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Zika virus (ZIKV) infection during pregnancy can cause a set of severe abnormalities in the fetus known as congenital 
Zika syndrome (CZS). Experiments with animal models and in vitro systems have substantially contributed to our 
understanding of the pathophysiology of ZIKV infection. Here, to investigate the molecular basis of CZS in humans, 
we used a systems biology approach to integrate transcriptomic, proteomic, and genomic data from the postmortem 
brains of neonates with CZS. We observed that collagens were greatly reduced in expression in CZS brains at both 
the RNA and protein levels and that neonates with CZS had several single-nucleotide polymorphisms in collagen- 
encoding genes that are associated with osteogenesis imperfecta and arthrogryposis. These findings were 
validated by immunohistochemistry and comparative analysis of collagen abundance in ZIKV-infected and un-
infected samples. In addition, we showed a ZIKV-dependent increase in the expression of cell adhesion factors 
that are essential for neurite outgrowth and axon guidance, findings that are consistent with the neuronal migration 
defects observed in CZS. Together, these findings provide insights into the underlying molecular alterations in 
the ZIKV-infected brain and reveal host genes associated with CZS susceptibility.

INTRODUCTION
Zika virus (ZIKV) infection during pregnancy is associated with 
several neurological problems in the fetus (1, 2). Together, this set 
of abnormalities is known as congenital Zika syndrome (CZS) and 
can involve microcephaly, brain calcifications, ventriculomegaly, and 
cortical malformations due to migration disorders, including agyria/
lissencephaly, congenital contractures, and ocular abnormalities 
(1, 3, 4). In adults, the most common symptoms of ZIKV infection 
are fever, rash, arthralgia, conjunctivitis, and headache (5). Although 
most pregnant women exposed to ZIKV give birth to healthy babies, 
0.3 to 15% of cases develop CZS (6). The frequency of infant deaths 

(miscarriages and perinatal deaths) is low (~1% of CZS), and most 
of them present intrauterine akinesia syndrome (arthrogryposis) (7). 
Several studies in vitro and with brain organoids and neurospheres 
demonstrated that ZIKV directly infects human neural progenitor 
cells (hNPCs) (8), impairs cortical development (9), affects neuron 
migration and, thus, brain size (10), and promotes brain malformation 
(11). Nevertheless, the molecular basis of CZS and the susceptibility 
genes associated with the most severe cases in human newborns re-
main unknown.

Systems biology approaches have been successfully applied to 
reveal the molecular mechanisms associated with viral infection and 
vaccination (12, 13). By integrating different types of omics data, 
systems biology provides a global overview of the network of genes, 
transcripts, proteins, and metabolites involved with a biological 
condition or perturbation (14). When applied to human infectious 
diseases, systems biology could provide critical insights into the 
complex interplay between pathogen and host, thereby leading to 
new potential intervention strategies.

In this study, we generated genomic, transcriptomic, and pro-
teomic data from the blood and postmortem brain samples of eight 
neonates with confirmed ZIKV infection during pregnancy and with 
no congenital genetic diseases or another fetal infection that can 
cause congenital malformations [STORCH (syphilis, cytomegalovirus, 
herpes virus 1/2, Toxoplasma gondii, and rubella virus)]. After three- 
layer omics data integration, we highlighted the molecular pathways 
underlying neurological damage. Systems biology combined with 
histopathological analysis revealed that genes associated with matrix 
organization were substantially reduced in expression in the brains 
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of neonates with CZS, which may explain the neuronal migration 
disorders and microcephaly attributed to ZIKV infection.

RESULTS
Neonates with severe CZS
From October 2015 to July 2016, we followed a group of pregnant 
women with symptoms of ZIKV exposure at distinct weeks of ges-
tation and from two endemic areas in Brazil: the northeast (Campina 
Grande, Paraíba state) and southeast (Rio de Janeiro, Rio de Janeiro 
state) regions. During this period, we enrolled pregnant women who 
were referred to public health care with a history of rash or fetus 
with central nervous system (CNS) abnormality confirmed by ultra-
sonography or magnetic resonance imaging (MRI), as well as post-
natal physical examination suggestive of microcephaly. We focused 
on eight neonates that had died in the 
first 48 hours postpartum with severe 
arthrogryposis (Fig. 1A). The ZIKV 
genome was detected in all cases during 
pregnancy by reverse transcription poly-
merase chain reaction (RT-PCR) analy-
sis of clinical samples from mothers 
and neonates, such as urine, plasma, 
amniotic fluid, placenta, and umbilical 
cord. We also detected the virus genome 
through RT-PCR and in situ hybrid-
ization (ISH) analyses of postmortem 
fetal tissues (Fig. 1B). Other micro-
cephaly causes, including congenital 
genetic diseases, infection with arbo-
viruses that circulate in the same area 
(dengue and chikungunya), and tera-
togenic pathogens (STORCH), were all 
excluded (table S1).

Five of eight cases of CZS showed 
ZIKV exposition symptoms in the first 
trimester of pregnancy, corroborating 
other reports (15, 16) that describe an 
increasing risk of microcephaly at the 
beginning of gestation (Fig. 1A). Micro-
cephaly was observed in the early ges-
tation weeks through ultrasonography 
in all cases (Fig. 1C). However, the 
cephalic perimeter at birth was con-
sidered to be normal (>32 cm) in most 
of the neonates due to severe ventricu-
lomegaly or obstructive hydrocephalus. 
The brain usually collapsed after re-
moval of the skull during autopsy, which 
revealed tiny brains in all cases (on 
average 66 g; ranging from 7 to 180 g). 
A detailed neuropathological descrip-
tion of all cases has been previously 
reported (10).

Those brains with greater viral load 
(lower cycle threshold or Ct values) 
exhibited the most destructive patterns 
of CNS structures (Fig. 1B and table S1). 
Macroscopic observations showed thick-

ened and congested leptomeninges, very thin parenchyma and corpus 
callosum, and asymmetric ventriculomegaly (Fig. 1D). Shallow sulci 
or agyria was prevalent in all cases (Fig. 1D). The hippocampus, 
basal ganglia, and thalami were usually not well identified and 
malformed. Cerebellar hypoplasia was observed in all cases, with 
an irregular cortical surface, and calcification foci were detected 
macroscopically. The brainstem was deformed and hypoplastic in 
most of the cases.

