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Objectives: Screening for genes differentially expressed in placental tissues, aiming to identify transcrip- 

tional signatures that may be involved in ZIKV congenital pathogenesis. 

Methods: Transcriptome data from placental tissues of pregnant women naturally infected with Zika virus 

during the third trimester were compared to those from women who tested negative for Zika infection. 

The findings were validated using both a cell culture model and an immunohistochemistry/morphological 

analysis of naturally infected placental tissues. 

Results: Transcriptome analysis revealed that Zika virus infection induces downregulation of insulin-like 

growth factor II ( IGF2 ) gene, an essential factor for fetal development. The Caco-2 cell culture model that 

constitutively expresses IGF2 was used for the transcriptome validation. Asiatic and African Zika virus 

strains infection caused downregulated IGF2 gene expression in Caco-2 cells, whereas other flaviviruses, 

such as dengue serotype 1, West Nile and wild-type yellow fever viruses, had no effect on this gene ex- 

pression. Immunohistochemical assays on decidual tissues corroborated our transcriptome analysis, show- 

ing that IGF2 is reduced in the decidua of Zika virus-infected women. 

Conclusions: Our results draw attention to IGF2 modulation in uterine tissues, and this finding is expected 

to support future studies on strategies to ameliorate the harmful effects of Zika virus infection during 

pregnancy. 

© 2020 The Author(s). Published by Elsevier Ltd on behalf of The British Infection Association. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Zika virus (ZIKV) is an emerging arbovirus belonging to the

enus Flavivirus , family Flaviviridae , which includes other viruses

elevant to public health, such as dengue (DENV), yellow fever

YFV) and West Nile (WNV) viruses. Although ZIKV infection in hu-

ans is often characterized as a self-limiting disease, 1 , 2 infections
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uring pregnancy can lead to fetal malformations and neurodevel-

pment abnormalities. 3–5 

A major worldwide effort is underway to shed light on differ-

nt aspects of ZIKV infection in humans; however, the mechanisms

y which ZIKV is transmitted to intrauterine tissues, the target cell

ypes it affects and its effects on placental tissues are not com-

letely clear. 

By the study from mice and monkeys cells and tissues and from

uman ex vivo models, significant progress has been made in the

haracterization of genes differentially regulated during ZIKV infec-

ion, highlighting the host response to infection during pregnancy,

hich mainly involves the immune and inflammatory pathways. 6–9 
tion Association. This is an open access article under the CC BY-NC-ND license 
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Although the information obtained from these studies is relevant

and helps to advance knowledge on ZIKV-induced congenitally ab-

normal outcomes, many of these studies were performed under

controlled conditions, and the overall context of a natural infection

route cannot be reproduced. 

Here, the transcriptome profile of placental tissues from preg-

nant women naturally infected with ZIKV during the third

trimester of gestation were compared to placental tissues with no

evidence of ZIKV infection. Despite the intrinsic genetic differences

and the restricted panel of samples, we were able to identify more

than a thousand differentially expressed genes in the ZIKV-positive

placenta tissues. The transcriptome analysis showed a significant

decrease in the gene expression of insulin-like growth factor II

( IGF2 ) in the placental tissues from women with a confirmed ZIKV

diagnosis. 

Hormones, growth factors and nutrients in the maternal and fe-

tal circulation regulate placental development. The insulin/insulin-

like growth factor (IGF) system, which comprises the peptide hor-

mones insulin, IGF1, IGF2, and IGF-binding proteins, is implicated

in the tight regulation of fetal and placental growth. 10 In this

context, IGF2 plays a fundamental role in fetal development, and

its dysfunctional expression results in abnormal congenital out-

comes. 11 

In recent years, substantial knowledge has been accumulated

on ZIKV infection during pregnancy. Nevertheless, only a few ar-

ticles using naturally infected human tissues have been published.

To our knowledge, this is the first report of a placental transcrip-

tome analysis of women infected by ZIKV at late stages of preg-

nancy. 

In view of the severity of ZIKV infection during gestation, un-

derstanding of the host response to this infection through the anal-

yses of gene modulation may open new avenues for Zika therapy,

clinical management, and vaccine development. 

Material and methods 

Human samples and Ethics Approval 

This study was approved by Fiocruz and the Brazilian National

Ethics Committee of Human Experimentation under the number

CAAE: 42481115.7.0 0 0 0.5248 and was carried out in compliance

with ethical principles. The waiver for written informed consent

was obtained when the Molecular Virology Laboratory was identi-

fied as a Reference Center for the Diagnosis of Emerging Viruses

by the Brazilian Ministry of Health. 

Human placenta samples from ZIKV-infected pregnant women

during the third trimester of gestation and women not infected

with ZIKV (hereafter referred to as non-ZIKV) were obtained im-

mediately after delivery. Fragments comprising both fetal and ma-

ternal tissues were kept frozen (without preservatives) for molecu-

lar purposes. Tissue sections were also formalin-fixed/paraffin em-

bedded for further anatomopathological, morphometric and im-

munohistochemical analyses. ZIKV infection was confirmed either

during the acute phase of disease or after delivery by molecular or

immunohistochemical techniques. All the tests were performed in

laboratories of the Brazilian public health network. Detailed clinical

characterization of the ZIKV positive case series, including patho-

logical and laboratory findings, had been previously described. 12 

Briefly, all women included as ZIKV positive cases (LRV/16 284,

LRV/16 848, LRV/16 854, LRV/16 859, LRV/16 927, and LRV/16 931)

were likely infected during the 7 th or 8 th gestational month and

delivered at term. No congenital disorder was observed at birth,

and the placentas were either normal or showed mild pathologi-

cal changes. Placentas comprised in non-ZIKV group (LRV/16 986,

LRV/16 1094, LRV/16 1098, LRV/16 1121, LRV/16 1220, LRV/16 1387;

LRV/18 560, and LRV/18 563) were those from patients who were
Please cite this article as: A .A . Suzukawa, C. Zanluca, N.A.N. Jorge et al

tissues from Zika virus infected women in Brazil, Journal of Infection, h
ither not suspected of infection or tested negative for ZIKV. All

ut one (LRV/16 1387) non-ZIKV placentas were delivered at term.

