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ABSTRACT
Congenital virus infections, for example cytomegalovirus and rubella virus infections, commonly affect the central
nervous and hematological systems in fetuses and offspring. However, interactions between emerging congenital
Zika virus and hematological system—bone marrow and blood—in fetuses and offspring are mainly unknown. Our
overall goal was to determine whether silent in utero Zika virus infection can cause functional and molecular
footprints in the bone marrow and blood of fetuses and offspring. We specifically focused on silent fetal infection
because delayed health complications in initially asymptomatic offspring were previously demonstrated in animal
and human studies. Using a well-established porcine model for Zika virus infection and a set of cellular and
molecular experimental tools, we showed that silent in utero infection causes multi-organ inflammation in fetuses
and local inflammation in the fetal bone marrow. In utero infection also caused footprints in the offspring bone
marrow and PBMCs. These findings should be considered in a broader clinical context because of growing concerns
about health sequelae in cohorts of children affected with congenital Zika virus infection in the Americas.
Understanding virus-induced molecular mechanisms of immune activation and inflammation in fetuses may provide
targets for early in utero interventions. Also, identifying early biomarkers of in utero-acquired immunopathology in
offspring may help to alleviate long-term sequelae.
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Introduction

Transplacental virus infections, for example cytome-
galovirus and rubella virus infections, commonly
affect the central nervous and hematological systems
in fetuses and offspring [1]. Zika virus (ZIKV)
emerged in the Americas in 2015 posing ongoing pub-
lic health concerns. Unlike other human flaviviruses,
ZIKV infection showed unusual clinical phenotype
in pregnant women with transplacental infection,
fetal pathology, and birth defects in offspring. Zika
virus has tropism to different placental cells, brain
radial glia, astrocytes, neuronal progenitor cells, and
mature neurons, causing placental and brain lesions
[2–6]. Given this phenotype, most studies are focused
on pathogenesis in placental and nervous tissues.
However, ZIKV-induced hematological effects in
fetuses and immunopathology sequelae in offspring
are poorly defined. Recently, systemic immune

inflammation with disrupted cytokines in blood
plasma and cerebrospinal fluid was described in
human newborns affected with ZIKV infection during
in utero life [7, 8]. Our animal model studies also
showed interferon-alpha (IFN-α) sequelae in offspring
[9] where in utero affected neonates showed altered
IFN-α levels in blood plasma in the normal environ-
ment and during social stress. However, it is unknown
whether in utero ZIKV infection affects the hemato-
logical system—bone marrow and blood—in fetuses
and offspring.

Severe outcomes of ZIKV infection in pregnancy
include fetal death, microencephaly, and developmen-
tal abnormalities in fetuses and offspring. However,
the majority of fetal infections are silent, with difficult
to diagnose birth defects [10]. Alarmingly, delayed
health complications of silent in utero ZIKV infection
in initially asymptomatic offspring were demonstrated
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in our animal studies [9], in mouse studies [11], and in
human studies [12–14.] But the full complexity and
duration of long-term sequelae of silent in utero
ZIKV infection remain unknown. The definition of
silent in utero ZIKV infection in our studies is based
on our animal model [9, 15–17], non-human primate
[18], and human research [12–14]: In utero infection
that does not cause severe lesions in the brain, in
utero growth restriction, and other readily identifiable
abnormalities in fetuses and newborns, however,
imposes significant health risks in virus-negative
offspring due to persistent molecular and cellular
sequelae. We, and others, have developed porcine
models that reproduce critical aspects of in utero
ZIKV infection in humans with persistent infection
in the fetal brain, fetal membranes, and placenta [9,
15–17, 19]. Also, using the porcine model, we studied
molecular pathology in the fetal brain and molecular
sequelae in the brain of offspring after silent in utero
ZIKV infection [9, 17]. Systemic maternal inoculation
with ZIKV does not cause maternal viremia and trans-
placental infection in pigs [19]; but, similar to in vitro
cell cultures and organoid systems, our model permits
controlled in utero delivery of the virus for a focused
study of pathogenesis in fetuses. The advantage of
our pig model over in vitro cultures is that ZIKV infec-
tion can be analyzed in the context of pregnancy and
intact fetal immune responses. Importantly, infection
in mother and fetus may affect offspring differently;
most infection sequelae studies showed the impor-
tance of maternal inflammation, while the specific
role of fetal immunopathology is difficult to study in
traditional models. In contrast, our fetal pig model
allows us to dissect and to study specific fetal immuno-
pathology during isolated in utero infection.

Here, we used the well-established porcine model
to study whether isolated silent in utero ZIKV infec-
tion can affect the hematological system—bone mar-
row and blood—in fetuses and offspring. In fetuses,
we studied systemic and local bone marrow immune
activation, inflammation, and molecular footprints.
In offspring, we studied functional and molecular
footprints in whole bone marrow cells, bone marrow
hematopoietic stem progenitor cells (HSPCs), and
peripheral blood monocyte cells (PBMCs).

