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1 | INTRODUCTION

Pregnancyisauniqueimmunological state that generally protects the
fetus, but susceptibility during pregnancy to various infections has
been observed. In parasitic infections, such as malaria and toxoplas-
mosis, increased host susceptibility and microbial virulence during
pregnancy have been reported (Piao et al., 2018; Tuikue Ndam et al.,
2018). Pregnancy is also associated with increased susceptibility to
viral infections, including influenza virus, hepatitis E virus, herpes
simplex virus, and Zika virus (ZIKV) (Kourtis et al., 2014; Silasi et al.,

2015). Infectious mechanisms vary, and some involve the placenta

| Samia Dutral

| Bradley Kane! |

Congenital Zika syndrome is caused by mother-to-fetus transmission of the Zika virus
(ZIKV). Peripheral blood mononuclear cells (PBMCs) are permissive to ZIKV infec-
tion and may carry ZIKV to the placenta. To identify pregnancy-related differences
in PBMC responses against ZIKV infection, we compared gene expression profiles of
ZIKV-infected and non-infected PBMCs cultured from pregnant and non-pregnant
women. ZIKV-infected pregnant conditions generally overexpressed M1-shifted
pro-inflammatory responses and underexpressed M2-shifted anti-inflammatory re-
sponses. Additionally, transcripts involved in osteoclast differentiation and cardiac
myopathies were upregulated following ZIKV infection. Our results suggest potential
roles of pregnancy-induced immune dysregulation in shaping neonatal pathology as-
sociated with ZIKV infection.

immune system, inflammation, pregnancy, ZIKV

and membranes while others could impact the fetus through immu-
nological perturbations.

ZIKV is an epidemic-causing pathogen transmissible through
Aedes mosquitoes, sexual contact, and transplacental transfer (Paz-
Bailey et al., 2019). Transplacental ZIKV transmission causes con-
genital Zika syndrome characterized by birth anomalies, including
microcephaly, brain damage, ocular defects, and neuromuscular im-
pairments (Mawson, 2016). ZIKV targets peripheral blood mononu-
clear cells (PBMCs), particularly monocytes and, to a lesser extent,
dendritic cells (Foo et al., 2017; Michlmayr et al., 2017). These circu-
lating cells may facilitate ZIKV delivery to the placenta (Michlmayr
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et al., 2017) and affect placental development through the regula-
tion of pro-inflammatory M1 macrophages and anti-inflammatory
M2 macrophages ratio (Foo et al., 2017). PBMCs and monocytes
from pregnant women produced aggravated M1-shifted pro-inflam-
matory responses when experimentally infected with the African-
lineage ZIKV strain MR766, but M2-shifted immunosuppression
responses when infected with the Asian-lineage ZIKV strain H/
PF/2013 (Foo et al.,, 2017). This suggests that pregnant women
are more susceptible to the ZIKV strain H/PF/2013, although the
generalizability of this finding across other ZIKV strains has not yet
been explored.

In this study, we investigated whether PBMCs from preg-
nant women show differential immune responses to ZIKV strain
Puerto Rico PRVABC59 of Asian lineage compared to PBMCs from
non-pregnant women. Using PBMCs isolated from uninfected preg-
nant or non-pregnant women, we cultivated and experimentally
infected them with the ZIKV strain. Using RNAseq, we evaluated
gene expression changes pre- and post-ZIKV infection in vitro using
PBMCs derived from pregnant and non-pregnant women, followed
by a comparison of gene expression profiles between ZIKV-infected
pregnant conditions and ZIKV-infected non-pregnant condi-
tions. With the sequenced data, we also explored whether other
non-immune pathways potentially relevant to pregnancy and birth
outcomes were differentially expressed across ZIKV infection, preg-

nancy, and/or IL-3 stimulation conditions.

2 | MATERIALS AND METHODS

2.1 | PBMCisolation and infection with ZIKV virus
PBMCs were isolated by Ficoll-Paque density gradient purifica-
tion using 10 ml of fresh blood from two healthy donors who
were seven and 15 weeks pregnant and two non-pregnant healthy
female donors who had no underlying conditions and who pro-
vided written informed consent (Table A1). Research procedures
adhered to the Declaration of Helsinki and were approved by
the university Institutional Review Board (USF IRB protocol
Pro00029803). PBMCs were seeded in 24-well plates at a density
of 1 million cells per well in 1 ml of DMEM containing 5% fetal bo-
vine serum (FBS) with penicillin/streptomycin and amphotericin B.
PBMCs from each donor were sub-cultured in triplicates under the
following conditions: PBMC control, PBMC + ZIKV, PBMC + in-
terleukin (IL)-3 (30 uM), and PBMC + ZIKV + IL-3. Interleukin-3,
a hematopoietic growth factor, was added to stimulate the sur-
vival, proliferation, and differentiation of hematopoietic cell
types from myeloid progenitor cells (Stocking & Ostertag, 1990)
throughout the cell culture period (48 h). After 5 h of incubation at
37°C, PBMCs were infected with 150 ul of ZIKV at a multiplicity
of infection (MOI) of 0.5 (with MOI = pfu of ZIKV per number of
PBMCs), followed by incubation at 37°C for 48 h. Light microscopy
detected no cell lysis within 48 h.