The histopathological analysis confirmed the migration distur-
bances represented by abnormal immature cell clusters along the 
white matter and over pia mater (table S2). An intense immune 
response to cell injury was observed in all cases as demonstrated by 
the gliosis and inflammatory infiltrate (T lymphocytes and histio-
cytes) in the meninges, cerebral hemispheres, and spinal cord 
(tables S1 and S2). Reduction in the descending motor fibers was 
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Fig. 1. Clinical diagnoses and brain damage of deceased neonates with CZS. (A) Gestational timeline for the 
eight (N = 8) neonates (Z01 to Z08) with CZS. The symptoms included fever, exanthema, arthralgia, conjunctivitis, and 
headache in pregnant women during gestation. (B) ZIKV genome detection by RT-PCR analysis of samples from 
postmortem brains (N = 8) expressed in Ct values. (C) Lesions in the CNS of neonates (N = 8) with CZS were investigated 
by prenatal ultrasound and MRI examinations. At birth, only three cases (Z04, Z05, and Z07) had microcephaly. The 
other cases had normal or enlarged cephalic perimeter due to obstructive hydrocephalus. Hypoplasia was found in 
the cerebellum and the brainstem. Cortical malformations were due to disrupted neuronal migration (agyria, poly-
microgyria, or lissencephaly). (D) Brains from the autopsies showing congested leptomeninges and various degrees 
of lesions, including collapse due to hydrocephalus and small brains with few gyri or agyria. The numbers of the ZIKV 
cases are depicted as presented in table S1.
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also observed. The histopathological analysis also displayed a loss of 
motor nerve cells in the spinal cord, as well as atrophy of the skeletal 
muscle. These findings could explain the intrauterine akinesia and 
consequent arthrogryposis observed in all cases (tables S1 and S2).

Transcriptome and proteome analyses of CZS brains
We used high-throughput sequencing and mass spectrometry (MS) 
technologies to assess the changes in the transcriptome and proteome 
in the frontal cortex of CZS brains (Z03, Z05, and Z08 from Fig. 1) 
compared with the control brain (Edwards syndrome). Differential 
expression analysis revealed 509 genes associated with CZS, of which 
228 genes were increased in expression and 281 genes were reduced 
in expression in ZIKV-infected neonates (fig. S1A and table S3). 
Among the Reactome pathways enriched with genes with increased 
expression, we found “unblocking of NMDA receptor, glutamate 
binding, and activation” and “glutamate neurotransmitter release 
cycle” (fig. S1A and table S3). These findings support our previous 
in vitro work, showing that blockage of the NMDA (N-methyl-d- 
aspartate) receptor prevents neuronal death induced by ZIKV in-
fection (17). Among the pathways enriched with genes that were 
decreased in expression, we found those involved in collagen form-
ation, glucose metabolism, signaling by transforming growth factor– 
(TGF-) receptor complex, class I major histocompatibility complex 
(MHC)–mediated antigen processing and presentation, and amyloid 
fiber formation (fig. S1B). The genes that were decreased in ex-
pression suggest that ZIKV infection could affect immune-response 
pathways, cellular metabolism, and the very formation of connec-
tive tissue in the brain.

The expression of genes associated with cell adhesion, which are 
essential for neuronal migration and the recruitment of immune 
cells including neural cell adhesion molecule (NCAM) receptors, 
was increased in the CZS brains, which corroborates the migration 
disturbance and inflammatory infiltration events (CD8+ T cells and 
CD68+ histiocytes) observed in the histopathological analysis (table 
S3). Collagen-encoding genes (including COL1A1, COL1A2, COL3A1, 
COL5A1, COL5A2, COL6A3, COL12A1, and COL14A1), which are 
essential for the development of the brain and the blood-brain barrier 
(18), were decreased in expression in the CZS brains.

We subsequently investigated protein abundances in CZS brains 
compared with those in the brain of the ZIKV-negative control. The 
proteomic analysis identified 252 and 110 proteins that were in-
creased or decreased in abundance in CZS brains, respectively (Fig. 2A 
and table S4). Furthermore, a set of proteins were exclusively detected 
either in brains with CZS (714 proteins) or in the ZIKV-negative 
control brain (79 proteins) (Fig. 2A and table S4). Similar to the 
transcriptomic analysis, those proteins that were increased in abun-
dance were enriched for pathways related to “glucose metabolism” 
and “L1CAM interactions,” whereas those proteins that were re-
duced in abundance were enriched for “extracellular matrix (ECM) 
organization” and “collagen formation” (Fig. 2B and table S4). Among 
the proteins that were less abundant in the brains of all three neo-
nates with CZS than in the control brain were COL1A1, COL1A2, 
PPIB, SERPINH1, and OGN. Whereas PPIB is instrumental in col-
lagen trimerization, SERPINH1 is critical to collagen biosynthesis 
(19). In addition, the functions of OGN in the ECM are related to 
collagen fibrillogenesis, cell proliferation, and development, as well 
as osteoblast differentiation and bone development (20).

The prefrontal cortex is a heterogeneous tissue composed of sev-
eral cell types that interact with one another in a complex manner. 