Materials and methods

Fetal experiment

Animal experiments were performed following the
Canadian Council on Animal Care guidelines and uni-
versity approved Animal Use Protocol #20180012. All
efforts were made to minimize animal suffering. Pigs
were euthanized with an anesthetic overdose followed
by exsanguination. Conventional time-pregnant
Landrace-cross pigs were purchased from the

university high-health status herd free from porcine
reproductive and respiratory syndrome virus
(PRRSV), porcine parvovirus (PPV), porcine circo-
virus 2 (PCV2), and porcine circovirus 3 (PCV3),
which can cause fetal infection in pigs. Accordingly,
maternal, fetal, and piglet samples were negative for
PRRSV, PPV, PCV2, and PCV3 in virus-specific
PCR assays [17].

Two pregnant pigs were housed at the Vaccine and
Infectious Disease Organization, University of Sas-
katchewan biosafety level 2 facility. One of the pigs
was in utero inoculated with the ZIKV H/PF/2013
strain at 50 gestation days (the total duration of porcine
pregnancy is 114–115 days); and the second control pig
was inoculated with virus-free media. For precise
inoculation, we used an ultrasound-guided technique
that verifies fetal viability before and after inoculation
[9, 15–17]. Four conceptuses (a fetus with fetal mem-
branes) were inoculated in each pig with the ZIKV or
control media. Each conceptus was inoculated with
2 × 105 TCID50 of ZIKV intraperitoneally + intra-
amniotic (100 μl + 100 μl). Conceptuses were labelled
with non-absorbable surgical sutures on the adjacent
uterine walls to identify directly inoculated fetuses
during sampling. Pigs were euthanized and sampled
28 days after ZIKV in utero inoculation as we pre-
viously described [15–17]. For maternal tissues, we
sampled blood plasma and uterine lymph nodes.
Uteri with fetuses were removed, and all samplings
were performed in the direction from a most distant
non-manipulated conceptus toward inoculated fetuses
with dedicated instruments for each fetus. In ZIKV
and Control pigs, amniotic fluids, amniotic mem-
branes, and uterine wall with the placenta (fetal placen-
tal compartment was subsequently dissected from the
maternal endometrium) were collected from each con-
ceptus and rapidly frozen. Umbilical cord blood was
aspirated from each fetus with sterile syringes and nee-
dles before fetal tissue dissection. After blood centrifu-
gation (2,000 g, 20 min, + 4 °C), plasma was aliquoted
and frozen (−80 °C). Fetuses were visually examined,
and gross pathology was recorded. Body and brain
weights of viable fetuses were measured. Then, fetal
organs were sampled and frozen in liquid nitrogen:
Fetal brains, thymus, inguinal lymph nodes, spleen,
and liver. Virology data from the fetal placenta, brain,
and lymph nodes were partially reported in our pre-
vious study [20]. The femoral and tibia bones of both
hind legs were collected in clean plastic bags, placed
on wet ice, and transferred into a biosafety cabinet for
isolation of bone marrow cells as described in Sup-
plementary Methods.

Offspring experiment

In the offspring experiment, two pregnant pigs were in
utero inoculated at 53 gestation days (the total
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duration of porcine pregnancy is 114–115 days) with
the PRVABC59 ZIKV strain or control media as
described above. Births were monitored closely, and
individual amniotic membranes surrounding each
newborn piglet were collected and snap-frozen on
dry ice. At birth (day 0; 61 days after in utero inocu-
lation), we tagged piglets, recorded gender, and
measured cranium and body length. After delivery,
piglets were monitored for 28–42 days for clinical
signs. Shortly after birth, amniotic membranes from
all piglets were tested for ZIKV as described in Sup-
plementary Methods. Mothers were separated from
piglets at 21 days after birth and sampled (blood
plasma and uterine lymph nodes). Blood from piglets
was collected at 26 days after birth for cytokine
measurements in blood plasma and flow cytometry
in PBMCs, and after euthanasia at 28–42 days for
PBMC stimulation and next-generation sequencing
(NGS) as described in Supplementary Methods.
Blood was collected in sterile EDTA tubes with a vacu-
tainer blood-sampling system (BD) by puncturing the
vena cava.

To make sampling and painstaking work with bone
marrow cells feasible, piglets were euthanized within
28–42 days after birth. To avoid the effects of circadian
rhythms on gene expression and proteins in the bone
marrow cells and blood cells, each pair of ZIKV-
affected and Control piglets were sampled simul-
taneously within a short period of time. Licensed
veterinarians euthanized animals with an anesthetic
overdose followed by exsanguination. After injecting
the anesthetic, complete unconsciousness was
confirmed by loss of pedal and palpebral reflexes,
and piglets were rapidly exsanguinated to ensure a
quick death. This method minimizes animal distress
and is consistent with the recommendations of the
Panel on Euthanasia of the American Veterinary
Medical Association and approved by the University
of Saskatchewan’s Animal Research Ethics Board.
Immediately after exsanguination, liver, spleen, testis,
mesenteric and bronchial lymph nodes were sampled
and preserved in liquid nitrogen. The femurs and
humeri were collected in clean plastic bags, placed
on wet ice, and transferred into a biosafety cabinet
to isolate whole bone marrow cells and CD117 +
hematopoietic stem progenitor cells (HSPCs) as
described in Supplementary Methods.