2.2 | ZIKV virus culture and purification

ZIKV Puerto Rico strain PRVABC59 (ATCC VR-1843) was propa-
gated in Vero E6 cells (ATCC CRL-1586) grown in DMEM medium
supplemented with 5% FBS. Vero Eé6 cells at 80% confluency ina T25
flask were washed for 10 min with 1 ml of serum-free DMEM before
infection with 2 ml of ZIKV in DMEM at MOI = 0.5 for 1 h at 37°C.
Subsequently, 5 ml of DMEM with 5% FBS was added and cultures
were incubated at 37°C and 5% CO, atmosphere. ZIKV was collected
5-10 days post-infection when ~80% of host cells were lysed. The
supernatant containing ZIKV particles was aspirated, mixed with
700 ul of 10x sucrose phosphate glutamate (SPG) virus freezing me-
dium (10x SPG: 2.18 M sucrose, 38 mM KH,PO,/72 mM K,HPO,,
49 mM L-glutamate), and stored in aliquots at —-80°C. ZIKV infec-
tious titer was determined in 24-well plates using the Tissue Culture
Infective Dose resulting in 50% of lysed Vero E6 cells (TCID,) end-
point dilution assay protocol at 5 days endpoint post-infection and
pfu were calculated by the formula pfu/ml = 0.5 x TCID,, (Hierholzer
& Killington, 1996).

2.3 | RNA extraction, sequencing, and
data analyses

Forty-eight hours post-infection, the PBMC cell lysate from each
well was homogenized in Qiagen's RLT buffer with 1% beta-mercap-
toethanol and centrifuged in the QlAshredder spin column for 2 min.
On-column DNA digestion was performed using Qiagen's RNase-
free DNase | before total RNA extraction using Qiagen's RNeasy
Mini kit. Extracted RNA showed 2.07-2.14 OD260/0D280 ratio and
8.9-9.5 RNA integrity number. For each culturing condition, 1.6-
2.5 pg of total RNA per sample were pooled and sent to Novogene
(Chula Vista, CA). RNA quality was assessed using NanoDrop spec-
trophotometer, agarose gel electrophoresis, and Agilent 2100 bio-
analyzer before library preparation using the NEBNext® Ultra™
RNA library preparation kit and sequencing on lllumina's NovaSeq
6000 2 x 150 bp platform. As such, each sequenced library com-
prises RNA pooled from all pregnant or non-pregnant subjects from
each culturing condition.

Novogene's analysis pipeline removed reads containing adap-
tors, >10% undetermined bases, and <5 quality score of >50%
bases (Table A2). The remaining reads were mapped to the
Ensembl (Cunningham et al., 2019) reference human assembly
GRCh37 (hg19) using Spliced Transcripts Alignment to a Reference
(STAR) v2.5 (Dobin et al., 2013) (Table A3). Sequencing depth was
calculated using SAMtools v1.4 (Li et al., 2009) (Table A2). The
number of reads mapped to each gene was counted using HTSeq
v0.6.1 (Anders et al., 2015) and normalized to transcript per mil-
lion (TPM) to identify the most abundantly expressed transcripts
across all libraries. TPM values were also used to deconvolute
PBMC transcriptomic data computationally into specific immune
cell types using ABsolute Immune Signal (ABIS) (Monaco et al,,
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2019). Principal component analysis (PCA) was performed on the
ABIS output using R v3.6.1.

For differential expression analyses, raw counts were imported
to edgeR v3.26.5 (Robinson et al., 2010) and filtered to retain 18,594
genes with >0.5 count per million in at least two libraries. The fil-
tered count data across libraries were normalized by the trimmed
mean of M values method to adjust for variations in library sizes
(depths) and composition (Robinson & Oshlack, 2010). Pearson cor-
relation analysis was performed on fragments per kilobase million
normalized counts of each library. Multi-dimensional scaling analysis
was performed by converting the gene count matrix of each library
to log counts per million. For each pairwise comparison between li-
braries, the top 500 genes that distinguish the libraries were used
to calculate the Euclidean distances (root-mean-square deviation)
between each pair of samples. Differentially expressed genes were
predicted using the likelihood ratio test with thresholds of p < 0.05
adjusted for false discovery rate (FDR), based on fitted negative
binomial generalized linear models. The common dispersion of the
main model was estimated using edgeR's estimateGLMCommDisp
function with the parameters: method = “deviance,” robust = TRUE,
and subset = NULL. This is recommended in the edgeR user's guide
for our reduced design matrix, where libraries P_ZV and P_ILZV were
treated as replicates and libraries NP_ZV and NP_ILZV were treated
as replicates in the absence of biological replication. Statistical
power was calculated using the RNASeqPower R package (https://
bioconductor.org/packages/release/bioc/html/RNASeqPower.
html). Differentially expressed genes and pathways were annotated
using UniProt (UniProt, 2019), GeneCard (Stelzer et al., 2016), and
the KEGG mapper tool (Kanehisa & Sato, 2019). Classical M1 mac-
rophage and M2 macrophage marker genes were compiled from the
literature (Chavez-Galan et al., 2015; Foo et al., 2017; Roszer, 2015;
Sica & Mantovani, 2012).

3 | RESULTS

3.1 | Predicted immune cell proportions from
PBMC transcriptomic data

We analyzed eight PBMC transcriptomes from total RNA pooled
from pregnant (P) and non-pregnant (NP) women-derived PBMCs
without ZIKV or IL-3 (P_Ctr and NP_Ctr), with ZIKV only (P_ZV and
NP_ ZV), with IL-3 only (P_IL3 and NP_IL3), and with IL-3 and ZIKV
(P_ILZV and NP_ILZV). Each transcriptomic library consisted of
~57 + 7 million reads (~6 + 1x sequencing depth) on average after
quality filtering (Table A1). An average of 91 + 0.01% of these clean
reads mapped to the reference human genome, and <2% of the
reads mapped to more than one location in the genome (Table A2).
From the transcriptomic data, we estimated immune cell pro-
portions using the ABsolute Immune Signal (ABIS) deconvolution
algorithm (Monaco et al., 2019). Higher p coefficients, correspond-
ing to higher proportions and mRNA abundances (Monaco et al.,

