSION

Microglial cells are the innate immune cells of the cerebral
cortex. The physiological roles of microglia in the mature brain
have been extensively studied (Wolf et al. 2017), but the func-
tional role(s) of microglia in the prenatal brain are not yet
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fully understood. Microglia begin to colonize the rhesus mon-
key cerebral cortex during the first trimester (prior to 50-days
gestation) (Cunningham et al. 2013a,b), and the human cere-
brum by 6-weeks gestation (Andjelkovic et al. 1998; Verney et al.
2010). Microglia initially colonize specific regions and laminae
of the prenatal telencephalon that include cortical proliferative
zones surrounding the lateral ventricles (Rezaie and Male 1999;
Cunningham et al. 2013a,b; Swinnen et al. 2013; Arno et al.
2014). Microglia participate in key developmental programs in
the early postnatal period that include the establishment of
axonal pathways (Squarzoni et al. 2014), synapse development
and maintenance (Paolicelli et al. 2011; Schafer et al. 2012; Salter
and Stevens 2017), and cortical layer formation (Ueno et al.
2013; Squarzoni et al. 2014). We previously demonstrated that
during prenatal development microglia are an intrinsic compo-
nent of the cortical proliferative zones (Barger et al. 2019), make
extensive contact with mitotic neural precursor cells (Noctor
et al. 2019), and regulate cell production in the prenatal cortex
by phagocytosing neural precursor cells in the VZ and SVZ,
particularly in rhesus monkeys (Cunningham et al. 2013b).

In these studies, we found that fetal Zika virus inoculation
during the late first trimester was associated with significant
changes in the fetal cerebral cortex at 3 weeks (70-days gesta-
tion) and 3 months (145-days gestation) postinoculation. The
changes observed include massive alterations in the distribu-
tion, morphology, and volume of microglial cells in prolifera-
tive and periventricular regions of the fetal cerebral cortex; an
altered distribution of cortical neural precursor cells; increased
diameter and volume of blood vessels in the cortical proliferative
and periventricular zones; and a thinner cortical plate. Dis-
turbances in microglial cell distribution occurred rapidly after
fetal infection. We have previously reported that microglial cells
phagocytose Tbr2-expressing neural precursor cells in the fetal
rhesus monkey during normal cortical development (Cunning-
ham et al. 2013b). Tbr2-expressing neural precursor cells are pro-
duced through the mitotic divisions of Pax6-expressing radial
glial cells (Noctor et al. 2001, 2002, 2004, 2008; Englund et al. 2005),

and evidence suggests that radial glia express the AXL viral entry
receptor (Nowakowski et al. 2016). If radial glial cells are indeed
among the initial targets of fetal Zika virus infection, the virus
could potentially be passed down to Tbr2-expressing daughter
cells. Zika virus infected Tbr2* cells could therefore become
targets of microglial cells, potentially explaining the clustered
microglial cells in the cortical proliferative zones (see Fig. 3D-F).
Alternatively, Tbr2-expressing neural precursor cells may also be
included among primary targets of Zika virus infection. Indeed,
it has been reported that Zika virus infection is associated with
mitotic abnormalities and apoptosis of primary neural precursor
cells (Souza et al. 2016), questioning the capacity for Zika virus-
infected radial glia to effectively divide and produce neuronal
progeny such as Tbr2* daughter cells. The presence of Tbr2*
neural precursor cells in the SVZ (see Fig. 3M-P) indicates that
radial glia produced Tbr2* daughter cells after Zika virus inocu-
lation. However, it is possible that the ectopic clusters of Tbr2*
neural precursor cells represented the progeny of infected radial
glia and these Tbr2+ cells were targeted by microglia, whereas
the population of Tbr2* cells that attained a normal laminar
distribution represent the progeny of radial glia that escaped
infection after inoculation. This model of infection would be
expected to produce a mosaic of normal and infected cells
throughout the cortical lobes, each exhibiting distinct behaviors,
fates, and influence on formation of the cerebral cortex.

We also noted an association of microglial clusters with
blood vessels in the Zika virus inoculated fetuses. Blood
vessel diameter was significantly larger, and the volume of
the cortical proliferative and periventricular zones occupied
by blood vessels was increased 2-fold at both 3-weeks and 3-
months postinoculation (Figs 4E and 6G). These findings are
in line with reports showing that endothelial cells—a key
component of developing vasculature in the fetal brain—also
express the AXL receptor and are prime targets of infection
(Richard et al. 2017). Zika administration in gravid ferrets
produced a similar increase in cortical vessel size in the
embryonic ferret cortex (Hutchinson et al. 2019), whereas studies
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in the mouse have reported a decrease in vascular density
and vessel branching (Garcez et al. 2018). These contrasting
findings, particularly between embryonic mouse and fetal
rhesus monkey, may represent species differences, contrasting
patterns of vascular development between lissencephalic versus
gyrencephalic cortices, and/or differences in methodology.
For example, we quantified vessels in periventricular regions
adjacent to the lateral ventricle in fetal rhesus monkey cortex,
whereas Garcez and colleagues analyzed vasculature across
the width of the lissencephalic mouse cortex (Garcez et al.
2018). Future analysis of cortical vasculature throughout the
rhesus monkey telencephalon may shed further light on the
impact of Zika virus on vessel development in this species.
The volume of cortical tissue occupied by Ibalt microglial
cells was increased 6-fold at 3-weeks postinoculation and
remained significantly elevated 2-fold at 3-months postinoc-
ulation. The proliferative zones in the fetal brain are highly
enriched with neural precursor cells and blood vessels. Our
finding that microglial cell clusters formed around blood vessels
and ectopic clusters of neural precursor cells is consistent
with the concept that Zika virus infection across fetal neural
precursor and endothelial cells were targeted by attendant
microglial cells that normally inhabit the fetal proliferative
zones.

In addition to an altered distribution of microglial cells and
blood vessel structure we found that fetal Zika virus was associ-
ated with thinning of the cortical gray matter. The cortical gray
matter was notably thinner at 3-weeks postinoculation (283 pm
vs. 460 pm) and remained significantly thinner at 3-months
postinoculation (770 pm vs. 845 pm). Taken together, our results
demonstrate a strong and persistent effect of Zika virus inocula-
tion on central features of fetal cortical development. These data
further support that rhesus monkeys are an important nonhu-
man primate model for revealing mechanisms that can result
in deficits in human brain structural development, particularly
those associated with Zika virus and other neuroteratogens.
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