Cellular and molecular assays

Supplementary Methods contain detailed information
on well-established protocols: ZIKV stock prep-
aration, isolation and testing whole bone marrow
cells in fetuses and offspring, bone marrow CD117+
HSPCs in offspring, PBMCs in offspring, quantifi-
cation of virus loads in tissues, cytokine measurements
in blood plasma from fetuses and offspring,

immunohistochemistry, western blotting, kinome
analysis, RNA-seq and bioinformatics.

Statistics

We used GraphPad PRISM 8 software. The difference
with p < 0.05 was considered significant. Data were
expressed as individual values and mean ± standard
deviation. The number of dead fetuses and newborn
piglets were compared with the Yates-corrected χ2-
test. Brain–body weight ratio in fetuses and head-
body size ratio in offspring were compared with
Mann–Whitney U-test. Viral loads in tissues and cyto-
kine levels in blood plasma were compared with
Mann–Whitney U-test. The percentage of sialoadhe-
sin stained area in the fetal organs and the expression
of sialoadhesin in the fetal and offspring bone marrow
were compared with Mann–Whitney U-test. We used
the Spearman and Pearson correlations to evaluate
relationships between ZIKV loads in placental tissues
or amniotic fluids and the number of sialoadhesin-
positive macrophages in fetal organs. To compare
the number of granulocyte/macrophage colony-form-
ing units and the total number of granulocyte/macro-
phage progenitor cells, CD3 + and CD14 + cells
frequency in PBMCs, and the IL-1β levels in LPS-
stimulated PBMCs, we used Mann–Whitney U-test.
P values in graphs are shown only for statistically sig-
nificant data.

Results

Zika virus infection causes systemic
inflammation in fetuses

To identify whether silent ZIKV infection—an infec-
tion that does not cause fetal death and apparent clini-
cal pathology—leads to systemic fetal inflammation,
we used the established fetal pig model [9, 15–17]
(Figure 1A). Among ZIKV-exposed fetuses, 13%
were dead with other fetuses alive and with no visible
pathology (Figure 1B); brain/body ratio was also not
affected in fetuses (not shown). This death rate is in
line with reported rates of fetal mortality in apparently
healthy pigs [17]. Decomposition of tissues in dead
fetuses prevented extraction of RNA suitable for test-
ing and virus-specific PCR was negative. All four
directly-injected fetuses were viable with no visible
pathology.

As expected [9, 15–17], in utero ZIKV inoculation
resulted in trans-fetal virus spread from directly
injected to non-manipulated siblings and silent infec-
tion. High virus loads were detected in directly
injected and trans-infected fetuses (Figure 1C). Zika
virus caused persistent infection with high virus
loads in the placenta (53% of fetuses) and fetal
lymph nodes (73%). The virus was also identified in
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amniotic fluids and amniotic membranes (Figure 1C).
Altogether, all 13 liveborn fetuses had ZIKV in one or
several tissues and were exposed to the virus for
around four weeks. Fetal brain, thymus, spleen, liver,
blood plasma (Figure 1C), and maternal samples
were negative for the virus. In accordance with our
animal studies [9, 16, 17, 21] in ZIKV-affected fetuses
and studies in human neonates [7, 22], fetuses exposed
to the virus showed an increase of cytokines. Three
directly injected virus-positive fetuses out of four
had immune activation with elevated IFN-α in blood
plasma (Figure 1D). Fetuses also showed systemic
inflammation with elevated interleukin (IL)−6, IL-8,
and IL-17a in blood plasma (Figure 1D). While the
difference in cytokine levels did not reach statistical

significance (except for IL-8), the trend for IFN-α,
IL-6, and IL-17a was clear. Interleukin-γ was detected
in one fetus from the ZIKV group (21 pg/ml). Inter-
leukin-1β, IL-10, IL-12 and IL-13 were below the
quantification limits in both groups.

As an inflammatory marker in fetal tissues, we used
sialoadhesin. Sialoadhesin is the macrophage inflam-
matory marker; ZIKV-induced sialoadhesin upregula-
tion was reported in cells from human adults [23] and
primate placenta [24]. The number of sialoadhesin-
positive macrophages was significantly higher in
virus-positive tissues—fetal lymph nodes, and in
virus-negative tissues—liver and thymus (Figure 2A
and B). In other virus-positive (placenta and amniotic
membranes) and virus-negative (brain and spleen)