Our results reflect alterations in the frequencies of specific cell types 
within the tissue, as well as the transcriptional changes within those 
cells. Therefore, assessing the transcriptome changes in isolated 
primary neurons or in hNPCs through in vitro assays may represent 
an incomplete picture of the effect of ZIKV infection on the human 
brain. We compared our transcriptome results with the ZIKV-related 
genes reported in previously published in vitro RNA sequencing 
(RNA-seq) studies, which used hNPCs, neural crest cells, fetal neural 
stem cells, and peripheral neurons infected with either the Asian 
strain (FSS12025, PRVABC59, and Mex1-7) or the African strain 
(MR766) of ZIKV (fig. S2A). Ten and 17 genes were increased or 
decreased in expression, respectively, in all comparisons. These 
included genes encoding the proliferation marker Ki-67, the tran-
scription factor associated with cell cycle E2F2, the growth factor 
VEGFA (vascular endothelial growth factor A), which induces the 
permeabilization of blood vessels, and the cysteine and glutamate 
transporter SLC7A11 (fig. S2B). The gene signature of in vitro ZIKV 
infection was defined as genes that were either increased or de-
creased in expression when compared with uninfected cells in at 
least four comparisons (fig. S2B). Only a small fraction of the differ-
entially expressed genes (DEGs) found in our postmortem samples 
were present in the in vitro ZIKV infection gene signature, indicating 
that our postmortem gene signature is distinct (fig. S2C). Further-
more, in vitro experiments found genes consistently associated with 
ZIKV infection, such as MKI67, COL1A2, SCL7A11, and SMC4, 
which were also detected in the postmortem samples (fig. S2C). 
We also compared our transcriptome and proteome results with the 
gene and protein signatures of human neurospheres infected with 
the Brazilian strain of ZIKV (BR_ZIKV_AB_ES) as described by 
Garcez et al. (11). Only a very small fraction of genes (fig. S2D) and 
proteins (fig. S2E) were shared by the in vitro experiments and our 
postmortem study.
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Fig. 2. Proteins related to CZS and microcephaly. (A) The number of differentially 
expressed proteins that were increased (red) or decreased (blue) in abundance in 
CZS brains (N = 3) compared with those in the ZIKV-negative control brain in the 
prefrontal cortex. Proteins with an adjusted P value of <0.05 as determined by limma 
moderated t test were considered to be differentially abundant. Proteins found 
either only in CZS brains or only in the control brain were considered to be exclu-
sively expressed proteins. (B) Enrichment of functional pathways for proteins found 
in CZS brains (N = 3). Red represents the proteins that were increased in abundance, 
whereas blue represents the proteins that were decreased in abundance. The ad-
justed P value (−log10) of overrepresentation analysis is indicated by color intensity 
and circle size. (C) Protein-protein interactions for proteins that were decreased in 
abundance in CZS brains. Blue nodes indicate the proteins observed to be reduced 
in abundance, whereas the gray nodes indicate additional proteins. The circle size 
represents the node degree. TCA, tricarboxylic acid.
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Protein-protein interaction (PPI) data obtained from the Search 
Tool for the Retrieval of Interacting Genes/Proteins (STRING) 
database were used to assess the interacting proteins related to the 
brain’s connective tissue (Fig. 2C). The interactome showed the 
same pattern of reduction in the abundance of essential protein 
hubs involved in collagen formation (COL1A1 and COL1A2) and 
adhesive glycoproteins that mediate cell-to-cell and cell-to-matrix 
interactions (ITGA2B, NCAM, FNB, IGB1, and THBS1). LOX, whose 
mRNA and protein were both reduced as determined by transcrip-
tome and proteome analyses, plays a key role in cross-linking fibers 
of collagen and elastin. The reduction in collagen pathways in the 
brain endothelia could partially explain the vascular problems and 
ischemia events observed in CZS neonates. The interactome showed 
the modulation of fibrinogen components (FGA, FGB, and FGG), 
which are components of blood clots and are formed after vascular 
injury. These findings relate to the intense blood-congested leptome-
ninges found in the CZS brains (Figs. 1D and 2C).

We subsequently cross-referenced the lists of genes and proteins 
that were differentially expressed in CZS compared with the negative 
control and found, respectively, 12 and 23 genes and their protein 
products that were increased or decreased in expression (Fig. 3A). 
The functions of several of these genes could provide insights into 

ZIKV neuropathogenesis. For example, NCAM1 is essential for neurite 
outgrowth, COL1A1 and COL1A2 encode the 1 and 2 chains of 
collagen type I, and the PRDX2 product peroxiredoxin 2 regulates 
the antiviral activity of T cells (Fig. 3A). For TTR and AGT genes, 
however, their mRNA abundances were greater in the CZS samples 
than in the control, whereas the abundances of the corresponding 
proteins were reduced in CZS. Similarly, eight genes were decreased 
in expression, but their encoding proteins were increased in abun-
dance. These inverted patterns between mRNAs and proteins could 
partially be due to posttranscriptional regulation mechanisms that 
include microRNAs (miRNAs). Thus, we checked whether genes 
whose mRNAs, but not protein products, were increased in abun-
dance were known miRNA targets. Our in silico approach predicted 
that eight miRNAs were induced upon infection and possibly in-
volved regulation of genes related to CZS (Fig. 3B). Among them, 
mir-17-5p is induced by flavivirus infections, including ZIKV infec-
tion of astrocytes (21).

Rather than being differentially abundant, some proteins were 
exclusively detected either in brain samples with CZS or in the ZIKV- 
negative control brain. After including those, we found that 99 pro-
teins, whose abundance was changed or that were uniquely detected 
in CZS or control samples (Fig. 3A), were encoded by genes that 
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Fig. 3. Transcriptomics and proteomics interplay in CZS. (A) The overlap between differentially expressed genes (DEGs) and differentially expressed proteins (DEPs) in 
CZS brains (N = 3) compared with those in ZIKV-negative control brain in the prefrontal cortex. The fractions of genes and proteins that were increased in expression or 
abundance are represented by orange and violet bars, respectively. The links represent the overlap between both DEGs and DEPs, and the dashed lines indicate over-
lapped genes. (B) miRNAs predicted to regulate the genes that were increased in expression in the transcriptomic dataset but whose products were not increased in 
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were differentially expressed in CZS compared with control (tables 
S3 and S4). These included LOX, PSMF1, NCAN, TNR, and NRCAM 
(neuronal cell adhesion molecule), which are associated with cross- 
linking of collagen and elastin, processing of class I MHC peptides, 
modulation of cell adhesion and migration, and neuronal cell adhesion.

We also integrated our transcriptomics and proteomics data at 
the pathway level. Gene set enrichment analysis was performed 
using the mean fold change between CZS and control brains as ranks 
and the Reactome pathways as gene sets. The overlap between the 
transcriptomics and proteomics at pathway level, with 47 pathways 
statistically significantly enriched for both layers of information 
(Fig. 3C), was greater than the overlap obtained using the gene and 
protein levels (Fig. 3A). Furthermore, down-regulated pathways 
were related to ECM organization and collagen formation and are 
suggestive of a central role of collagen in CZS outcome.

Genetic variants associated with CZS
Whole-exome sequencing analysis identified several rare variants with 
potential deleterious functions in five neonates (Z01, Z02, Z04, Z06, 
and Z07 in Fig. 1). Combining variants that are presented in the 
same gene, we found that 23 genes had at least one single-nucleotide 
polymorphisms (SNPs) in all five neonates (Fig. 4A and table S5). 
Variants in genes and in affected protein domains associated with 
ECM organization (collagen-encoding genes, FBN2, FBN3, and FN1) 
(Fig. 4B and table S5), as well as CNS development (PTPRZ1), the 
immune system (C7, C8A, IL4R, IL7, IRF3, and TLR2), muscular 
contraction and arthrogryposis (PIEZO2, RYR1, and TTN), and Notch 

and Wnt signaling pathways (NOTCH3, NOTCH4, and VANGL1), 
were also found (table S5). We also found variants in immune-related 
genes with splice-donor, missense, or stop-gain effects that were 
deleterious or that cause protein damage, especially in important 
protein domains, and with minor allele frequency (MAF) ranging 
from <0.01 to 5% (table S5).

Integration of three omics data types
The three layers of biological information were ultimately integrated 
into a network containing the gene variants and the RNAs and pro-
teins that were differentially expressed in CZS cases (Fig. 5). Only 
three genes appeared to be associated with CZS in all of these layers: 
COL1A1, COL12A1, and PTPRZ1 (Fig. 5A). The former two collagen- 
encoding genes are related to ECM organization. The latter gene 
PTPRZ1 is instrumental to the differentiation of oligodendrocytes 
(22) and is associated with schizophrenia (23). In total, there were 
1628 genes associated with CZS at either the genomic, transcriptomic, 
or proteomic level. PPI data were used to construct a network with 
341 of these gene products (Fig. 5B). Network analysis revealed 
several modules associated with proteasome-mediated degradation, 
axon guidance, the fibroblast growth factor signaling pathway, and 
Parkinson’s disease (Fig. 5B).