NA-Seq and transcriptome data analysis 

Total RNA from tissues was obtained following the manu-

acturer’s instructions using an RNeasy kit (Qiagen, Hilden, Ger-

any) with modifications. Briefly, 30 mg of tissue was disrupted

n tubes with 5 mm metal beads under low temperature using

wo 2-minute cycles with 30 oscillations/minute in a TissueLyser

T (Qiagen) instrument. Tissue powder was resuspended in RTL

uffer containing 10 μl/ml β-mercaptoethanol. A TRIzol reagent

Life Technologies, Rockville, MD) method was used and chlo-

oform extraction performed prior to RNA purification using an

Neasy mini kit per the instruction manual. The quality and yield

f the RNA samples were determined on a bioanalyzer platform

sing a total RNA nanoassay for eukaryotes (Agilent Technologies,

anta Clara, USA). Transcriptome libraries were prepared using the

ruSeq Stranded Total RNA LT kit with Ribo-zero (Illumina, San

iego, USA). The 12 libraries were pooled together and sequenced

n one lane of high-output 75 paired-end reads on an Illumina

ext-Seq 500 sequencer. 

The sequenced reads were aligned against the human genome

RCh37 sequence from Ensembl using HISAT2 version 2.1.0, retain-

ng only the uniquely aligned reads (N:H:1 SAM flag) (parameters

dta, –fr, -q, –no-mixed, and –no-discordant). HTSeq version 0.10.0

ith GENCODE (version 19) annotations of the human genome

ranscriptome was used to identify the expressed genes and infer

he number of reads aligned to each gene (parameters: -t exon, -

 intersection-nonempty, -r name, -i gene_id, and -s reverse). All

tatistical analyses were performed in R statistical software version

.4.4 with DESeq2 version 1.18.1 and pheatmap version 1.0.12. The

aw gene expression counts and DESeq2 were used to obtain the

PM values. Genes presenting a CPM count less than 20 in three

r fewer samples were considered to be unexpressed and were

emoved from the analysis. We compared the normalized counts

ollowing the DESeq2 standard protocol and considered all genes

resenting the log 2 fold change (logFC) module ≥ 1.5 and an ad-

usted p-value ≤ 0.05 as differentially expressed. The differentially

xpressed genes (adjusted p-value ≤ 0.05) were used as input for

he Bioconductor gage version 2.36 package. 13 , 14 This package se-

ects up- and downregulated genes on which to perform 2 gene

et enrichment analyses using the KEGG database. Pathways pre-

enting the adjusted p-value ≤ 0.05 were considered statistically

ignificant. 

ell culture model for transcriptome validation 

Caco-2 cells (ATCC HTB-37TM Homo sapiens colon colorectal

ells), which tested negative for mycoplasma contamination (My-

oAlert® Mycoplasma Detection kit, Lonza, Basel, Switzerland),

ere seeded in 6-well plates at a confluency of 5.0 x 10 5 cells

er well. After incubation overnight at 37 °C and 5% CO 2 , the cells

ere infected with Asian-lineage ZIKV (ZV BR 2015/15261 or ZV

R 2016/16288), which had been recently isolated from clinical

pecimens, 15 or with the African strain ZIKV MR766 at an MOI

f 1. For comparative purposes, the Caco-2 cells were either un-

nfected (a mock control) or infected with a DENV-1 LRV/13400

solate, WNV E/7229/06, wild-type YFV M17/09 16 or YFV strain

sed for vaccines (the 17DD strain) at the same MOI. All viruses

ere diluted in DMEM-F12 supplemented with 100 IU/μg/mL peni-

illin/streptomycin for inoculation. After 90 minutes, the inoc-

la were removed, and the monolayers were washed three times

ith PBS (Lonza, Basel, Switzerland). The cells were maintained in

MEM-F12 containing 10% FBS and penicillin/streptomycin at 100
., Downregulation of IGF2 expression in third trimester placental 
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U/μg/mL (all reagents were obtained from Thermo Fischer Scien-

ific, Grand Island, USA). At 24, 48 and 72 h post infection (h.p.i.),

he cells were harvested for RNA extraction using an RNeasy Mini

it (Qiagen) following the manufacturer’s instructions. RNA was

uantified using a NanoDrop system (Thermo Scientific, Waltham,

assachusetts, United States), and the concentration was normal-

zed to 8 ng/μL in nuclease-free water. 

The expression of the IGF2 gene was assessed by real-time

T-PCR as follows: Primers and probes (Table S1) were synthe-

ized by Integrated DNA Technologies (IDT, Coralville, USA). The

GF2 and RNase P genes were assessed using a TaqMan system,

hile a SYBR Green assay was used to quantify endogenous SDHA

nd YWHAZ genes. The reactions were standardized to range from

0 to 110% efficiency. All real-time assays were performed with

ne-step reaction systems (Promega, Madison, Wisconsin, United

tates) in the QuantStudio 5 instrument (Applied Biosystem, Foster

ity, California, United States). The stability of endogenous genes

as evaluated by the GeNorm program and resulted in an M-

actor lower than 0.37 for all time points. Gene expression anal-

sis was performed according to the double delta CT method, 17 

aking individual efficiencies into account. Statistical analysis was

erformed in Prism software (GraphPad version 6, USA) using two-

ay ANOVA followed by Tukey’s test. Values of p < 0.05 indicated

ignificance. Real-time RT-PCR was also used to assess intracellular

iral RNA, as published elsewhere (protocols are indicated in the

able S1). 

iral titration and immunofluorescence 

To evaluate viable viral particles, supernatants of flavivirus-

nfected Caco-2 cells were titrated in ten-fold serial dilutions for a

ocus-forming assay using a C6/36 cell monolayer and were over-

aid with a mixture of carboxymethylcellulose (1.6%), Leibovitz’s

-15 medium, 0.26% tryptose and 5% FBS. After 7 days, the cells

ere fixed with 3% paraformaldehyde and then incubated with the

nti-flavivirus monoclonal antibody 4G2 (hybridoma D1-4G2-4-15,

TCC HB-112) followed by anti-mouse IgG alkaline phosphatase-

onjugated antibody (Catalog S372B - Promega, Madison, Wiscon-

in, United States). The reactions were developed with 5-bromo-4-

hloro-3-indolyl-phosphate/nitro blue tetrazolium (BCIP/NBT) color 

evelopment substrate (Promega). 