Figure 1. Fetal data. (A) Experimental setup in the fetal study. (B) Fetal mortality (Yates-corrected χ2-test); % shows live fetuses. In
the Control group, there were 8 viable fetuses and no dead fetuses. The ZIKV group had 13 viable fetuses and 2 dead decomposed
fetuses. (C) Zika virus infection in fetuses (Mann-Whitney U-test). Samples from all live and dead fetuses were tested. (D) Cytokine
responses in fetal blood plasma (Mann-Whitney U-test). Samples from live fetuses were tested. The dotted lines represent the limit
of detection (LOD) or limit of quantification (LOQ). The solid line represents the mean. In all graphs, squares and circles indicate
individual fetuses. Filled red circles represent fetuses directly inoculated with ZIKV.
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Figure 2. Sialoadhesin expression in fetal organs. (A) Sialoadhesin-specific immunohistochemistry in fetal organs. The red staining
represents sialoadhesin-positive cells. In fetal organs (except the brain) the staining pattern was diffused. In the brain, positive
cells were localized in the meninges. (B) Digital quantification of the sialoadhesin-positive area in tissues. The solid line represents
the mean. The percentage of sialoadhesin stained area in the fetal organs was compared with Mann-Whitney U-test. (C) Spearman
correlation between sialoadhesin and ZIKV loads in the placenta. The X-axis represents ZIKV log10 RNA copies per g. In all graphs,
squares and circles indicate individual fetuses. Filled red circles represent fetuses directly inoculated with ZIKV.
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tissues the increase of sialoadhesin-positive macro-
phages did not reach statistical significance, but had
the trend to increase. Zika virus loads in the placenta
significantly correlated with the number of sialoadhe-
sin-positive macrophages (Figure 2C). Also, ZIKV
loads in placental tissues and virus loads in amniotic
fluids significantly correlated with the number of sia-
loadhesin-positive macrophages in virus-positive tis-
sues—amniotic membranes, lymph nodes, and in
virus-negative tissues—brain and spleen (Suppl.
Figure S1).

Altogether, silent ZIKV infection can cause sys-
temic inflammation in fetuses represented by
increased proinflammatory cytokines in the blood
and sialoadhesin overexpression in virus-positive
and virus-negative fetal organs.

Zika virus infection causes molecular footprints
in the fetal bone marrow

We isolated the whole bone marrow cells from ZIKV
and Control fetuses and quantified sialoadhesin with
the western blot. In accordance with inflammation
in organs of infected fetuses (Figure 2), sialoadhesin
was overexpressed in fetal bone marrow cells (Figure
3A, Suppl. Figure S2). Sialoadhesin loads in the bone
marrow correlated with ZIKV loads in amniotic fluids
(Pearson correlation, ρ=0.68, P=0.03)

Next, to better understand molecular footprints
associated with bone marrow inflammation in fetuses,
we compared kinase activities with high-throughput
kinome analysis. In total, ZIKV fetuses had 78 differ-
entially phosphorylated sites in 67 proteins (Figure
3B and C; Table S1-A). Among affected proteins,
there were IFNAR1, JAK1, JAK2, STAT1, and
STAT2 (Figure 4)—components of the canonical
JAK-STAT signaling pathway that plays a role in
bone marrow hematopoietic function [25]. The bone
marrow provides a niche for hematopoietic stem
cells in fetuses at the late term of the development
and afterbirth in offspring. Kinome profiling in fetal
bone marrow cells showed that silent in utero ZIKV
infection may affect hematopoiesis. Specifically, the
number of proteins previously linked to the biology
of the HSC (hematopoietic stem cell) niche and
homeostatic and stress hematopoiesis were affected
(Figure 4; references are in File S1). In addition to
proteins involved in interferon responses and hemato-
poiesis, a set of differently phosphorylated proteins in
fetuses was related to bone marrow cancer (Figure 4;
references are in File S1).

Based on differentially phosphorylated protein tar-
gets, ZIKV fetuses had 515 (FDR <0.01) altered bio-
logical pathways including pathways related to
interferon responses, immunity, and cancer (Table
S1-B). Among the top ten affected pathways, there

were pathways involved in bone marrow function—
osteoclast differentiation [26] and IL-7 [27].

To identify whether bone marrow inflammation
resulted from local virus replication, we tested cells
with the sensitive virus-specific PCR and did not
find ZIKV RNA in bone marrow cells from directly
inoculated and trans-infected fetuses (Figure 1C).

To summarize, silent ZIKV infection causes the
molecular footprint in the fetal bone marrow with
altered sialoadhesin expression and altered protein
phosphorylation.

In utero Zika virus infection causes molecular
footprints in the offspring bone marrow