A more stringent analysis was performed including only the 64 
genes that were identified as being associated with CZS in at least 
two omics analyses (Fig. 5A). Subsequently, the products of these 
genes were integrated into a PPI network (fig. S3). Several highly 
connected genes were observed—THBS1 promotes synaptogenesis 

A B

Fig. 4. SNPs in neonates with CZS. Five CZS cases (N = 5) were subjected to exome analysis. (A) Genomic map showing genes with SNPs (MAF < 0.05 and CADD > 15) 
in three or more neonates with CZS. The outermost layer represents the reference genome (GRCh38). In the middle layer, each row represents genes with at least one 
SNP in three to five neonates. Dark brown rows represent genes that contain variants in all five neonates. (B) List of the most deleterious SNPs found in genes encoding 
ECM components.
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(24), DCN is necessary for maintaining collagen fibrils (25), and CLU 
is associated with amyloid deposition in the brain (26).

Because all of the analyses indicate that collagen-encoding genes 
are decreased in expression in CZS brains, we performed a Gomori’s 
trichrome staining for total collagen in CZS brains, as well as in a 
different set of ZIKV-negative control brains. We observed a reduc-
tion in the amount of collagen fibers in the CZS brains, particu-
larly in the adventitia of the vessels, compared with that in the 

Zika-negative controls at the same gestational age. This reduction 
validated our transcriptome and proteome findings (Fig. 6A). Next, 
we assessed the presence of COL1A1 through immunostaining 
directly in the brain tissues from CZS cases relative to the controls, 
and we found that COL1A1 was less abundant in all of the CZS 
cases (Fig. 6B). This finding supported the role of collagen isoforms 
in the neuropathogenesis associated with ZIKV infection in the brain 
tissues (Fig. 6B).

Fig. 5. Integration of three molecular layers in postmortem ZIKV-infected samples. (A) Intersections between the three layers of information (genomics, transcrip-
tomics, and proteomics) derived from the analysis of CZS samples. Bottom: The point diagram represents the intersections between the indicated layers. Top: Bar graph 
shows the number of genes in each intersection. A dashed line indicates the genes present in all the layers. (B) The PPI network of proteins encoded by CZS-related genes, 
together with their cellular pathways. GTPase, guanosine triphosphatase.
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DISCUSSION
Our findings suggest that collagen-encoding genes and the ECM may 
play important roles in CZS. Reduced amounts of fibronectin and 
collagen IV increase the permeability of the blood-brain barrier (27). 
Once this barrier is transposed, ZIKV could reach developing neural 
progenitor cells and severely disrupt neural development. However, a 
more direct effect on fibroblast cells in the surrounding vasculature 
(28) cannot be excluded, and this effect could be a result of cell death 
or dysregulation of ECM production or tissue deposition. A rela-
tionship between the modulation of ECM-encoding gene expression 
and ZIKV was reported in an experimental monkey model during 
viral persistence in the CNS. Aid et al. (29) showed that viral loads 
and viral persistence were negatively correlated with ECM-encoding 
genes, including collagen-encoding genes. Experiments with animal 
models indicate that a deficiency in collagen compromises vessel 
resistance (30). Mutations in the genes encoding collagen IV and 
fibronectin result in impaired basement membranes and mesoderm 
defects, respectively (31). Moreover, mutations in COL1A and 
COL4A1 cause defects in the basal membrane, resulting in a weak-
ening of the brain vessels, arterial rupture, and ischemic stroke 

(32, 33). Together with the effect on col-
lagen isoforms, the decreased expression 
of LOX, whose product cross-links col-
lagen fibers to elastin, could potentiate 
the vascularity deficiency. This could 
explain the blood congestion in the lep-
tomeninges observed in all of the brain 
samples analyzed here. Specifically, gly-
cine mutations affecting exon 49 of the 
COL1A2 gene are associated with an 
increased risk of intracranial bleeding 
(34). Both collagen-encoding and LOX 
genes are induced in glioblastoma cells, 
and suppression of this pathway by ZIKV 
infection could explain the decreased 
angiogenesis and anticancer effects that 
several groups are exploring to treat 
glioblastoma with ZIKV-like particles 
(35–37). Moreover, the work of Ferraris 
et al. (38) showed that ZIKV infection 
might initiate early activation of the Notch 
pathway, resulting in the abnormal dif-
ferentiation of neural progenitor cells, 
which is implicated in ZIKV-induced 
brain injury. Variants in the genes en-
coding NOTCH3 and NOTCH4 were 
found in two late neonates (38).

A caveat of our work is the fact that 
the transcriptome and proteome analy-
ses were performed with frontal cortex 
tissues, which contain different CNS cells. 
Our histopathological analysis showed 
CD8+ T cell infiltrates and other CD3+ 
T cells in the cortex, reinforcing the con-
tribution of immune cells in our expres-
sion analysis (10). However, the genes 
and pathways described here are con-
sistent with previous transcriptome analy-
sis performed with specific microglia and 
human neurospheres, which showed that 

ZIKV reprograms the adaptive immune response, RNA metabolism, 
adenosine triphosphate (ATP) production, glycolysis, and cell cycle 
pathways (11). However, we expanded this analysis to the brain 
architecture level and showed the modulation of collagen-encoding 
genes in the frontal cortex and blood vessels.

Mutations in the gene encoding type I collagen also affect the 
ECM by decreasing the amount of secreted collagen(s), impairing 
molecular and supramolecular assembly through the secretion of mu-
tant collagen or by inducing endoplasmic reticulum stress and the 
unfolded protein response (39). Mutated COL1A1 is also associated 
with osteogenesis imperfecta, a generalized disorder of connective 
tissues that resembles the observed arthrogryposis phenotype common 
to all cases included in this work (40). Mutations in COL1A1/2 genes 
are associated with congenital brittle bones with the development of 
microcephaly and cataracts, as observed in the most severe cases of 
CZS (41). A dominant mutation in COL12A1 is also related to joint 
laxity (42), a phenotype often found in ZIKV-infected children (43).