Viral infection was also analyzed by indirect immunofluores-

ence. Cells were infected as described above. Cells were fixed

ith a methanol:acetone 1:1 solution 24, 48 and 72 h.p.i. The

ells were then stained with 4G2 followed by goat anti-mouse

gG Alexa Fluor 488-conjugated antibody (Catalog A11001 - Life

echnologies, Carlsbad, California, United States), and cell nuclei

ere counterstained with DAPI. Images were obtained with an Op-

retta high-content imaging system (PerkinElmer, Waltham, Mas-

achusetts, United States) with a 20 × objective and analyzed with

armony High-Content Imaging and Analysis Software according to

 previously established setup. 18 

Statistical analysis was performed in Prism software (GraphPad

ersion 6, USA) using two-way ANOVA followed by Tukey’s test.

alues of p < 0.05 indicated significance. 

mmunohistochemistry, semiquantitative analysis and statistics 

IGF2 expression in placentas was evaluated by immunohisto-

hemistry in all the cases, however, because of improper fixation

autolysis) or unavailability of suitable tissue sections, some sam-

les (LRV/16 986; LRV/16 1098 and LRV/16 1094) were inappro-

riate for accurate analysis. Then, 4- μm histological sections from

ix ZIKV-positive (LRV/16 284, LRV/16 848, LRV/16 854, LRV/16

59, LRV/16 927, and LRV/16 931) and four non-ZIKV (LRV/18 560;

RV/18 563; LRV/16 1220; LRV/16 1387) samples were subjected to
Please cite this article as: A .A . Suzukawa, C. Zanluca, N.A.N. Jorge et al

tissues from Zika virus infected women in Brazil, Journal of Infection, h
mmunohistochemistry. Slides were subjected to deparaffinization,

ehydration, and rehydration. Endogenous peroxidase was blocked

ith methyl alcohol and hydrogen peroxide (the first block) fol-

owed by distilled water and hydrogen peroxide (the second block).

ntigen retrieval was performed using a Bio SB 

TM ImmunoDNA Re-

riever. Slides were incubated overnight with the primary antibod-

es (anti-IGF2 rabbit polyclonal antibody, Catalog ab9574 – Abcam,

ambridge, UK) in a humid chamber from 2 to 8 °C. Next, the slides

ere incubated with a secondary polymer (Reveal Polyvalent HRP-

AB Detection System – Spring Bioscience, Pleasanton, USA) for 25

inutes at room temperature. The reaction was developed with

,3’-diaminobenzidine (DAB) in the presence of a hydrogen perox-

de substrate for 3 minutes followed by counterstaining with Har-

is hematoxylin. The permanent slides were mounted in histolog-

cal resin for microscopy (Entellan, Merck, Darmstadt, Germany).

ll immunohistochemical assays included both negative (consisting

f reactions omitting the primary antibody) and positive (decidua)

ontrols. 19 , 20 Images of the immunostained slides were obtained

ith a Zeiss Axio Scan.Z1 slide scanner (Germany), using a high-

ower field (HPF = 40x objective), 19 , 20 to generate digital Tagged

mage File Format (TIFF) files. 

IGF2 expression in the decidua samples was analyzed blindly

sing a semiquantitative technique (Allred scoring system), 21 

hich combines the proportion and intensity of positive immunos-

ained cells. The proportion was calculated as the ratio of posi-

ive cells to the total number of cells and was classified as fol-

ows: 0 (0%), 1 ( > 0–1%), 2 ( ≥1%–10%), 3 ( > 10%–33%), 4 ( > 33%–

 6%), and 5 ( > 6 6%–100%). Intensity was classified as 0 (nega-

ive), 1 + (weak), 2 + (moderate), and 3 + (strong). The Allred score

as calculated by summing the proportion and intensity scores

n range from 0 to 8. 21 The mean values of the parameters for

he counted fields were used for the statistical analyses. The Zika-

nfected and uninfected control groups were compared using t

est followed by Mann-Whitney U test. Data were analyzed us-

ng GraphPad Prism (version 6). Values of p < 0.05 indicated

ignificance. 

esults 

RNA-Seq reveals the downregulation of Insulin-like Growth Fac-

or II ( IGF2 ) and oxidative phosphorylation pathway dysregulation

n naturally infected third trimester human placentas 

Six samples of ZIKV-positive and non-ZIKV groups were se-

uenced. The raw files are available at the NCBI Sequence Read

rchive (SRA) (https://www.ncbi.nlm.nih.gov/sra), under the Bio- 

roject accession number PRJNA633941.Three samples from each

roup were selected for differential expression analysis, as follows:

RV/16 931, LRV/16 848, and LRV/16 927 for the ZIKV-positive

roup, and LRV/16 1387, LRV/16 1094, and LRV/16 1220 for the

on-ZIKV group. These samples showed distinct expression pat-

erns visualized by principal component analysis (PCA) and mul-

idimensional scaling plot (MDS) (Fig. S1 and S2; Table S2). Differ-

ntial gene expression analysis showed 407 genes more expressed

n the ZIKV-positive group than in the non-ZIKV group, while 603

enes were downregulated in this comparison (File S1). The hier-

rchical clustering analysis allowed us to visualize two groups ac-

ording to ZIKV status ( Fig. 1 ). This list was ordered by the expres-

ion measurement and manually inspected. 