To induce subclinical in utero infection, we inoculated
four conceptuses from a pregnant pig with ZIKV at 53
gestation days that resulted in persistent in utero infec-
tion for 61 days till the birth (Figure 5A). As expected
[9, 15–17], in utero inoculation caused silent infection
in many fetuses with no apparent clinical signs in live-
born offspring. Although 21% of ZIKV-exposed new-
born piglets were dead (Figure 5B). In contrast, in the
control group, all offspring were alive and healthy at
birth. Individual amniotic membranes collected at
birth and tissues collected postmortem from Control
offspring were negative for ZIKV. In ZIKV offspring,
individual amniotic membranes collected from three
live fetuses immediately after birth were also negative
(Figure 5B). High virus loads—4.6-5.9 log10 ZIKV
RNA copies/g—were detected in individual amniotic
membranes from 8 live newborn piglets, showing
virus persistence in fetal membranes for around two
months (in utero inoculation at 53 gestation days
and sampling 61 days later, at birth). Testing of
other tissues (liver, spleen, testis, mesenteric and bron-
chial lymph nodes, whole bone marrow cells, CD117
+ progenitor cells, blood plasma and PBMCs tested
with RT-qPCR) collected from offspring postmortem
did not show ZIKV; maternal samples were also
virus-negative. In three dead fetuses, amniotic mem-
branes were decomposed; internal organs from dead
fetuses were also negative for ZIKV. Samples from 8
fetuses with ZIKV in amniotic membranes were
used for all experimental analyses, except testing cyto-
kines in the blood plasma where samples from all 11
liveborn piglets were tested.

Quantitative IHC did not show changes in siaload-
hesin in the liver, spleen, and lymph nodes of affected
offspring; tissues from both ZIKV and Control
offspring had a similar pattern of staining (data not
shown). Also, there was no difference in sialoadhesin
expression by the western blot in the whole bone mar-
row cells from ZIKV offspring (Figures 3D). How-
ever, more sensitive kinome analysis showed bone
marrow molecular footprints: In total, ZIKV offspring
had 180 differently phosphorylated protein sites
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(Figure 3E and F; Table S1-C). Interestingly, most
proteins that were differently phosphorylated in
fetuses (except MSK2, SOC3, AR, JNK1, SMAD6,
BAX, TGFBR2, IRAK4; Table S1-A), including pro-
teins related to type I IFN responses, biology of HSC
niche, hematopoiesis, and bone marrow cancer, were
also affected in offspring (Table S1-C). Accordingly,
among the top twelve affected biological pathways in
fetal (Table S1-B) and offspring (Table S1-D) bone
marrow cells, there were nine commonly affected
pathways related to bone marrow function, HSC
niche function, immune responses, type I IFN
responses, and cancer (Table S1-E). One of the top
three affected pathways in fetal and offspring bone
marrow cells was “osteoclast differentiation” (Table
S1-B and D). Interestingly, it has been recently
shown that ZIKV infection can affect osteoclast and
osteoblast functions [28, 29]. In addition to commonly
affected proteins in fetuses and offspring, we also
identified proteins uniquely affected in ZIKV offspring
that were related to hematopoiesis (13 proteins) and
bone marrow cancer (3 proteins) (Figure 4; references
are in File S1).

Next, we studied pathology in CD117+ HSPCs iso-
lated from the offspring bone marrow. The colony-
forming unit assay—the commonly used assay to
measure proliferation and differentiation of HSPCs
in humans, mice, and pigs [30, 31]—showed that
ZIKV offspring have a trend to the higher number
of granulocyte/macrophage colony-forming units
and individual granulocyte/macrophage progenitor
cells (Figure 5C); however, the difference was not stat-
istically significant. Next, we identified whether silent
fetal infection causes enduring molecular footprints in
HSPCs of offspring. We used RNA-seq to compare
global gene expression in bone marrow HSPCs from
ZIKV and Control groups. With the individual gene
analysis, two genes had significantly altered
expression: thioredoxin-interacting protein (TXNIP)
and methenyltetrahydrofolate synthetase domain con-
taining (MTHFSD) protein (Table S2-A). Interest-
ingly, TXNIP is essential for maintaining HSC
quiescence and the interaction between HSCs and
the bone marrow niche; it is induced by oxidative
stress and maintains the hematopoietic cells by regu-
lating intracellular ROS during oxidative stress [32–

Figure 3. Molecular pathology in the bone marrow of Zika-affected fetuses and offspring. (A) Western blot semi-quantification of
sialoadhesin (Sn) expression in the whole bone marrow cells of fetuses (Mann-Whitney U-test). Corresponding western blot
images are in Suppl. Figure S2. Squares and circles indicate individual fetuses. Filled red circles represent fetuses directly inocu-
lated with ZIKV. (B and C) Differentially phosphorylated proteins (p < 0.05) in whole bone marrow cells of Zika-affected fetuses
identified with kinome analysis. Raw data are in Table S1-A. Some proteins have more than one differently phosphorylated site;
all differently phosphorylated sites for each protein are shown. (D) Western blot semi-quantification of sialoadhesin expression in
the whole bone marrow cells of offspring (Mann-Whitney U-test). Squares and circles indicate individual piglets. (E and F) Differ-
entially phosphorylated proteins (p < 0.05) in whole bone marrow cells of Zika-affected offspring identified by kinome analysis.
Raw data are in Table S1-C. Some proteins have more than one differently phosphorylated site; all differently phosphorylated
sites for each protein are shown.