Cell-cell interactions are necessary for neuronal migration through 
the cortex layers during neurodevelopment (44). Members of the 

A B

C D1 quantification 1 quantification

Fig. 6. The amount of collagen fibers in CZS cases is reduced compared with that in ZIKV-negative controls. 
(A) Histopathological analysis showing collage fibers in CZS brains (N = 3) and ZIKV-negative control brains at the same 
gestational age. Scale bars, 50 m. (B) Immunohistochemical staining for collagen 1 in the leptomeninges and the 
choroid plexus of CZS brains (N = 3) and negative controls (N = 2), which are labeled as presented in tables S1 and S3. 
Scale bars, 50 m. (C and D) Quantification of collagen 1 staining in the adventitia of the vessels from the leptomeninges 
of CZS samples compared with controls. (C) Total collagen quantification from the experiments shown in (A). 
(D) Specific collagen 1 quantification from the experiments shown in (B). The CZS cases (N = 3) are depicted as pre-
sented in table S1. Scale bars, 50 m. *P = 0.02; **P = 0.002.
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L1CAM family of cell adhesion molecules are associated with neurite 
outgrowth and axon guidance (45). In ZIKV-infected brains, NCAM1 
and NFASC were increased in abundance both at the RNA and pro-
tein levels. In addition, we found a rare variant in NRCAM gene 
located in the immunoglobulin-like domain. NRCAM is involved 
in various functions, including cell-cell recognition, cell surface 
receptors, muscle structure, and the immune system (46). These 
findings suggest that the aforementioned genes and proteins could 
be the molecular basis for neuronal migration defects already de-
scribed by our group (10) and could lead to CNS structural defects 
and the reduction in the size of the cortical region observed in CZS 
newborns.

Among the pathways enriched in genes with increased expres-
sion in ZIKV-infected samples, we found genes related to glutamate 
neurotransmitter release cycle and unblocking of the NMDA receptor, 
glutamate binding, and activation. Previous experimental work 
revealed that NMDA receptor blockage has a protective effect on 
ZIKV-induced cell death (17). In addition, proteins associated with 
apoptosis were also increased in response to ZIKV infection. This 
finding is consistent with the increased cell death proposed to neural 
progenitor cell pool and revealed by experimental data (47).

Successful viral infection and disease must overcome the host 
immune response. Pleiotrophin (PTN) is a cytokine that modulates 
inflammation in the CNS (48). In addition, PTN inhibits protein 
tyrosine phosphatase zeta (PTPRZ1), which binds to developmental 
proteins, such as -catenin (49). Our study showed that PTPRZ1 
was increased in abundance at the mRNA and protein levels in 
ZIKV-infected brains. Furthermore, the rare polymorphisms we 
identified in PTPRZ1 raise the possibility of PTN-PTPRZ1 regu-
latory dysregulation and genetically driven suppression of neu-
roinflammation, which might result in a viral evasion mechanism. 
When considering the proteins that were exclusively detected in 
CZS brains and not in control brain (table S4), another gene found 
in all three omics layers was NRCAM. NRCAM is a cell adhesion 
molecule that can interact with PTPRZ1 (50).

We also observed rare mutations in genes related to the immune 
system, including C7, C8A, IL4R, IL7, IRF3, and TLR2. The variants 
found in C7 and C8A are present in the membrane attack complex/
perforin (MACPF) domain. The activation of the alternative com-
plement pathway begins with assembly of the MAC (cell-killing 
membrane attack complex) through the interaction of C5b with C6, 
C7, C8, and multiple C9 molecules. In flavivirus infections, the com-
plement system may cause an exacerbated inflammatory response 
when excessively activated, increasing disease severity (51, 52). We 
found a variant in the Toll–interleukin-1 (IL-1) receptor homologous 
region (TIR) of Toll-like receptor 2 (TLR2), a receptor that plays a 
fundamental role in pathogen recognition and activation of innate 
immunity. This variant confers susceptibility to Mycobacterium 
tuberculosis infection and the incidence of other infectious diseases 
(53, 54). Upon activation, the TLR2 adaptor proteins Myd88 and 
TIRAP trigger signaling pathways that activate transcription factors, 
such as nuclear factor B (NF-B), interferon regulatory factor 3 
(IRF3) and IRF7, and activating protein 1 (AP-1), which then trans-
locate to the nucleus to induce the transcription of genes encoding 
interferons (IFNs) and proinflammatory cytokines. The autophagy 
process already demonstrated in ZIKV infection is a cellular catabolic 
pathway delivering cytoplasmic load to the lysosome for degradation 
and is considered as a primordial form of innate immunity against 
invading microorganisms (55). IRF3 plays a critical role in the in-

nate immune response against DNA and RNA viruses, driving the 
transcription genes encoding type I IFNs (56). In addition, a muta-
tion in the IRF3 gene is associated with increased susceptibility to 
herpes simplex virus 1 (HSV-1) infection in the CNS in humans 
(57). SNPs in the gene encoding the IL-4 receptor (IL-4R) are also 
associated with increased susceptibility to dengue virus infection 
(58). These genetic variants that may affect the function of immune 
system genes may play a substantial role in the death of the neonates 
in our study by conferring susceptibility to the virus, enabling viral 
replication, or causing an increased inflammatory response to ZIKV 
infection, which may lead to CZS.

Together, our data from the examination of postmortem brain 
samples reveal the molecular basis of ZIKV infection after vertical 
transmission. Despite the small sample size, these brain samples are 
a valuable resource considering the decrease in CZS cases world-
wide. Our systems biology approach enabled us to unveil the different 
layers of biological information associated with CZS.