2019), were observed for CD4 memory T cells in uninfected libraries

(control and IL3-only) relative to ZIKV* samples with and without
IL-3 (Figure 1a). In both uninfected and infected conditions, libraries
from pregnant women showed higher p coefficients for CD8 naive T
cells and CD4 memory T cells, but lower p coefficients for CD4 naive
T cells, compared to those from non-pregnant women (Figure 1a). In
pregnant women, p coefficients for CD8 naive T cells and CD4 mem-
ory T cells were higher, but p coefficients for CD4 naive T cells were
lower in uninfected conditions relative to ZIKV-infected conditions
(Figure 1a). PCA analysis of the p coefficients identified CD8 naive
T cells, CD4 memory T cells, and CD4 naive T cells as the stron-
gest contributors to the observed variations between pregnant and
non-pregnant conditions (Figure 1b). The PCA analysis also grouped
libraries P_ZV and P_ILZV into one cluster and libraries NP_ZV and
NP_ILZV into another cluster, suggesting relatively smaller effects
of IL-3 stimulation on predicted immune cell types under ZIKV-
infected conditions (Figure 1b). Contrarily, no clear clustering pat-
tern was observed for immune cell proportions of non-infected
cultures (Figure 1b). Immune cell proportions that varied the most
in ZIKV-infected PBMCs with and without IL-3 treatment included
CD8 naive T cells (8.1% decrease in NP_ILZV compared to NP_ZV
and 17.0% decrease in P_ILZV compared to P_ZV) and CD4 memory
T cells (7.8% decrease in NP_ILZV compared to NP_ZV and 13.2%
decrease in P_ILZV compared to P_ZV).

3.2 | Transcriptome profiles across libraries

The most abundant transcripts across all libraries participate in pro-
tein biosynthesis, respiratory, cytoskeletal, and immune functions
(Figure A1). Multi-dimensional scaling (MDS) analysis based on the
root-mean-square log2-fold change for the top 500 genes that dis-
tinguish each library pair showed similar clustering patterns to the
PCA analysis on predicted immune cell proportions (Figure 2), al-
though we note that both analyses were derived from the same gene
count data. In addition to their clustering on the MDS plot (Figure 2),
libraries P_ZV and P_ILZV and libraries NP_ZV and NP_ILZV shared
>99% pairwise Pearson correlations between their transcript counts.
Because of their gene expression profile similarities, for all down-
stream analyses, we treated libraries P_ZV and P_ILZV as replicates
and libraries NP_ZV and NP_ILZV as replicates (Figure 2). Based on
our experimental design (samples = 2, depth = 6, and estimated bio-
logical coefficient of variation of the fitted model (CV = 0.072)), our
study was able to detect a 2-fold change in gene expression between

categories with 0.39 statistical power at « = 0.05.

3.3 | Differentially expressed immune-related
transcripts before and after ZIKV infection

We first sought to identify differentially expressed immune-related
transcripts following ZIKV infection in pregnant (P_ZV and P_ILZV
compared to P_Ctr) and non-pregnant conditions (NP_ZV and NP_

ILZV compared to NP_Ctr), respectively. In pregnant conditions,
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FIGURE 1 (a) Deconvoluted proportions of immune cell types from PBMC transcriptomic data. The B-coefficient is an indicator of the
proportion and mRNA abundance of a specific immune cell type (Monaco et al., 2019). LD, low-density granulocytes; MAIT, mucosal-
associated invariant T cells; mDCs, myeloid dendritic cells; monocytes C, classical monocytes; monocytes NC+l, non-classical and
intermediate monocytes; pDCs, plasmacytoid dendritic cells; T gd non-Vd2, gamma delta T cell without T-cell receptor V82 antigen; T gd
Vd2, gamma delta T cell with T-cell receptor V82 antigen. (b) Principal component analysis (PCA) biplot showing the effects of predicted
immune cell types on sample clustering, based on p-coefficients that estimate cell proportions and mRNA abundances

4747 genes were upregulated, and 3358 genes were downregulated
with ZIKV infection. In non-pregnant conditions, 3853 genes were
upregulated, and 2140 genes were downregulated with ZIKV infec-
tion. Among these, 3278 genes were commonly upregulated, and
1322 genes were commonly downregulated with ZIKV infection in
pregnant and non-pregnant conditions. Commonly overexpressed
immune-related transcripts encoded for C-C motif chemokines
(CCL1-CCL4, CCL7,CCL8, CCL18, CCL20, and CCL24), C-C chemokine
receptors (CCR2-CCR3), C-C chemokine receptor-like 2 (CCRL2),
C-X-C motif chemokines (CXCL1, CXCL2, CXCL5, CXCL9-CXCL11,

and CXCL16), interleukins (IL1A, IL1B, IL8, IL10, and IL18), interleu-
kin-1 receptor accessory protein (IL1IRAP), toll-like receptors (TLR2
and TLR4), and tumor necrosis factor receptor superfamily mem-
bers (TNFRSF1A, TNFSF10, and TNFSF14). Interferon receptor genes,
interferon-inducible genes, interferon regulatory genes, and inter-
feron signaling genes (Foo et al., 2017) were also commonly up-
regulated with ZIKV infection in both pregnant and non-pregnant
conditions. These transcripts encoded interferon gamma receptors 1
(INFGR1 and INFGR2), interferon-alpha/beta receptor 1 (IFNAR1), in-
terferon-alpha-inducible proteins (IFI16, IFI27, IFI30, IFI35, IFI44, and
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FIGURE 2 (a) Heat map of pairwise Pearson correlations, based on fragments per kilobase million, across sequenced libraries; (b) multi-
dimensional scaling plot showing distances between libraries, based on the root-mean-square log2-fold change for the top 500 genes that
distinguish each library pair. Samples treated as replicates for differential expression analyses are boxed in (a) and circled in (b)