Emerging microbes & infections 7



Figure 4. Differentially phosphorylated proteins related to immune activation, hematopoiesis, and cancer in the bone marrow of
Zika-affected fetuses and offspring. Some proteins have more than one differently phosphorylated site; all differently phosphory-
lated sites for each protein are shown. All proteins affected in fetuses (except MSK2, SOC3, AR, JNK1, SMAD6, BAX, TGFBR2, IRAK4)
were also affected in offspring (upper panel). In addition to proteins commonly affected in fetuses and offspring, offspring also
had individually affected proteins (lower panel). Raw data are in Tables S1-A, C.
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34]. Functional set enrichment of Gene Ontology
(GO) biological processes, which provides a more sen-
sitive analysis than single-gene analysis, showed more
significant molecular footprints in HSPCs. In total,
ZIKV offspring had 93 affected GO biological pro-
cesses (Table S2-B). Many positively enriched GO
processes were related to immune responses and
inflammation. Pathways involved in HSPC biology
were also positively enriched, specifically “stem cell
division,” “response to interleukin 3,” and “negative
regulation of interleukin 12 production” [35, 36]
(Table S2-B).

To summarize, silent in utero ZIKV infection
causes enduring molecular footprints in the offspring
bone marrow.

In utero Zika virus infection causes functional
and molecular pathology in PBMCs of offspring

First, we quantified and compared cytokine responses
in the blood plasma of offspring collected 26 days after
birth. ZIKV offspring showed different pattern of
cytokines compared to Control offspring (Figure 6).
Specifically, ZIKV offspring had increased levels of
immune activation and inflammatory cytokines:
IFN-α, IFN-γ, IL-1β, IL-6, and IL-17a. Anti-inflamma-
tory cytokine IL-10 and a mediator of allergic inflam-
mation IL-13 were also increased in ZIKV offspring.

Second, we quantified and compared CD3 + and
CD14 + cells in PBMCs from both offspring groups
using flow cytometry. Zika offspring showed

Figure 5. Offspring data. (A) Experimental setup in the offspring study. (B) Mortality (Yates-corrected χ2-test; % shows live pig-
lets), head/body size ratio (Mann-Whitney U-test), and Zika loads in individual amniotic membranes from newborn piglets (Mann-
Whitney U-test). There were 11 viable piglets in the Control group with no dead piglets. In the ZIKV group, there were 11 viable
and 3 dead piglets. The dotted line represents the limit of detection (LOD). The solid line represents the mean. (C) The colony-
forming unit assay. The image represents a granulocyte/macrophage colony-forming unit. The first graph shows the number of
CFU-GM (granulocyte/macrophage colony-forming units) in Control and Zika offspring. For each animal, the total number of colo-
nies was counted in 6 technical well replicates and the average is shown. The second graph shows the absolute number of GMP in
Control and Zika offspring. GMP: granulocyte/macrophage progenitor cells. CFU-GM were disrupted to single-cell suspension, and
the total number of GMP cells was calculated from 6 technical well replicates. Solid lines represent the mean. Mann–Whitney U-
test was used to compare the number of CFU-GM and GMP. In all graphs, squares and circles indicate individual piglets.
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Figure 6. Cytokines in the blood plasma of offspring affected by silent Zika virus infection during in utero life. Blood plasma
samples from Control and Zika offspring were collected 26 days after birth. Dotted lines represent the limit of quantification
(LOQ); solid lines represent mean values. Cytokine levels in offspring blood plasma were compared with Mann-Whitney U-test.
Squares and circles indicate individual piglets.
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statistically significant expansion of the CD3+ T-cells
population and reduction of CD14+ T-cell population
(Figure 7A).

Third, we quantified and compared IL-1β responses
in PBMCs from both offspring groups after stimu-
lation with LPS. Interestingly, PBMCs from ZIKV
offspring produced considerably higher levels of IL-
1β before stimulation with LPS (Figure 7B). After
stimulation with LPS, as expected, PBMCs from Con-
trol offspring produced high levels of IL-1β, while
PBMCs from ZIKV offspring showed unexpected
shutdown of IL-1β response (Figure 7B).

Finally, we compared global gene expression in
PBMCs from Control and ZIKV offspring. Along
with profound gene transcriptional changes (1,294
affected genes, p < 0.05, log2 fold change > 1; Table
S2-C), ZIKV offspring had 197 affected GO biological
processes (Table S2-D; Figure 7C). Genes with altered
expression in PBMCs were enriched for 37 GO pro-
cesses related to immune responses (Table S2-D;
Figure 7C). Interestingly, in accordance with abnor-
mal PBMC responses to in vitro LPS stimulation
(Figure 7B), eight GO processes related to Toll-like
receptor 2, 4, and 9 pathways and LPS-mediated sig-
naling were negatively enriched (Table S2-D; Figure
7C).

Collectively, silent in utero ZIKV infection causes
functional and molecular footprints in offspring
PBMCs with different phenotypes, abnormal response
to LPS stimulation, and altered global gene expression.