IGF2 was identified as differentially expressed according to

he ZIKV status with the highest expression level among the

ownregulated nuclear genes in the ZIKV group ( Table 1 ).

NA-Seq visual inspection showed the splice variants IGF2-204

ENST0 0 0 0 0381406.8) and IGF2-205 (ENST0 0 0 0 0416167.7) as the

wo most prevalent IGF2 transcripts. Further, we sought to deter-

ine whether genes encoding IGF2 protein receptors ( IRS1, IRS2,

GF1R , and IGF2R ) or binding proteins ( IGFBP1 to IGFBP7 , and
., Downregulation of IGF2 expression in third trimester placental 
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Table 1 

Differential expression analysis according to ZIKV status of IGF2, IGF2 -related nuclear genes, mitochondrial genes, and oxidative phosphorylation nuclear pathway genes. 

Gene Symbol logFC Adjusted p -value DESeq2 base Mean 

IGF2 and IGF2 -related nuclear genes downregulated in 

ZIKV group 

IGF2 -1.68 0.04 6,623 

IRS1 -2.46 < 0.001 107 

IRS2 -2.66 0.002 284 

IGFBP1 -4.96 0.008 1,341 

IGFBP5 -1.78 0.005 703 

IGF2 -related nuclear genes upregulated in ZIKV group IGF2BP2 2.36 0.001 834 

IGF2BP3 1.87 0.01 475 

IGF binding protein and IGF receptor genes with no 

differential expression 

IGFBP2 NSS 0.30 80 

IGFBP3 NSS 0.22 923 

IGFBP4 NSS 0.10 529 

IGF1R NSS 0.07 546 

IGF2R -1.16 ∗ < 0.001 229 

Mitochondrial genes more expressed in ZIKV group MT-CO1 2.04 0.03 330,328 

MT-CO2 2.26 0.02 108,722 

MT-ND4 2.71 < 0.001 102,110 

MT-ATP6 2.63 0.04 76,250 

MT-CYB 2.59 0.003 74,181 

MT-ND5 2.60 < 0.001 70,563 

MT-ND1 2.68 < 0.001 51,998 

MT-ND2 3.14 < 0.001 35,307 

MT-ND4L 2.55 < 0.001 15,612 

MT-ATP8 1.99 0.02 5,204 

Oxidative phosphorylation nuclear genes considered 

together with mitochondrial genes to determine whether 

pathway is dysregulated 

ATP6V0A1 -1.57 < 0.001 177 

SDHA -1.70 0.03 279 

NDUFB7 1.51 0.003 44 

TCIRG1 0.81 0.04 307 

ATP5F1E 1.29 0.008 82 

COX6B1 1.18 0.03 66 

COX7C 1.10 0.03 55 

ATP6V1F 1.80 0.002 60 

ATP6V1G1 1.35 0.002 163 

UQCRC2 -0.99 0.01 103 

NDUFB10 0.83 0.04 65 

ATP6V1C2 2.46 < 0.001 650 

NDUFA6 1.19 0.02 54 

NDUFA13 1.50 0.002 46 

NSS: not statistically significant (adjusted p-value > 0.05); ∗: IGF2R presented relative differential expression below the threshold set in this study (|logFC| ≥ 1.5). 

Abbreviations: IRS1 , insulin receptor substrate 1; IRS2 , insulin receptor substrate 2; IGFBP1 , insulin like growth factor binding protein 1 ; IGFBP5 , insulin like growth 

factor binding protein 5; IGF2BP2 , insulin like growth factor 2 mRNA binding protein 2; IGF2BP3 , insulin like growth factor 2 mRNA binding protein 3; IGFBP2 , insulin 

like growth factor binding protein 2; IGFBP3 , insulin like growth factor binding protein 3; IGFBP4 , insulin like growth factor binding protein 4; IGF1R , insulin like growth 

factor 1 receptor; IGF2R , insulin like growth factor 2 receptor; MT-CO1 , mitochondrially encoded cytochrome c oxidase I; MT-CO2 , mitochondrially encoded cytochrome c 

oxidase II; MT-ND4 , mitochondrially encoded NADH dehydrogenase 4; MT-ATP6 , mitochondrially encoded ATP synthase 6; MT-CYB , mitochondrially encoded cytochrome 

b; MT-ND5 , mitochondrially encoded NADH dehydrogenase 5; MT-ND1 , mitochondrially encoded NADH dehydrogenase 1; MT-ND2 , mitochondrially encoded NADH 

dehydrogenase 2; MT-ND4L , mitochondrially encoded NADH 4L dehydrogenase; MT-ATP8 , mitochondrially encoded ATP synthase 8; ATP6V0A1 , ATPase H + transporting V0 

subunit a1; SDHA , succinate dehydrogenase complex flavoprotein subunit A; NDUFB7 , NADH,ubiquinone oxidoreductase subunit B7; TCIRG1 , T cell immune regulator 1, 

ATPase H + transporting V0 subunit a3; ATP5F1E , ATP synthase F1 subunit epsilon; COX6B1 , cytochrome c oxidase subunit 6B1; COX7C , cytochrome c oxidase subunit 7C; 

ATP6V1F , ATPase H + transporting V1 subunit F; ATP6V1G1 , ATPase H + transporting V1 subunit G1; UQCRC2 , ubiquinol-cytochrome c reductase core protein 2; NDUFB10 , 

NADH,ubiquinone oxidoreductase subunit B10; ATP6V1C2, ATPase H + transporting V1 subunit C2; NDUFA6 , NADH,ubiquinone oxidoreductase subunit A6; NDUFA13 , 