IF16), interferon-alpha-inducible protein-like proteins (IFI27L2 and
IFI44L), interferon-induced proteins with tetratricopeptide repeats
(IFIT1-IFIT3 and IFIT5), interferon-induced transmembrane proteins
(IFITM1-IFITM3), interferon-induced helicase C domain-containing
protein 1 (IFIH1), interferon-induced GTP-binding proteins (MX1 and
MX2), interferon-induced antiviral 2'-5-oligoadenylate synthases
(OAS1-0AS3), (OAL),

interferon-induced antiviral protein (RSAD2), interferon-related

2'-5"-oligoadenylate synthase-like protein

developmental regulator 1 (IFRD1), interferon regulatory factors
(IRF1, IRF5-IRF8), Janus kinase (JAK2), Janus kinase and microtubule-
interacting protein 2 (JAKMIP2), toll-like receptor-interacting protein
(MYD88), and nuclear factor kappa B subunit p50 (NFKB1). Immune-
related transcripts commonly downregulated with ZIKV infection
included CCR4 and IL16.

Pro-inflammatory M1 macrophage-related and anti-inflamma-
tory M2 macrophage-related marker genes (Chavez-Galan et al.,
2015; Foo et al., 2017; Roszer, 2015; Sica & Mantovani, 2012) were

also differentially expressed following ZIKV infection in pregnant

and non-pregnant conditions (Figure A2). Transcripts overexpressed
in pregnant conditions, but not in non-pregnant conditions, follow-
ing ZIKV infection were M1-associated (interferon gamma [IFNy];
logFC = 1.9 and CCR7; logFC = 0.2), M1/M2-associated (tumor ne-
crosis factor [TNF]; logFC = 0.5 and CCL5; logFC = 0.3), and M2-
associated (CCL17; logFC = 3.0; Figure A2). No M1-related transcript
was overexpressed only in non-pregnant conditions following
ZIKV infection. Transcripts upregulated following ZIKV infection in
non-pregnant conditions, but not in pregnant conditions, were M1/
M2-associated (IL6; logFC = 2.3 and HLA-DRB5 encoding DR beta
5 chain of HLA class Il histocompatibility antigen; logFC = 1.1) and
M2-associated (VEGFA encoding vascular endothelial growth factor
A; logFC = 0.9; Figure A2). In pregnant conditions, one M2-related
transcript encoding cell surface glycoprotein CD200 receptor 1
(CD200R1; logFC = -0.5) and another M1/M2-related transcript
encoding mitochondrial arginase-2 (ARG2; logFC = -0.7) were
downregulated in ZIKV* PBMCs compared to non-infected PBMCs
(Figure A2). Transcripts downregulated in ZIKV* PBMCs compared
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to non-infected PBMCs in non-pregnant condition were exclusively
M2-related and included arginase-1 (ARG1; logFC = -2.2), CD200R1
(logFC = -0.8), C-C motif chemokine 22 (CCL22; logFC = -0.5), and
the interferon regulatory factor 4 (IRF4; logFC = -0.3; Figure A2).
Many differentially expressed immune-related genes overlap with
those identified in a separate analysis comparing PBMC gene ex-
pression between infected (P_ZV, NP_ZV, P_ILZV, and NP_ILZV) and
non-infected (P_Ctr, NP_Ctr, P_IL3, and NP_IL3) cultures, where preg-
nant, non-pregnant and IL-3*/~ libraries were combined (Appendix 1,
Figure A3, and Figure A4). This implies that these immune-related
genes were indeed commonly differentially expressed following
ZIKV infection and that their differential expression was likely not
IL-3-dependent.

3.4 | Differentially expressed immune-
related transcripts in ZIKV-infected PBMCs from
pregnant and non-pregnant women

A total of 1965 genes were differentially expressed between ZIKV-
infected PBMCs from pregnant (P_ZV and P_ILZV) and non-pregnant
women (NP_ZV and NP_ILZV). Of these, 1001 genes (51%) were
upregulated while 964 genes (49%) were downregulated in ZIKV-
infected pregnant conditions compared to non-pregnant conditions.
Seventeen and 21 of the 35 most overexpressed transcripts in ZIKV-
infected pregnant and non-pregnant conditions, respectively, were
protein-coding genes. Higher logFC values of >1.5 for M1 marker
genes, especially IFNy (logFC = 2.1) were observed in ZIKV* pregnant

conditions. Conversely, higher logFC values for M2 marker genes,
especially the macrophage mannose receptor 1 MRC1 (logFC = -6.6)
and CD163 (logFC = -1.7) encoding the scavenger receptor cysteine-
rich type 1 protein M130, were observed in ZIKV" non-pregnant
conditions (Figure 3).