MATERIALS AND METHODS
Patients and neuroimaging studies
From June 2015 to July 2016, pregnant women presenting at a clin-
ic with acute febrile illness with a rash, fetal CNS abnormalities at 
prenatal ultrasonography, or postnatal microcephaly or other CNS 
malformation that was believed to be characteristic of congenital 
infection were referred to the Microcephaly Reference Center Instituto 
de Pesquisa Professor Amorim Neto (IPESQ) in Campina Grande 
(Paraíba, Brazil) or Instituto Fernandes Figueira–Fiocruz (Rio de 
Janeiro, Brazil). This study includes imaging and autopsy data from 
an institutional review board–approved study (52888616.4.0000.5693 
and 52675616.0.000.5269) that allowed for imaging and follow-up 
of presumed ZIKV infection in pregnant women and their neonates. 
Written informed consent was obtained from the pregnant women, 
the parents of the neonates, or both. Detailed demographic, medical, 
and prenatal history information, as well as clinical findings, was 
entered into case report forms by multidisciplinary medical teams. 
All of the women were referred for at least one fetal ultrasonography 
during gestation. The onset symptoms included fever, exanthema, 
arthralgia, conjunctivitis, and headache in the pregnant women during 
gestation. The CNS of eight neonates who died in the first 48 hours 
of life (two of them immediately after delivery), three from north-
eastern (Campina Grande, Paraíba state) and five from southeastern 
Brazil (Rio de Janeiro) whose mothers reported typical symptoms 
of ZIKV infection until the 18th gestational week, were examined 
postmortem. Intrauterine fetal development was followed by ultra-
sonography and fetal MRI. Just after birth, the cephalic perimeter 
was measured, and the percentile was calculated according to that 
expected for gestational age 1. Prenatal ultrasonography was per-
formed by fetal medicine specialists using either a Voluson E8 unit 
(General Electric) with transvaginal probes or a Samsung XG or WS80 
unit (Samsung) with 2- to 9-MHz probes. MRI of the fetus was 
performed with a 3-T Skyra unit (Siemens Healthcare) or a 1.5-T 
Espree unit (Siemens Healthcare) with an eight-channel body coil 
and standard acquisition protocols. Postnatal head computed tomog-
raphy (CT) was performed with a 16-section CT scanner (Siemens 
Healthcare). Postnatal MRI was performed with a 1.5-T Espree brain 
MRI unit (Siemens Healthcare). Brain tissue images were acquired 
with a 64-channel multisection CT scanner (GE Healthcare) and a 
3-T MRI unit (Achieva).
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Autopsies
Full autopsies were performed, and the brains were fixed in 10% 
buffered formalin. In the three cases from IPESQ, one hemisphere 
of the brain was stored in RNAlater (Thermo Fisher Scientific) and 
then frozen for viral RNA detection and both transcriptome and 
proteomic analyses. In seven cases, the whole spinal cords were also 
removed, four of them with dorsal root ganglia (DRG). The upper 
cervical spinal cord was also sampled in two other cases, one with 
DRG. Formalin-fixed brains were weighed, and the percentile was 
calculated according to the weights expected for the appropriate ges-
tational age (59). In addition, samples from skeletal muscle (para-
vertebral, psoas, diaphragm, or adjacent to the head of the femur) 
were taken and examined histologically in five cases. After macro-
scopic examination, representative areas, including those with macro-
scopic lesions, were processed for paraffin embedding, and 5-m 
histological sections were stained with hematoxylin and eosin. The 
neuropathological findings of these patients have been reported pre-
viously (10). Brains of ZIKV, CHIKV (chikungunya virus), DENV 
(dengue virus), or STORCH negative controls of the same gestational 
age (30th to 41st weeks of gestation) were obtained from Maternidade 
Escola, Universidade Federal do Rio de Janeiro (UFRJ; Rio de Janeiro, 
Brazil) in accordance with an institutional review board–approved 
study (1705093) and from Paraíba state. The cause of death of the 
negative control cases was genetic (trisomy of chromosome 18), acute 
perinatal anoxia, or complications of prematurity.

ZIKV diagnostic procedures
ZIKV RNA was investigated in the mothers or babies by RT-PCR 
analysis targeting the env gene as described by Lanciotti et al. (60). 
ZIKV RNA was detected in fluid samples, including blood, urine, 
amniotic fluid obtained by amniocentesis during gestation, or in other 
fluids after birth (amniotic fluid, cord blood, or both). The ZIKV 
genome was also investigated postnatally in the autopsied tissues 
(placenta, brain, and other organs). Viral RNA was extracted from 
140 l of fluid with QIAmp MiniElute Virus Spin (QIAgen) according 
to the manufacturer’s recommendations. ZIKV RNA detection was 
performed by One-Step TaqMan RT-PCR (Thermo Fisher Scientific) 
on a 7500 Real-Time PCR System (Applied Biosystems) with primers, 
probes, and conditions as described previously (4). Fifty milligrams 
of frozen organs, such as cerebral cortex, heart, skin, spleen, thymus, 
liver, kidneys, lung, and placenta, was disrupted with a TissueRuptor 
(QIAgen) with 325 l of RTL buffer from the RNeasy Plus Mini Kit 
(QIAgen) according to the manufacturer’s protocol. RNA extraction 
was performed with the RNeasy Plus Mini Kit (QIAgen) according 
to the manufacturer’s instructions. Real-time RT-PCR was performed 
with 1 g of total tissue RNA using One-Step TaqMan RT-PCR 
(Thermo Fisher Scientific) as described earlier. Dengue and 
chikungunya virus infections were excluded in all cases (fluids 
and tissues) either by RT-PCR analysis with ZDC Trioplex kits 
(Bio-Manguinhos) or serological enzyme-linked immunosorbent 
assay (ELISA) for the detection of immunoglobulin M (IgM) and 
IgG (Kit xGen, Biometrix, and Euroimmum kit). Other congenital 
pathogens, including syphilis, cytomegalovirus, herpes virus 1/2, 
Toxoplasma gondii, and rubella virus (STORCH), were investigated 
by serological ELISA against IgM (Dia.Pro Diagnostic Bioprobes) 
according to the manufacturer’s recommendations. ZIKV RNA ISH 
was performed on formalin-fixed, paraffin-embedded tissue sections 
of all brain tissues with two commercial RNAscope target probes 
(Advanced Cell Diagnostics; catalog numbers 464531 and 463781 

complementary to sequences 866–1763 and 1550–2456 of the ZIKV 
genome, respectively). Pretreatment, hybridization, and detection 
techniques were performed according to the manufacturer’s protocols 
as previously described (10).

Collagen staining/immunohistochemistry
For total collagen visualization, paraffin-embedded sections from 
formalin-fixed fragments of postmortem brains were stained with 
Gomori’s trichrome reagent. Immunohistochemical analysis of the 
leptomeninges and the choroid plexus of ZIKV cases and controls 
was performed with anti–collagen type 1 (Sigma-Aldrich, clone col-1) 
at a dilution of 1:1000. Briefly, 5-m-thick tissue sections were in-
cubated in an oven at 37°C for 6 hours, deparaffinized in xylene, 
rehydrated by being placed in decreasing concentrations of alcohol, 
and washed in distilled water. To enhance antigen retrieval, the tissue 
sections were pretreated in a pressure cooker for 15 min in a solu-
tion of 1/20 Declare (pH 6)/1/100 Trilogy (pH 9) in distilled water. 
To block endogenous peroxidase activity, the samples were exposed 
to hydrogen peroxide, washed with distilled water, and rinsed in 
phosphate-buffered saline (PBS) to stop enzymatic digestion. The 
samples were then incubated with the primary antibody overnight 
at 4°C, rinsed in PBS for 5 min, and incubated with Polymer Hi-Def 
(horseradish peroxidase system) for 10 min at room temperature 
followed by several washes in PBS. The peroxidase reaction was 
visualized by incubating the sections with 3,3′-diaminobenzidine 
(DAB) substrate and then rinsing in running water. The sections 
were then counterstained with Mayer’s hematoxylin for 1 min, washed 
in running tap water for 3 min, dehydrated in alcohol, cleared in 
xylene, and mounted in a resinous medium. Quantification of 
collagen abundance as assessed by histopathological analysis was 
performed with ImageJ software (61). For images from Gomori’s tri-
chrome staining, the extension plugin Color Deconvolution was used 
as described previously (62). For DAB immunohistochemical stain-
ing, quantification was performed with the Immunohistochemistry 
Profiler plugin (63). Results were expressed on integrated density 
(area × intensity) of collagen staining. Statistical analysis (unpaired 
t tests) was performed with Prism8 software.