NADH,ubiquinone oxidoreductase subunit A13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Z

 

w  

i  

s  

Z  

d  

w  

Z  

m  

D  

s  

a  

(

 

i  

c  

c  

A  
IGF2BP1 to IGF2BP3 ) were differentially expressed among the sam-

ples according to ZIKV status ( Table 1 ). Interestingly, IRS1, IRS2,

IGFBP1 , and IGFBP5 genes were found to follow the same expres-

sion pattern as that of IGF2 , i.e., downregulated, while IGF2BP2 and

IGF2BP3 genes were upregulated. However, no differential expres-

sion was observed for the IGF1R, IGF2R, IGFBP2, IGFBP3 , or IGFBP4

genes. Considering that dysregulation of IGF2 expression is known

to cause impaired fetal development, and that other genes of the

IGF system were also modulated in the transcriptome analysis, IGF2

gene was chosen for experimental validation. 

In addition to the IGF2 system genes, RNA-Seq differential

expression analysis showed mitochondrial genes ( MT-CO1, MT-

CO2, MT-ND4, MT-ATP6, MT-CYB, MT-ND5, MT-ND1, MT-ND2, MT-

ND4L , and MT-ATP8 ) as upregulated in the ZIKV-positive group

( Table 1 ). Gene set enrichment analysis revealed statistically signif-

icant dysregulation of the oxidative phosphorylation pathway ( p -

value < 0.05), with most of the genes more highly expressed in the

ZIKV group. The oxidative phosphorylation was the single pathway

identified as statistically significant between ZIKV and non-ZIKV

groups. 
Please cite this article as: A .A . Suzukawa, C. Zanluca, N.A.N. Jorge et al
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IKV infection downregulates IGF2 in a cell line model 

To validate the transcriptome results, Caco-2 cells were infected

ith ZIKV, as these cells express genes in the IGF2 pathway. 22 The

nfection of Caco-2 cells with the African ZIKV MR766 strain re-

ulted in decreased IGF2 mRNA levels 48 h.p.i., while the Asian

IKV ZV BR 2015/15261 isolate did not show a similar level of

ownregulation until 72 h.p.i. ( Fig. 2 ). Intriguingly, no modulation

as observed when the cells were infected with the Asian ZIKV

V BR 2016/16288 isolate. To investigate whether other flaviviruses

odulate IGF2 expression, Caco-2 cells were infected with either

ENV-1, WNV, wild-type (M17/09) YFV or the YFV 17DD vaccine

train. No significant modulation of IGF2 expression was observed

fter infection by the abovementioned viruses, except for a mild

 < 50%) effect observed for 17DD. 

To assess whether individual ZIKV fitness differences would

mpact the IGF2 gene modulation results, we evaluated the time

ourse of intracellular RNA and E protein synthesis and the se-

reted virus titers in Caco-2 cells ( Fig. 3 A-E). Compared to the

sian ZIKV strains, African ZIKV MR766 yielded higher levels of in-
., Downregulation of IGF2 expression in third trimester placental 
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Fig. 1. Hierarchical clustering and heat map of log 2 -normalized CPM counts of the 

differentially expressed genes (adjusted p -value ≤ 0.05) of the non-ZIKV and ZIKV 

samples. 
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racellular viral RNA at all time points analyzed ( Fig. 3 E). Intrigu-

ngly, ZIKV ZV BR 2016/16288 isolate infection resulted in a higher

umber of RNA copies than did infection with the ZIKV ZV BR

015/15261 isolate 48 h.p.i., with both Asian ZIKV strains showing

imilar RNA loads 72 h.p.i ( Fig. 3 E). CT values obtained by real-time

T-PCR targeting viral RNA indicated that all these viruses were

ble to replicate successfully in this cell model (Table S3). Notably,

NV demonstrated a higher ability to favor RNA synthesis, which

esulted in lower CT values, within 24 h.p.i. Similarly, higher RNA

evels were obtained for wild-type YFV M17/09 24 h.p.i. than for

he vaccine strain, but this difference was reduced at the following

ime points (Table S3). 
ig. 2. ZIKV downregulates IGF2 expression in Caco-2 cells. Cells were infected with diff

xpression was normalized by three endogenous genes (RNase P, SDHA and YWHAZ) accor

f three independent biological experiments in duplicate. Statistical analysis was perform
∗p < 0.01; ∗∗∗ p < 0.001 and ∗∗∗∗p < 0.0 0 01. 
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Immunofluorescence assays corroborated previously obtained 

NA results, since a higher percentage of Caco-2 cells infected by

IKV MR766, WNV and wild-type YFV M17/09 as early as 24 h.p.i.

nd peaking 48 h.p.i. ( Fig. 3 B). WNV and YFV M17/09 sustained

igh infection levels through 72 h.p.i. On the other hand, the per-

entage of YFV 17DD-infected cells was higher at 48 h.p.i., while

he percentage of DENV-1 E-infected cells increased progressively.

egarding the ZIKV isolates, although ZIKV MR766 infection re-

ulted in a higher percentage of infected cells early, as described

bove, all three ZIKV isolates had reached similar percentages of

nfection 48 h.p.i. ( Fig. 3 B). Then, a decrease was observed for the

IKV ZV BR 2015/15261 and ZIKV MR766 isolates 72 h.p.i., but not

or ZIKV ZV BR 2016/16288. This effect may be related to the dif-

erent degrees of cytopathic effects induced by the ZIKV ZV BR

015/15261 and ZIKV MR766 isolates at this time point ( Fig. 3 A

nd 3 C). 

Differences in flavivirus replication in Caco-2 cells were also

valuated by titrating the viral particles released into supernatants

ver 72 hours. ZIKV MR766 presented with the highest titer levels

uring all the time points, and no statistical differences were ob-

erved between the Asian ZIKV isolates ( Fig. 3 D). At 72 h.p.i., viral

iters in the C6/36 cells ranged from 10 4 ffu/mL for wild-type YFV

17/09 to 10 7 ffu/mL for ZIKV MR766 and WNV ( Fig. 3 D). 