Consistent with M1 marker gene observations, highly upreg-
ulated immune-related transcripts in ZIKV* pregnant relative to
non-pregnant conditions were pro-inflammatory, including para-
neoplastic Ma antigen family and allograft inflammatory factor
1 (PNMAL1; logFC = 8.2; Figure A5), mucin-related transcripts
MUC16 (logFC = 2.9; Figure A5) VWDE (logFC = 2.7), C-C motif
chemokine 4-like CCL4L1 (logFC = 2.6), and IFNy (logFC = 2.1;
Figure 3). Consistent with IFNy over-expression, interferon-in-
duced responses were elevated in ZIKV" pregnant relative to ZIKV*
non-pregnant conditions. ZIKV* pregnant conditions overexpressed
transcripts for interferon-induced proteins (IFl6, IFI16, IFI27, IFI35,
IFI44L, IFIH1, IFIT1, IFIT3, and IFIT5; average logFC = 1.0 + 0.3),
interferon-induced transmembrane proteins (IFITM1, IFITM2 and
IFITM3; average logFC = 1.0 + 0.5), and IFNy-activated signal trans-
ducer and activator of transcription proteins STAT1 (logFC = 0.6;
Figure 3) and STAT3 (logFC = 0.3). The Ras-related protein-coding
transcript RAB17 (logFC = 3.3) involved in the mitogen-activated
protein kinase pathway downstream to interferon activation was
also among the most upregulated in ZIKV*' pregnant conditions
(Figure A5). Only a few transcripts participating in interferon-acti-
vated pathways, such as Janus kinase and microtubule-interacting
protein 2 JAKMIP2 (logFC = -0.8), as well as Ras guanyl-releasing
proteins RASGRP2 (logFC = -0.4) and RASGRP4 (logFC = -1.0), were

Differentially expressed M1/M2 transcripts between ZIKV* PBMCs from
pregnant and non-pregnant women
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FIGURE 3 Log,-fold changes (logFC) of differentially expressed transcripts associated with M1-shifted pro-inflammatory responses and
M2-shifted anti-inflammatory responses between ZIKV* pregnant and ZIKV* non-pregnant conditions. BTK, Bruton's tyrosine kinase; CCL22,
C-C motif chemokine ligand 22; CD, leukocyte differentiation antigen (cluster of differentiation); CLEC10A, C-type lectin domain-containing
10A; HLA, human leukocyte antigen; IFNG, interferon gamma; IL, interleukin; IL1R, interleukin-1 receptor; IRF4, interferon regulatory factor
4; KLF4, Krueppel-like factor 4; MRC1, mannose receptor C-type 1; NR1H3, oxysterols receptor LXR-alpha; SOCS3, suppressor of cytokine
signaling 3; STAT1, signal transducer and activator of transcription 1; TGM2, transglutaminase 2; TLR, toll-like receptor; VEGFA, vascular

endothelial growth factor A
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downregulated in ZIKV' pregnant compared to ZIKV*' non-preg-
nant conditions.

The most downregulated transcripts in ZIKV" pregnant relative
to non-pregnant conditions were associated with M1-/M2-type
(HLA-DRB5; logFC = -8.8) and M2-type (MRC1, logFC = -6.6) macro-
phage responses (Figure A5 and Figure 3) (Ka et al., 2014). Another
highly downregulated transcript, CEACAM1 (logFC = -2.6), encoded
the carcinoembryonic antigen-related cell adhesion molecule 1 that
negatively regulates various immune pathways, including T-cell
proliferation, T-cell responses, and cytokine production (Hosomi
et al., 2013). Transcripts for receptors that facilitate viral entry into
host cells, such as the ZIKV-interacting lipoprotein receptor-related
protein 1 (LRP1; logFC = -0.8) and C-type lectin domain family 4
member G (CLEC4G; logFC = -2.2) (Zhang et al., 2017), were also
downregulated in ZIKV" pregnant conditions.

Besides interferon pathways, autophagy and apoptosis path-
ways were also overexpressed in ZIKV' pregnant conditions rela-
tive to ZIKV' non-pregnant conditions. Upregulated pro-apoptotic
transcripts included those encoding the apoptosis facilitator Bcl2-
like protein 14 (BCL2L14; logFC = 2.6), the apoptosis regulator Bcl2
(logFC = 0.4), Bcl-2-like protein 11 (logFC = 0.3), caspases 1, 3, 4,
7, 8, 10 (average logFC = 0.4 + 0.1), and the Fas cell death receptor
(logFC = 0.7). Another BIRC7 gene encoding pro-/anti-apoptotic bac-
uloviral IAP repeat-containing protein 7 was also among the most
downregulated in ZIKV* pregnant compared to ZIKV" non-pregnant
conditions (Figure A5). Other downregulated transcripts included
the PRAME gene encoding an anti-apoptotic melanoma antigen
(FC = -2.3) and the regulatory complex protein-coding transcript
LAMTOR4 (FC = -0.3) which inhibits autophagy by activating the

mammalian target of rapamycin.

3.5 | Differentially expressed osteoclast
differentiation-related transcripts across
culture conditions

In addition to immune-related transcripts, genes involved in os-
teoclast differentiation (KEGG ID: hsa04380) were also commonly
overexpressed in ZIKV+ relative to ZIKV- PBMCs from either
pregnant (P_ZV and P_ILZV compared to P_Ctr) or non-pregnant
conditions (NP_ZV and NP_ILZV compared to NP_Ctr). In pregnant
conditions, 76 and 11 osteoclast differentiation genes were upregu-
lated and downregulated, respectively. In non-pregnant conditions,
67 and 12 osteoclast differentiation genes were upregulated and
downregulated, respectively. The colony-stimulating factor 1 (CSF1)
gene essential for osteoclastogenesis was overexpressed in ZIKV+
compared to ZIKV- PBMCs in both pregnant and non-pregnant
conditions, while another essential gene encoding for the tumor ne-
crosis factor-related cytokine RANKL/TNFSF11 was overexpressed
in ZIKV+ compared to ZIKV- PBMCs in pregnant conditions only
(Boyle et al., 2003). Genes characteristic of the osteoclast lineage,
including tartrate-resistant acid phosphatase (ACP5), cathepsin K
(CTSK), and B3 integrin (ITGB3), but not calcitonin receptor (CALCR),

were upregulated in ZIKV+ relative to ZIKV- PBMCs from pregnant
and non-pregnant women. Differential expression analysis between
ZIKV-infected PBMCs from pregnant (P_ZV and P_ILZV) and non-
pregnant women (NP_ZV and NP_ILZV) showed the downregula-
tion of 21 osteoclast differentiation genes and the upregulation of
only eight genes in ZIKV+pregnant conditions relative to ZIKV+non-
pregnant conditions (Figure Aé). However, many of these genes also
participate in immune responses. This set of differentially expressed
transcripts also did not include those essential for osteoclast differ-
entiation, nor genes that typify the osteoclast lineage (except for
CTSK).