Discussion

Our overall goal was to find out whether silent in utero
ZIKV infection can cause functional and molecular
footprints in the bone marrow and blood of fetuses
and offspring. There are two key findings from this
study. First, silent ZIKV infection caused multi-
organ inflammation in fetuses and local inflammation
in the fetal bone marrow. Second, silent in utero ZIKV
infection caused molecular footprints in the offspring
bone marrow and PBMCs. Our data also suggest the
persistent nature of these footprints. Moreover, we
dissected and studied specific fetal inflammation and
immunopathology during isolated in utero virus infec-
tion with no infection in maternal tissues. Infection in
mother and fetus may affect offspring differently, and
many previous sequelae studies in offspring showed
the importance of maternal inflammation. In contrast,
the specific role of fetal inflammation during viral
infections is largely unknown. Here we showed that
fetuses may develop inflammation independently
from maternal infectious status, and the fetal bone
marrow is not protected from inflammation.

Inflammation in different fetal organs was most
probably caused directly by ZIKV replication and
indirectly by increased levels of proinflammatory

cytokines in fetal blood because sialoadhesin overex-
pression was detected both in virus-positive and
virus-negative organs. While we found the positive
correlation between sialoadhesin and virus loads
(Figure 2C, Suppl. Figure S1), it is difficult to identify
a direct relationship between viral loads in specific tis-
sues, concentrations of systemic cytokines, and sia-
loadhesin overexpression in tissues because in the
present model fetuses were sampled at a single time
after inoculation, and we cannot exclude earlier direct
virus replication in tissues that follows by virus clear-
ance before sampling.

Systemic inflammation may affect the composition
and functions of bone marrow cells in adult animals
[37–39] Only one clinical study described bone mar-
row thrombocytopenic purpura in two adult humans
infected with ZIKV [40]. Here, we found inflam-
mation and molecular footprints in the fetal bone
marrow. Molecular footprints in the bone marrow
were probably caused indirectly by increased levels
of proinflammatory cytokines in blood because
whole bone marrow cells were ZIKV-negative in the
sensitive PCR test. In support, systemic inflammation
and systemic cytokines can affect JAK2/STAT3 signal-
ing (which was affected in the bone marrow of fetuses
and offspring, Figure 4) in tissues of mice [41]. How-
ever, like in other virus-negative organs, we cannot
exclude earlier direct virus replication followed by
virus clearance before sampling.

Next, we were interested to find out whether ZIKV-
induced bone marrow footprints in fetuses persist
after birth in offspring. While newborns only had
ZIKV in their individual amniotic membranes and
the virus was cleared in lymph nodes, exposure to
silent in utero ZIKV infection caused the molecular
footprints in the bone marrow of offspring after
birth. Whole bone marrow cells from affected
offspring retained altered kinase activity profiles like
in bone marrow cells from affected fetuses suggesting
the persistent nature of molecular footprints. The
similar ZIKV-induced molecular footprint in the
bone marrow of fetuses and offspring is remarkable
because fetal and offspring studies were conducted
as two independent experiments.

The higher number of proteins with altered phos-
phorylation in offspring than in fetuses suggests evol-
ving molecular changes in the bone marrow during
fetal and subsequently during offspring development.
Accordingly, in utero-acquired progressively develop-
ing pathology is known; for example, immune acti-
vation during mouse pregnancy causes transiently
elevated brain cytokines in offspring at birth,
decreased levels postnatally, and then elevated levels
during adulthood [42].

The primary function of bone marrow is to main-
tain and replenish the constellation of mature short-
living blood cells continuously for the entire life. In
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accordance with molecular changes in the bone mar-
row, ZIKV offspring had phenotypical, functional,
and molecular changes in PBMCs. Phenotypical, func-
tional, and molecular changes in PBMCs were ident-
ified in offspring after birth suggesting the persistent
nature of footprints. Phenotypically, ZIKV offspring
had significantly increased and decreased CD3 + and
CD14 + cells, which is in agreement with studies in
adult human patients and macaques [43, 44]. Func-
tionally, PBMCs from ZIKV offspring showed IL-1β
shutdown after LPS stimulation; RNA-seq data also
confirmed many affected genes related to LPS-
mediated signaling. Interestingly, while we cannot
directly compare our data from virus-negative
offspring affected with ZIKV in utero and data from

in vitro infected mouse bone marrow-derived macro-
phages, ZIKV infection in these mouse cells inhibited
inflammasome activation and failed to trigger the
secretion of IL-1β even in the presence of LPS priming
[45]. Another rhesus monkey study which is more
suitable for direct comparison, showed that repeated
episodes of maternal stress during pregnancy lead to
significantly lower LPS-induced cytokine responses
in PBMCs of juvenile offspring [46]. Stimulation and
release of IL-1β upon recognition of bacterial LPS acti-
vate protective mechanisms of monocytes, macro-
phages, and neutrophils and induce Th1 and Th17
adaptive cellular responses [47]. In addition to altered
IL-1β responses, other immunological and molecular
footprints identified in the present study may affect