GF2 peptide levels are reduced in decidual tissues naturally infected 

ith ZIKV 

Expression of IGF2 was analyzed in the fetal-maternal inter-

ace of placental tissues from six naturally ZIKV-infected pregnant

omen and four non-ZIKV controls. IGF2 was first assessed in the

etal portion of placentas (trophoblast villi), however, no differ-

nces were observed (data not shown). Visual inspection indicated

 possible role of ZIKV to modulate IGF2 expression in the mater-

al portion of placentas (decidua), which was chosen for further

emiquantitative analysis. Representative images of the deciduae

re shown in Fig. 4 A. The ratio of the number of IGF2-positive to

otal cells was reduced in the ZIKV-infected tissues ( Fig. 4 B and Ta-

le S4); these cells also showed significantly lower staining inten-

ity than the negative control samples ( Fig. 4 C and Table S4). Alto-

ether, the effect of all these parameters resulted in a lower Allred

core ( Fig. 4 D and Table S4), which revealed broad IGF2 downreg-

lation throughout the decidual tissues from women infected by

IKV at the late stages of pregnancy. 
erent flaviviruses, and the gene expression was analyzed 24, 48 and 72 h.p.i. IGF2 

ding to the ��CT method. Data are presented as the means and standard deviation 

ed using two-way ANOVA followed by Tukey’s test. ns: not significant; ∗ p < 0.05; 

., Downregulation of IGF2 expression in third trimester placental 

ttps://doi.org/10.1016/j.jinf.2020.09.028 

https://doi.org/10.1016/j.jinf.2020.09.028


6 A .A . Suzukawa, C. Zanluca, N.A.N. Jorge et al. / Journal of Infection xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: YJINF [m5G; September 30, 2020;9:36 ] 

Fig. 3. Flavivirus infection in Caco-2 cells. (A) Representative immunofluorescence images of Caco-2 cells infected by different flavivirus 72 h.p.i. Scale bars: 100 μm. (B) 

Percentage of infected Caco-2 cells was determined according to 4G2 staining of the indicated flaviviruses 24, 48 and 72 h.p.i. Cells were counted with a high content 

screening imaging system (Operetta). (C) Viral infection leads to time-dependent cell death, as revealed by the progressive reduction in the Caco-2 cell population, depending 

on the viral isolate. Cell counting was performed by a high content screening imaging system (Operetta) according to number of nuclei stained with a DAPI fluorophore. 

(D) Supernatants from Caco-2 cell cultures infected with different flaviviruses were titrated 24, 48 and 72 h.p.i. on C6/36 monolayers. (E) Time course of intracellular viral 

RNA load in Caco-2 cells infected by different ZIKV isolates. Monolayers were washed three times with PBS before the RNA extraction. Viral RNA content was estimated by 

real-time RT-PCR using a commercial standard curve. The data were analyzed using two-way ANOVA followed by Tukey’s multiple comparison test. The graphs are based on 

the means and standard deviation of three experiments in duplicate. ns: not significant; ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001 and ∗∗∗∗p < 0.0 0 01. 
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Discussion 

Since ZIKV emerged in Brazil, many effort s have been made to

understand the mechanisms by which this virus leads to the mal-

formation of fetuses. Detection of the ZIKV genome in amniotic

fluid 

23 , 24 and in fetal brain 

25 , 26 indicated that ZIKV crosses the pla-

cental barrier and thus might interfere directly with fetal develop-

ment. 

The placenta is the key means of transferring nutrients and oxy-

gen to the fetus and is of particular interest because dysfunctions
Please cite this article as: A .A . Suzukawa, C. Zanluca, N.A.N. Jorge et al

tissues from Zika virus infected women in Brazil, Journal of Infection, h
o it are related to fetal adverse outcomes and disease predisposi-

ion. 27 We have previously described the presence of ZIKV RNA and

rotein in full-term placentas from mothers who were infected in

he earliest stages of gestation. 12 , 28 The persistence of ZIKV in the

lacenta may have various implications that contribute to adverse

etal outcomes. In addition to this evidence, a unique study ex-

lored placental gene modulation in humans after ZIKV infection

o reveal transcriptional differences in eIF2 signaling and mito-

hondrion and oxidative phosphorylation-related genes. 29 Notably,

hese data were obtained from a single case of a woman infected
., Downregulation of IGF2 expression in third trimester placental 
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Fig. 4. Illustrative panel depicting immunohistochemical targeting IGF2 in third-trimester human deciduae is shown in (A). The tissues were blindly analyzed and scored as 

detailed in the Material and Methods. Scale bars: 20 μm. IGF2-positive to total cells (proportion) (B) and intensity (C) of ZIKV-positive and ZIKV-negative deciduae. These 

variables were combined and expressed in the Allred scoring (D). Statistical analysis was performed using the t test followed by the Mann-Whitney U test. Data represent 

mean ± SD. ∗p < 0.05; ∗∗p < 0.01. 

d  

b  

i  

d  

i

 

t  

i  

s  

i  

c  

u  

s  

i  

t

 

e  

c  

i  

i  

i

 

i  

f  

I  

p  

D  

t  

i  

o  

o  

s  

i  

i  

s  

u  

t  

t  

f  

r  

o  

a  

r  

Z

 

g  

l

c  

e  

s  

i  

K  

I  

d  

o  

v

 

P  

c  

t  

t

T  

S  

n  

m  

f  

a  

a  

v  

l  

c

 

c  

t  
uring the first trimester of pregnancy, and the possibility cannot

e excluded that other affected pathways were not detected dur-

ng the time that elapsed between the time of infection and the

elivery, when the tissues were obtained. Furthermore, individual

ntrinsic genetic heterogeneity must be considered. 