In our separate analysis comparing gene expression between
grouped infected (P_ZV, NP_ZV, P_ILZV, and NP_ILZV) and non-in-
fected (P_Ctr, NP_Ctr, P_IL3, and NP_IL3) cultures, osteoclast differ-
entiation marker genes were similarly not differentially expressed,
except for ITGB3 (logFC = 2.6). This suggests the potential effects
of IL-3 stimulation on the expression of osteoclast differentiation
transcripts. We next investigated this by performing two differential
expression analyses comparing non-infected IL-3* and IL-37 PBMCs
from pregnant (P_IL3 vs. P_Ctr) and non-pregnant conditions (NP_IL3
vs. NP_Ctr). 45 and 67 osteoclast differentiation-related transcripts
were upregulated in the P_IL3 and P_Ctr comparison and NP_IL3
and NP_Ctr comparison, respectively (Figure 4). Marker genes of os-
teoclast differentiation (CSF1, TNFSF11, ACP5, and ITGB3, but not
CTSK) were among the most overexpressed in both P_IL3 and P_Ctr,
as well as NP_IL3 and NP_Ctr comparisons (Figure 4).

3.6 | Differentially expressed cardiomyopathy-
related transcripts across culture conditions

Dilated cardiomyopathy (KEGG ID: hsa05414) and hypertrophic car-
diomyopathy (KEGG ID: hsa05414) pathways were also commonly
overexpressed in ZIKV+ relative to ZIKV- PBMCs from pregnant
and non-pregnant women (Figure 5). In pregnant conditions, 36 and
10 cardiomyopathy genes were upregulated and downregulated, re-
spectively (Figure 5). In non-pregnant conditions, 24 and 14 cardio-
myopathy genes were upregulated and downregulated, respectively
(Figure 5). Commonly upregulated transcripts encode for structural
proteins, including cytoplasmic actin 1 and 2 (ACTB and ACTG1), tro-
pomyosin alpha-3 and -4 chains (TPM3 and TPM4), and prelamin-A/C
(LMNA,; Figure 5). Other commonly overexpressed genes encode for
integrins (ITGA5-ITGA7, ITGAV, ITGB3, ITGB5, and ITGBS8), adenylate
cyclase type 3 (ADCY3), angiotensin-converting enzyme (ACE),
AMP-activated protein kinase subunits gamma-1 and -3 (PRKAG1
and PRKACA), cardiac-type myosin-binding protein C (MYBPC3),
sodium/calcium exchanger 1 (SLC8A1), the endothelium-derived
vasoconstrictor peptides endothelin-1 (EDN1), sarcoplasmic/endo-
plasmic reticulum calcium ATPase 2 (ATP2A2), voltage-dependent
calcium channel gamma-8 subunit (CACNG8), transforming growth
factor beta-1 proprotein (TGFB1; Figure 5).

Differential expression analysis between ZIKV-infected
PBMCs from pregnant (P_ZV and P_ILZV) and non-pregnant
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FIGURE 4 Log,-fold changes (logFC) of differentially expressed osteoclast differentiation transcripts between non-infected IL-3" and IL-
3~ PBMCs from (a) pregnant and (b) non-pregnant women. Marker genes of interest are highlighted in blue. Abbreviations of marker genes:
ACPS5, tartrate-resistant acid phosphatase; CSF1; colony-stimulating factor 1; ITGB3, integrin subunit $3; TNFSF11, tumor necrosis factor
superfamily 11
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women (NP_ZV and NP_ILZV) predicted only six upregulated car-
diomyopathy-related genes and three downregulated genes in
ZIKV+pregnant conditions relative to ZIKV+ non-pregnant condi-
tions (Figure Aé). Nevertheless, other nervous and cardiovascu-
lar system-related transcripts, including calcipressin-2 (RCAN2;
logFC = 3.1; Figure A5), UTS2 (urotensin-2; logFC = 2.8; Figure A5),
UTS2B (logFC = 2.3), and S100B (logFC = 2.6) were among the most
upregulated in ZIKV* pregnant conditions. On the other hand, mus-
cle-related transcripts including double-stranded RNA-specific
editase B2 (ADARB2; logFC = -5.4; Figure A5), calcium-activated
potassium channel subunit alpha-1 (KCNMA1; logFC = -2.6; Figure
A5) and troponin T, slow skeletal muscle (TNNT1; logFC = -2.4)
were among the most upregulated in ZIKV* non-pregnant condi-
tions. Besides pregnancy status, in the absence of ZIKV infection,
immune stimulation of PBMC cultures by IL-3 alone in either preg-
nant (P_IL3 vs. P_Ctr) or non-pregnant conditions (NP_IL3 vs. NP_
Ctr) also led to the upregulation of eight cardiomyopathy-related
transcripts. These included ACTB, ACTG1, CACNGS8, ITGAé6, ITGB3,
LMNA, SLC8A1, and TPM3.