Figure 7. Functional and molecular pathology in PBMCs of offspring affected by silent Zika virus infection during in utero life. (A)
Quantification of CD3 + and CD14 + cells in offspring PBMCs (Mann–Whitney U-test). Squares and circles indicate individual pig-
lets. (B) Lipopolysaccharide (LPS)-induced IL-1β response in offspring PBMCs (Mann–Whitney U-test). Solid lines represent the
mean. The dotted line represents the limit of quantification (LOQ). (C) Molecular pathology network in PBMCs of offspring affected
with silent in utero Zika virus infection. The enrichment map of significantly altered GO biological processes. Red are pathways
with positive and blue are with negative enrichment. All subnetworks with FDR-adjusted p < 0.25 and at least three connected
nodes are shown. See raw data in Table S2-D for individual GO biological processes.
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the outcomes of infections. Thus, it will be essential to
determine whether offspring affected with silent in
utero ZIKV infection have higher risks of bacterial
and viral infections. Significantly altered levels of
eight tested cytokines in offspring blood plasma
(Figure 6) also support PBMC dysfunction. For
example, ZIKV-affected offspring have higher levels
of IL-1β in blood plasma. In accordance with this in
vivo finding, PBMCs from ZIKV-affected offspring
produced considerably higher levels of IL-1β ex vivo
before stimulation with LPS (Figure 7B). Increased
levels of IL-1β in both in vivo and ex vivo experimental
systems suggest that increased cytokines in the blood
plasma at least partially originate from PBMCs.

Our data suggest that altered cytokine profiles in
offspring blood plasma, changes in the bone marrow
and PBMCs are sequelae of previous exposure to in
utero ZIKV infection. First, while we found high
virus loads in individual amniotic membranes sur-
rounding each newborn piglet at birth, the virus
RNA was not identified in the liver, spleen, testis,
mesenteric and bronchial lymph nodes, whole bone
marrow cells, CD117 + progenitor cells, blood plasma,
and PBMCs of piglets. Second, during in utero infec-
tion, we found immune activation and inflammation
in fetuses. Immunological sequela in offspring after
adversities that affect fetal immunity is known. For
example, maternal immune activation (induced by
polyI:C) during mouse pregnancy affects fetuses and
causes altered brain cytokines in offspring at birth,
postnatally, and during adulthood [42]. While unli-
kely, offspring may still carry the persistent ZIKV in
untested tissues, and this unnoticed persistent infec-
tion may at least partially contribute to altered cyto-
kine profiles, molecular changes in the bone marrow,
and PBMC pathology.

Unique properties of bone marrow HSPCs are the
long lifespan and multilineage differentiation that sup-
port renewal of blood cells. In the present study, ZIKV
offspring showed only trends in HSPC alterations. Our
findings in PBMCs however support these trends: The
life span of peripheral blood monocytes is 1–7 days
[48], and monocytes should be continuously replen-
ished by progenitors differentiated from bone marrow
HSPCs. Thus, the observed PBMC pathology in ZIKV
offspring sampled 4–6 weeks after birth may not
directly represent residual or evolved changes in fetal
PBMCs. In contrast, it suggests that pathology in
offspring PBMCs—at least pathology determined by
changes in short-living LPS-responsive monocytes—
is acquired during differentiation from long-living
self-renewing bone marrow HSPCs, via for example
epigenetic memory and epigenetic inheritance [49].
However, other peripheral blood cells, for example T
cells, have a much longer life span [50]; thus, specific
T-cell pathology in offspring may directly represent
residual or evolved changes in fetal PBMCs. Further

studies are needed to better understand the complexity
of in utero-acquired PBMC pathology in offspring,
identify affected blood cell populations, and the role
of bone marrow HSPCs.

The limitation of the present study is that we used
different ZIKV strains for fetal and offspring inocu-
lation; however, both strains are from the Asian line-
age. Moreover, the similar pattern of molecular
footprints in the bone marrow of fetuses and offspring
induced by closely related but different virus strains
suggests that the bone marrow sequelae are not
strain-specific. Another limitation is that we used
one pregnant pig per Control and ZIKV groups in
fetal and offspring studies. However, each pregnant
pig provides 8–15 fetuses or offspring. Each fetus
and offspring is a replicate that provides sufficient
data for statistical comparison. The similar ZIKV-
induced molecular footprints in the bone marrow of
fetuses and offspring in two independent experiments
strongly support findings. To our knowledge, together
with our previous studies [9, 17], currently, this is the
largest ZIKV offspring study with a non-rodent large
animal model. Also, the model provides relevant
data because pigs and humans have similar immune
responses, and fetal and postnatal development [51,
52].

Collectively, we identified that silent in utero ZIKV
infection causes inflammation in fetal internal organs,
including inflammation in the bone marrow. We also
discovered that silent in utero ZIKV infection causes
enduring sequelae in the offspring bone marrow and
PBMCs. These findings should be considered in a
broader clinical context because of growing concerns
about health sequelae in cohorts of children affected
with congenital ZIKV infection in the Americas,
including increased blood cytokines and systemic
inflammation [7, 8, 12–14.] Understanding virus-
induced molecular mechanisms of immune activation
and inflammation in fetuses may provide targets for
early in utero interventions. Also, the identification
of early biomarkers of in utero-acquired immuno-
pathology in offspring may help alleviate long-term
sequelae.
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