Here, we investigated genes differentially expressed in placental

issues from naturally infected women that might disturb the del-

cate interplay between the mother and fetus interface. The tran-

criptome data obtained from the placental tissues of three women

nfected with ZIKV during the third trimester of gestation were

ompared to those from three non-ZIKV women. The rationale for

sing samples from women who were infected during the late

tages of pregnancy was based on the objective to have the tim-

ng of virologic and immunological analyses as close as possible to

he emergence of acute ZIKV infection. 

In our study, the three samples in each group exhibited gene

xpression pattern clustering, as indicated using PCA and MDS. Ac-

ording to Zika status, 1010 differentially expressed genes were

dentified. Interestingly, IGF2 gene was consistently downregulated

n ZIKV positive samples, with expression that was -1.68-fold lower

n the ZIKV-positive samples than it was in the controls ( Table 1 ). 

IGF2 is a protein hormone that participates in the

nsulin/insulin-like growth factor system. The IGF axis controls

etal growth during pregnancy through the combination of IGF1,

GF2, IGF receptors, insulin receptors, IGF binding proteins, and

rotein phosphorylation (reviewed by Forbes and Westwood 

30 ).

uring pregnancy, IGF2 is synthesized by placental and fetal

issues and, through paracrine, autocrine and endocrine effects,

s involved in the regulation of both fetal and placental devel-

pment. 10 , 11 IGF2 also regulates the proliferation and apoptosis

f first-trimester extravillous cytotrophoblasts in vitro , and it is

peculated that this mechanism could be relevant to embryo

mplantation 

31 The expression of IGF2 is controlled by genomic

mprinting; fetal growth disorders, such as Beckwith-Wiedemann

yndrome, result from dysregulation of the IGF2 balance. 32 Studies

sing murine models demonstrated that IGF2 is also important

o adult 33 as well as fetal neurogenesis, a concept supported by
Please cite this article as: A .A . Suzukawa, C. Zanluca, N.A.N. Jorge et al

tissues from Zika virus infected women in Brazil, Journal of Infection, h
he fact that knocking out the IGF2 gene resulted in decreased

etal brain weight. 34 According to our analysis, in addition to the

educed expression of IGF2 in the ZIKV placentas, we identified

ther downregulated ( IGFBP1, IGPBP5, IRS1 , and IRS2 ) as well

s upregulated ( IGF2BP2 and IGF2BP3 ) genes of the IGF system,

einforcing the hypothesis that this system is dysregulated after

IKV infection. 

Evidence indicating that ZIKV may interfere with IGF pathway

ene expression has been described recently by Glover and col-

eagues 35 that showed activation of IGF1 pathway signaling in Vero 

ells after ZIKV infection. Primary human astrocytes infected with

ither African and Asian ZIKV strains secreted less IGF2 than levels

ecreted by the controls. 36 However, in both studies, these find-

ngs were not further explored by the authors. Recent data from

aruppan and colleagues 37 demonstrated a significant reduction in

GF1 expression in the brains of pups from ZIKV-infected Beclin-1-

eficient mouse dams. It was speculated that the downregulation

f this protein potentially contributed to the smaller and underde-

eloped brain of pups in the litter. 

Attempts to validate our RNA-Seq results using real-time RT-

CR of the RNA extracted from nonfixed placentas were unsuc-

essful, likely due to the random method of placental sampling

hat was utilized. It is known that IGF2 mRNA distribution varies

hroughout the placenta according to pregnancy gestational age. 38 

issues were obtained at delivery time in different hospitals in that

tate of Paraná during a Zika outbreak in Brazil, and unfortunately,

o dissection was performed before the tissues were frozen, which

ade it impossible to separate the maternal (decidua) from the

etal part of the placentas. This issue would potentially yield bi-

sed results. An additional limitation was reliance on the choice of

n endogenous normalizer gene, since the most stable genes may

ary according to fetal sex and clinical conditions. 39–41 Neverthe-

ess, because of the abovementioned restrictions, we used a cell

ulture model to validate the RNA-Seq results. 

Caco-2 cells were chosen for IGF2 data validation because ac-

ording to the Human Protein Atlas database, 42 Caco-2 cells shows

he highest IGF2 gene expression levels among various human
., Downregulation of IGF2 expression in third trimester placental 
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cells lines, which was essential to test the modulation of IGF2

transcription during ZIKV and other flaviviruses infection. Of note,

placental-derived lineages, such as BeWo, do not express IGF2 42 .

We found that Caco-2 cells were permissive to all the flaviviruses

used in this study, as revealed by intracellular RNA (Table S3), E

protein synthesis ( Fig. 3 B) and viral release ( Fig. 3 D). IGF2 gene ex-

pression in the ZIKV-infected Caco-2 cells, as measured by real-

time RT-PCR, supported the RNA-Seq data. IGF2 was downregu-

lated due to infection by both Asian and African ZIKV strains in

a time-dependent manner. A 3-fold reduction in IGF2 expression

was found in Caco-2 cells 72 hours after ZIKV MR766 or ZIKV ZV

BR 2015/15261 infection ( Fig. 2 ). The downregulation of IGF2 gene

expression occurred earlier for ZIKV MR766 than it was for ZIKV

ZV BR 2015/15261, since a reduction of nearly 50% was detected

48 h.p.i. for the African strain ( Fig. 2 ). This result may be due to

the high viral fitness of ZIKV MR766 compared to the other ZIKV

low passaged recent clinical isolates, as revealed by the presence of

the higher levels of intracellular viral RNA content within 24 h.p.i.