Library preparation and RNA-seq
Brain samples were frozen in RNAlater (Ambion) and stored at −80°C 
until extraction. The tissue was broken and homogenized with 
TissueRuptor (QIAgen), and RNA extraction was performed with 
the RNeasy Plus Mini Kit (QIAgen) according to the manufacturer’s 
protocol. The integrity of RNA was evaluated with an Agilent 2100 
Bioanalyzer and RNA 6000 Pico. Total RNA was quantified by 
the Quant-iT RiboGreen RNA Reagent and Kit (Invitrogen, Life 
Technologies Corp.), and the complementary DNA (cDNA) library 
was constructed according to the SMARTer Stranded Total RNA-
Seq Peak Input Mammalian Kit protocol (Takara Bio USA). The 
size distribution of the cDNA library was measured by the 2100 
Bioanalyzer and quantitated before sequencing with the Quant-iT 
PicoGreen RNA Reagent and Kit (Invitrogen, Life Technologies 
Corp.). The libraries were diluted to 4 nM with 15% PhiX. The 
cDNA library was sequenced with MiSeq System (Illumina) using 
the MiSeq Reagent Kit (150 cycles, 2 × 75 paired-end).

Preprocessing and analysis of RNA-seq data
FASTQ quality control was performed with the FastQC tool (www.
bioinformatics.babraham.ac.uk/projects/fastqc/). Paired-end reads 
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were aligned to the human genome, ENSEMBL GRCh38.89, by 
STAR v.2.5.3.a, an ultrafast aligner (64). The aligned reads were 
then quantified with featureCounts v.1.5.3 (65). DEGs between 
control and infected conditions were detected with DESeq2 v.1.16.1 
R package (66) (adjusted P < 0.1). Functional enrichment analysis 
was performed with Reactome pathways (https://reactome.org/) and 
the Enrichr tool (67) for overrepresentation analysis. The overlap 
between gene lists was analyzed with the circlize (68) and UpSetR 
(69) packages. The transcriptomic dataset associated with our work 
is publicly available at GEO (www.ncbi.nlm.nih.gov/geo/) with the 
project accession number GSE125554.

DNA extraction for whole-exome sequencing
Genomic DNA was extracted from the CNS. Exome sequencing 
libraries were prepared with the Illumina TruSeq Exome Kit (8 rxn × 
6plex). Sequencing was performed with an Illumina NextSeq 500/550 
High Output Kit v2 (150 cycles), generating 2 × 75 base pair paired-
end reads.

Whole-exome sequencing analysis
The quality of the exome libraries was evaluated with the FastQC 
tool (www.bioinformatics.babraham.ac.uk/projects/fastqc/). The re-
moval of reads or fragments with low quality was performed with 
Trimmomatic software (www.usadellab.org/cms/?page=trimmomatic). 
The resulting high-quality reads were aligned with the human ge-
nome as a reference (version GRCh38) using Bowtie2 (70) with the 
very sensitive default preset (-D 20 -R 3 -N 1 -L 20 -i S,1,0.50), ex-
cept to one mismatch per seed region (-N 1). The optical duplicates 
were marked with the mark duplicates tool (http://broadinstitute.
github.io/picard/). Furthermore, the Genome Analysis Toolkit (GATK) 
version 3.7 (71) was used to call single-nucleotide variants, small 
insertions and deletions (INDELs). All variants were annotated with 
the HaplotypeCaller according to the GATK best practices manual 
(72, 73). The variant calls with a read coverage of ≤5 reads or a 
MAP quality of ≤30 were filtered out to avoid false positives. The 
SnpEff (74) and SnpSift (75) version 4.3r tools were used to predict 
and annotate the functional effect of variants with the dbSNP (build 
151) (76) and dbNSFP (version 3.5) (77) databases. The variants with 
an MAF ≤5% in at least one of the following databases (retrieved 
from dbNSFP database version 3.5) were considered: 1000 Genomes 
Project Phase 3 (http://internationalgenome.org/), gnomAD (http://
gnomad.broadinstitute.org/), TOPMed (https://nhlbiwgs.org/), ESP6500 
(http://evs.gs.washington.edu/EVS/), TwinsUK (http://twinsuk.ac.uk/), 
Avon Longitudinal Study of Parents and Children (ALSPAC) (http://
bris.ac.uk/alspac/), and ABraOM (http://abraom.ib.usp.br/). We also 
verified the presence of variants in the GWAS (Genome-wide asso-
ciation studies) catalog (retrieved from www.ebi.ac.uk/gwas/) and 
ClinVar, release 20180603 (https://ncbi.nlm.nih.gov/clinvar/). The 
1000 Genomes Project Phase 3, ExAC, and gnomAD included African, 
admixed American, East Asian, European, South Asian, and non- 
Finnish European populations. The TOPMed and ESP6500 included 
cohorts from the United States. The TwinsUK included old-aged twins 
from the United Kingdom, and ALSPAC included European cohorts. 
ABraOM is a variant repository comprising a cohort of elderly Brazilians 
(78). We considered only those variants with a Combined Annotation 
Dependent Depletion (CADD) score ≥15 (79) and used a set of 
functional effect predictors, such as MetaSVM, FATHMM, LRT, 
PROVEAN, Polyphen2-HDIV, Polyphen2-HVAR, MutationTaster, 
Mutation Assessor, and SIFT for variant prioritization (80). All variants 

of interest were manually inspected with the IGV (Integrative Genomics 
Viewer) tool (81). We consulted protein domain databases, such as 
Panther (http://pantherdb.org), Pfam (https://pfam.xfam.org), Interpro 
(www.ebi.ac.uk/interpro), SMART (http://smart.embl-heidelberg.de/), 
and PROSITE (https://prosite.expasy.org/) to evaluate the domains that 
could be affected by genetic variants. The exome dataset associated 
with our work is publicly available in Sequence Read Archive (SRA)– 
National Center for Biotechnology Information (NCBI) (www.ncbi.
nlm.nih.gov/sra) with SRA accession number PRJNA517145.