4 | DISCUSSION

In this study, we focused on PBMC responses to ZIKV to better un-
derstand general and specific immune responses to viral infections
during pregnancy. We first predicted immune cell types from our
PBMC transcriptomic data, then examined gene expression changes
before and after ZIKV infection in pregnant and non-pregnant con-
ditions. We next identified differentially expressed genes between
ZIKV-infected pregnant conditions and ZIKV-infected non-pregnant
conditions. Finally, we predicted differentially regulated non-im-
mune pathways across ZIKV infection, pregnancy, and IL-3 stimu-
lation conditions to identify candidate pathways that can affect
pregnancy and birth outcomes.

Because PBMCs are heterogeneous and comprise different
cell types that vary in gene expression (Whitney et al., 2003),
our PBMC transcriptomic data enable a systems-level perspec-
tive of gene expression profile changes between ZIKV-infected
and non-infected, as well as non-pregnant and pregnant condi-
tions. Furthermore, to provide some cellular context to our data,
we used the ABsolute Immune Signal (ABIS) deconvolution al-
gorithm (Monaco et al., 2019) to predict proportions and mRNA
abundances of immune cell types within PBMCs. Consistent
with previous reports (Kieffer et al., 2017; Tilburgs et al., 2010),
we found increased proportions and mRNA abundances of CD8
naive T cells and CD4 memory T cells in uninfected pregnant
relative to non-pregnant conditions. This trend persisted even
after ZIKV infection, and we speculate that baseline differential
abundances in CD8 and CD4 T cells during pregnancy may affect
immune responses against ZIKV and even pregnancy outcomes.
ZIKV-infected PBMCs showed lower abundances of CD4 mem-
ory T cells, and a statistically significant decrease in CD4 memory

T-cell counts was similarly reported in PBMCs infected with the
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Asian-lineage ZIKV strain Nica 2-16 relative to uninfected con-
trols (Michlmayr et al., 2017). Immune cell proportion and gene
expression profile similarities between libraries NP_ILZV and NP_
ZV and libraries P_ILZV and P_ZV indicated relatively smaller ef-
fects of IL-3 stimulation on gene expression under ZIKV-infected
conditions. Predicted immune cell proportion data suggested that
adding IL-3 to ZIKV-infected PBMCs promoted the differentiation
of CD8 naive T cells, but not the differentiation of CD4 naive T
cells. Similarly, a self-reactive mechanism involving CD4" IL-3* T
cells was reported in an experimental autoimmune myocarditis
mouse study (Anzai et al., 2019). In the study, IL-3 produced by
CD4 T cells promoted autoimmune inflammation, although IL-3
is dispensable to CD4 T-cell sensitization (Anzai et al., 2019). We
speculate that a similar mechanism could occur during ZIKV in-
fection and contribute to pro-inflammatory responses, although
these interactions will have to be confirmed by mechanistic
studies. Compared to uninfected PBMCs, we observed lowered
CD8 naive T cells in ZIKV-infected PBMCs relative to uninfected
PBMCs. However, this trend was not supported by the Nica 2-16
study (Michlmayr et al., 2017). Previous studies also found mono-
cytes to be the major component of ZIKV-infected PBMCs (Foo
et al., 2017; Michlmayr et al., 2017), but this was not captured in
our study. Therefore, although our study highlights the utility of
deconvolution algorithms in resolving immune cell populations in
the absence of flow cytometry data, careful review and validation
of the results are necessary. Furthermore, we were only able to
make qualitative inferences from our deconvoluted data because
of sample size limitations.

We performed differential expression analysis to identify gene
expression changes before and after ZIKV infection in pregnant
and non-pregnant conditions. Compared to non-infected controls,
interferon-inducible genes were commonly overexpressed in
ZIKV-infected PBMCs in both pregnant and non-pregnant condi-
tions. These genes overlapped with those previously reported in
ZIKV-infected PBMCs (Lanciotti et al., 2016), confirming our ob-
servations that the upregulation of interferon-related genes during
ZIKV infection was independent of IL-3 stimulation. Pseudogenes
and IncRNAs were also among the most up- and downregulated
transcripts in ZIKV-infected PBMCs compared to uninfected con-
trols, as well as ZIKV-infected PBMCs from pregnant conditions
compared to non-pregnant conditions. Because IncRNAs modu-
late the interferon antiviral response by affecting the activity of
interferon-stimulated genes and transcription factors, aberrant
IncRNA expression has been observed in various viral infections
(Qiu et al., 2018) and possibly even ZIKV infection from the same
PRVABCS59 strain used in our study (Ramaiah et al., 2016). The role
of non-coding genes, especially IncRNAs, in ZIKV infection thus
warrants further study and can yield new insights on host-ZIKV
interactions and pregnancy outcomes.

We detected greater upregulation of pro-inflammatory M1 mac-
rophage-related transcripts and downregulation of anti-inflammatory
M2 macrophage-related transcripts in PBMCs from pregnant women

compared to non-pregnant women 48 h post-infection with the
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FIGURE 5 Log,-fold changes (logFC) of differentially expressed cardiomyopathy-related transcripts between ZIKV" and ZIKV" PBMCs
from (a) pregnant and (b) non-pregnant women. MYH, myosin; ACT, actin; TNN, troponin; ITG, integrin; SLC8A1, sodium/calcium exchanger
1; EDN1, endothelin-1; PRKAG, 5'-AMP-activated protein kinase subunit gamma; MYBPC3, cardiac-type myosin-binding protein C3; CACN,
voltage-dependent calcium channel subunit; LAMAZ2; laminin subunit alpha-2; LMNA, lamin A/C; PLN, cardiac phospholamban; TPM,
tropomyosin; ACE, angiotensin-converting enzyme; DMD, dystrophin; PRKAC, cAMP-dependent protein kinase catalytic subunit; TNF;
tumor necrosis factor; TGFB1, transforming growth factor beta-1; GNAS; guanine nucleotide-binding protein G(s) subunit alpha isoforms
short; ADCY3, adenylate cyclase type 3; PRKAB2/PRKAA1, 5'-AMP-activated protein kinase subunit beta-2/alpha-1; TTN, titin; ATP2A,