( Fig. 3 E), higher viral titers ( Fig. 3 D) and the higher percentage of

infected cells observed at the same time point ( Fig. 3 B). Notably,

ZIKV MR766 is a laboratory-adapted strain, while the Asian isolates

used in this study were recently obtained from Brazilian clinical

samples not extensively passaged. 15 Remarkably, differences in the

ability to downregulate IGF2 between the two recently obtained

low-passage clinical Asian ZIKV isolates (ZV BR 2015/15261 and ZV

BR 2016/16288) were observed. This finding was intriguing since

similar RNA and percentages of cells expressing E protein were

observed for both isolates ( Fig. 3 B and 3 E), although ZIKV ZV BR

2016/16288 infection was found to result in a slightly lower viral

titer ( Fig. 3 D). Importantly, both ZIKV ZV BR 2016/16288 and ZV BR

2015/15261 were isolated from patients exhibiting similar clinical

symptoms in southern Brazil in January 2016 and northeast Brazil

in June 2015, 15 respectively. Studies on the effects of ZIKV on hu-

man astrocytes have also observed similar profiles among samples,

with lower IGF2 release found after astrocyte infection with ZIKV

MR766 or Asian PRVABC59 Puerto Rico ZIKV strains but not with

the Honduras ZIKV R103451 strain. 36 The mechanisms involved in

the regulation of IGF2 gene expression by ZIKV need to be further

investigated, but our results indicate the possible involvement of

six amino acid differences found between the recent ZIKV clinical

isolates ZV BR 2016/16288 and ZV BR 2015/15261 that map to NS1,

NS2A, NS3 and NS4B proteins. 15 

IGF2 expression modulation has been described for other

viruses. Dysregulation of the IGF system by human papillomavirus

(HPV), hepatitis B virus (HBV) and hepatitis C virus (HCV) is asso-

ciated with disease progression and cancer development. In HBV

and HCV-related hepatocarcinogenesis, IGF2 expression is aug-

mented. 43–45 HPV 16 infection downregulates IGF-binding protein

2 (IGFBP2) expression, leading to an increase in IGF1 and IGF2

signaling and consequently to increasing cell invasion and disease

severity. 46 

Although the epidemiological data are still controversial, 47 , 48 

mouse models have indicated that West Nile infection during preg-

nancy may result in birth defects. 49 We also sought to determine

whether WNV and other flaviviruses can disturb IGF2 gene expres-

sion. To make this determination, Caco-2 cells were infected with

DENV-1, WNV and both the vaccine form and wild-type YFV. Inter-

estingly, no significant differences in IGF2 expression were found

for DENV-1, WNV or wild-type YFV when compared to the mock-

infected controls at any of the time points analyzed ( Fig. 2 ). Appar-

ently, the difference in results for ZIKV and the other viruses was

not related solely to replication ability, since DENV-1 RNA, percent-

age of infected cells and viral titers were similar to those found for

ZIKV ZV BR 2015/15261, while the WNV and wild-type YFV repli-

cation kinetics were comparable to those of ZIKV MR766, although

ZIKV MR766 had the highest viral titers ( Fig. 3 A-C). In addition to
Please cite this article as: A .A . Suzukawa, C. Zanluca, N.A.N. Jorge et al

tissues from Zika virus infected women in Brazil, Journal of Infection, h
IKV, in our cell culture model, only the YFV 17DD vaccine in-

uced downregulation of IGF2 ( Fig. 2 ); this result also seems to

e related to factors other than virus replication itself, since wild-

ype YFV presented with higher viral fitness than did 17DD YFV

 Fig. 3 B and Table S3). Clinical data concerning adverse events re-

ulting from the unintentional 17DD YFV vaccination of pregnant

omen are not completely conclusive, 50 and other factors, such as

he ability of the virus to cross the placental barrier, must be con-

idered when analyzing the biological relevance of the results ob-

ained from in vitro models. 

Immunohistochemical analysis of naturally infected ZIKV decid-

al tissues obtained at delivery from women who had been in-

ected at late gestation stages showed reduced IGF2 staining in

oth proportion and intensity ( Fig. 4 B and 4 C). This IGF2 differen-

ial modulation seems to be more related to the deciduae than to

rophoblasts, since no significant differences in IGF2 staining were

bserved for the trophoblasts (data not shown). 

Deletion of the transcript of IGF2 in the placentas of mice

 Igf2P0 ) disturbed the ability of the placentas to adapt to protein

ndernutrition, which resulted in a low-weight pups. 51 Recently,

rotein malnutrition has been implicated in the worst fetal out-

omes for mice infected with ZIKV. 52 This malnutrition and in-

ection combination also resulted in impairment to the placental

tructure and in reduced body growth and neuronal development

f the pups compared to the growth and development of pups

orn to dams that received a standard diet. Unfortunately, no in-

ormation on the development of the babies born to the women

articipating in this study was available to investigate the relation-

hip between nutritional status, individual IGF2 levels and preg-

ancy outcomes. Nevertheless, the mechanisms affecting the rela-

ionship between ZIKV infection, placental function and fetal out-

omes are being gradually revealed, making it possible to under-

tand the reasons why not every ZIKV infection during pregnancy

esults in congenital disease. 53 Furthermore, additional processes

ay also be involved in ZIKV pathogenesis, such as mitochondrial

nd oxidative phosphorylation gene dysregulation ( Table 1 ). This

ysregulation has been previously observed during placental tran-

criptome profiling 29 and may be related to an overall cellular en-

rgy imbalance induced by ZIKV infection. 54 

In summary, we conclude that ZIKV differs from other fla-

iviruses in downregulating IGF2 gene expression, although fur-

her studies are necessary to investigate the mechanisms involved.

e also showed that mutations in the ZIKV genome may result

n differences in the biology of the viruses and, consequently, the

ost response. Although other factors, such as maternal nutrition

r drug and alcohol consumption, may contribute to the fetal out-

ome of mothers infected with ZIKV during pregnancy, our findings

ocused to the role of placental factors, especially IGF2, that can

ontribute to Zika congenital syndrome in humans and can open

venues to the development of therapies to mitigate ZIKV-induced

etal injuries. 
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