Protein extraction
About 30 mg of brain tissue was homogenized with 1.5 ml of ex-
traction solution containing 5% sodium deoxycholate (SDC), 0.75 mM 
dithiothreitol (DTT), and protease and phosphatase inhibitors (Roche) 
in a TissueRuptor (QIAgen). After incubation for 20 min at 80°C, 
the solution was vortexed for 20 s and centrifuged at 20,000g for 
30 min at 4°C. The pellet from overnight precipitation of 400 l of 
the supernatant with cold acetone (ratio 1:4) was washed twice with 
acetone, centrifuged at 20,000g for 15 min at 4°C, and then dried. 
After solubilizing with 7 M urea, 2 M thiourea with 2% SDC, we 
used the Qubit protein assay Kit (Invitrogen) to measure protein 
content according to the manufacturer’s instructions.

Enzymatic digestion
Reduction and alkylation of 100 g of soluble proteins required 
10 mM DTT for 1 hour at 30°C and 40 mM iodoacetamide (IAA) 
for 30 min at room temperature in the dark. Samples were diluted 
1:10 with 100 mM triethylammonium bicarbonate buffer (pH 8.5) 
and digested with trypsin (1:25, w/w) for 18 hours at 35°C. The 
addition of a final concentration of 1% trifluoroacetic acid (TFA) 
stopped the digestion, and two centrifugations at 20,000g for 15 min 
at 4°C removed the SDC. Last, samples were desalted in Macro 
SpinColumns C18 (Harvard Apparatus) and dried in a vacuum con-
centrator (Martin Christ). Peptides were suspended in 15 l of 0.1% 
formic acid and quantified with the Qubit protein assay as described 
by the manufacturer.

Nano-LC MS2 analysis
Each sample was analyzed four times (four technical replicates) 
in an EASY-nLC 1000 (Thermo Scientific) coupled to a Q-Exactive 
Plus mass spectrometer (Thermo Scientific). The peptide mixture 
(2 g) was loaded in a homemade, 3-cm trap column, 200-m internal 
diameter (ID), 5-m Reprosil-Pur C18-AQ (Dr. Maisch) beads and 
fractionated in a 20-cm Self-Pack PicoFrit analytical column (New 
Objective), 75-m ID, 3-m Reprosil-Pur C18-AQ (Dr. Maisch). The 
nano–liquid chromatography (nLC) gradient fractionation lasted 
for 180 min and had a flow rate of 250 nl/min: 167 min, from 5 to 40% 
solvent B (95% ACN/5% H2O/0.1% formic acid); 5 min, from 40 to 95% 
solvent B; and 8 min in 95% solvent B. The column and trap were 
equilibrated with solvent A [95% H2O/5% acetonitrile (ACN)/0.1% formic 
acid] after each run for 15 and 2 min, respectively. The instrument 
was set in the positive polarity and full-MS/dd-MS2 mode. Selected 
full-scan parameters were as follows: 1 microscan, 70,000 resolution at 
200 mass/charge ratio (m/z), 3 × 106 ions for the AGC target, 50-ms 
maximum injection time, and a range of 375 to 2000 m/z. The top 20 dd-MS2 
parameters were as follows: 17,000 resolution, 200 m/z, 1 × 105 ions for 
the AGC target, maximum injection time of 100 ms, 1.2 Th of isola-
tion window, Normalized Collision Energy (NCE) of 30, minimum 
intensity threshold of 10,000 ions, and dynamic exclusion of 60 s.
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Proteomics analysis
For database searches, raw data were processed with Proteome 
Discoverer 2.1 (PD2.1) software (Thermo Scientific) and the 
SuperQuant strategy performed by nodes MSn Deconvolution 
and Complementary Finder as described previously (82). Searches 
performed against all reviewed human and virus entries present 
in the UniProt database (Jan/2017) used the Sequest HT algorithm. 
Viral proteins were not considered for the analyses. The parameters 
used for the search were as follows: full tryptic peptides, two missed 
cleavages allowed, precursor mass tolerance of 10 parts per million, 
0.1 Da product ion mass tolerance, cysteine carbamidomethylation 
as fixed modification, and methionine oxidation and protein N- 
terminal acetylation as variable modifications. To estimate the false 
discovery rate (FDR) of <1%, we used the node Percolator present 
in the PD2.1 using maximum parsimony. A cutoff score was estab-
lished to accept an FDR of 1% at the protein and peptide levels, and 
proteins were grouped in master proteins using the maximum par-
simony principle. Quantification used the workflow node Precursor 
Ions Area Detector in PD2.1. The peak areas estimated by the 
extracted ion chromatogram (XIC) for the three most abundant 
distinct peptides of each protein were averaged and used for relative 
quantification. Statistical analysis was performed with Perseus 
version 1.6.0.7. (83). Data were converted to a log2 scale and nor-
malized by subtracting the converted protein area value (XIC) from 
the median of the sample distribution. Only proteins with peak area 
averages present in at least three runs were used for quantitative 
evaluation. We used the limma R package (84) to identify the pro-
teins that were increased or decreased in abundance in CZS brains 
compared with those in the control brain. A cutoff adjusted P value 
of <0.1 was used. Proteins detected in at least two CZS samples and 
not detected in the control were considered to be exclusively ex-
pressed in CZS samples. Proteins detected in the control and not 
detected in any of the CZS samples were considered to be exclusively 
expressed in the control. Functional enrichment analysis was per-
formed with Reactome pathways (https://reactome.org/) and the Enrichr 
tool (67) for overrepresentation analysis. The proteomics dataset 
associated with this study is publicly available in ProteomeXchange 
(www.proteomexchange.org/) with project accession number PXD012461.

Network analysis
PPI networks and the miRNA-gene network were generated with 
the NetworkAnalyst tool (85). PPIs (edges) were retrieved from the 
STRING interactome with a confidence score of 900. The miRNA- 
gene interaction data were collected from TarBase and miRTarBase 
(validated interactions). We used the Minimum Network tool to 
include the seed genes/proteins [that is, the DEGs or DEPs (differ-
entially expressed proteins)], as well as the essential nonseed genes/
proteins that kept the network connection. Cytoscape (86) was also 
used to visualize the networks.

SUPPLEMENTARY MATERIALS
stke.sciencemag.org/cgi/content/full/13/635/eaay6736/DC1
Fig. S1. Modulation of brain-expressed genes in neonates with CZS as evidenced by 
transcriptomic analysis.
Fig. S2. Comparison with publicly available transcriptomic signatures of human cells infected 
in vitro with ZIKV.
Fig. S3. A network of highly associated CZS-related genes.
Table S1. Clinical and brain autopsy findings of CZS cases.
Table S2. Brain histopathological observations.
Table S3. Transcriptomic analysis results.

Table S4. Proteomic analysis results.
Table S5. Genomic analysis results.
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