sarcoplasmic/endoplasmic reticulum calcium ATPase; IL6, interleukin-6

Asian-lineage ZIKV strain Puerto Rico PRVABC59. Aggravated pro-in-
flammatory monocyte responses during pregnancy were similarly ob-
served with ZIKV strain MR766 (African lineage) infection (Foo et al.,
2017)andinfluenzaAvirusinfection(Le Garsetal.,2016). Nevertheless,
our results contrast previous findings that PBMCs, particularly mono-
cytes, infected with the Asian-lineage ZIKV strain H/PF/2013 showed
M2-skewed immunosuppression responses (Foo et al., 2017). Hence,
M1 vs M2-skewed immune response may be strain-specific and found
in either African or Asian lineage. Because ZIKV can persist in serum
for >60 days (Paz-Bailey et al., 2019), the type of immune response
may also depend on the infection stage during ZIKV isolation, similar
to HIV-1 coreceptor switch from M-tropic to T-tropic infection with
disease progression (Connor et al., 1997). Further, PBMC infection
rates ex vivo were found to vary across healthy donors (Messias et al.,
2019), and thus, infection rate differences across strains, donors, or
culturing conditions may result in different phenotypes. Because ABIS
predicts only undifferentiated monocyte proportions, we were unable
to directly compare M1/M2 marker gene expression with their corre-
sponding macrophage abundances. There is no specified relationship
between monocyte abundances and abundances of monocyte-de-
rived macrophages with M1-like or M2-like phenotypes (Italiani &
Boraschi, 2014). Therefore, follow-up studies with more detailed M1/
M2 gene expression analysis would require further validation by flow
cytometry and quantitative PCR approaches. Although previously re-
ported pregnancy-complication-related fibronectin-1 and ADAMTS9
genes (Foo et al., 2017) were not differentially expressed in our data-
set, other upregulated transcripts in ZIKV" pregnant conditions, in-
cluding CX3CR1 (logFC = 0.4), IFITM, and even IFNy, were associated
with pregnancy defects in mice and humans (Buchrieser et al., 2019;
Li et al., 2014; Saito et al., 1999). Likewise, pro-apoptotic transcripts
upregulated in ZIKV*' pregnant conditions may cause tissue damage
and embryopathy (Mawson, 2016).

We also evaluated candidate non-immune pathways that can po-
tentially affect ZIKV-associated pregnancy and birth outcomes. We
observed the over-expression of osteoclast differentiation genes with
either IL-3 stimulation or ZIKV infection. In line with gene expres-
sion similarities between libraries NP_ILZV and NP_ZV and libraries
P_ILZV and P_ZV, our results suggest that ZIKV infection can induce
IL-3 activation. The role of IL-3 on osteoclastogenesis is controversial,
and both stimulatory (Hong et al., 2013) and inhibitory (Khapli et al.,
2003) effects of IL-3 on osteoclast differentiation have been reported.
Nevertheless, based on our results, we were not able to conclude
whether osteoclast formation was affected by pregnancy status, be-
cause differentially expressed genes in these pathways also partici-

pate in immune responses and are not marker genes characteristic of

osteoclast differentiation or the osteoclast lineage. On the other hand,
cardiomyopathy-related genes appeared to be mainly stimulated by
ZIKV infection. The acute phase of ZIKV infection has been associated
with cardiovascular complications in humans, including mothers and
infants born to ZIKV-infected mothers (Minhas et al., 2017).

Collectively, our results reveal ZIKV infection-associated and
pregnancy-associated differences in PBMC responses that could be
of clinical and therapeutical relevance. As ZIKV and other infectious
diseases continue to be a looming threat, larger-scale integrative
studies analyzing core and diverging immune responses against in-
fection across microbial strains, as well as mechanistic studies dis-
entangling molecular cross-talk at the maternal-placental-fetal axis,
will advance our current understanding on how microbial infections
shape pregnancy outcomes.

ACKNOWLEDGEMENTS
This work was supported by a USF Health intramural ZIKV grant.

CONFLICT OF INTEREST
None declared.

AUTHOR CONTRIBUTIONS

Shen Jean Lim: Formal analysis (lead); software (lead); visualization
(lead); writing-original draft (lead); writing-review & editing (support-
ing). Andreas Seyfang: Conceptualization (lead); funding acquisition
(supporting); investigation (lead); methodology (lead); project ad-
ministration (equal); resources (equal); supervision (equal); writing-
original draft (supporting); writing-review & editing (equal). Samia
Dutra: Investigation (supporting); project administration (support-
ing); resources (equal); writing-original draft (supporting). Bradley
Kane: Investigation (supporting); resources (equal); writing-original
draft (supporting). Maureen Groer: Conceptualization (lead); fund-
ing acquisition (lead); methodology (equal); project administration

(equal); supervision (equal); writing-review & editing (equal).

ETHICS STATEMENT

Research procedures adhered to the Declaration of Helsinki and
were approved by the university Institutional Review Board (USF
IRB protocol Pro00029803). Informed consent was obtained from

all participants.

DATA AVAILABILITY STATEMENT

Sequenced reads are deposited in NCBI's Sequence Read Archive
(accession numbers SRR12233135-SRR12233142): https://www.
ncbi.nlm.nih.gov/bioproject/PRINA646585.


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA646585
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA646585

12 of 21 |

LIM ET AL.

WI _E Y-MicrobiologyOpen

ORCID

Shen Jean Lim "= https://orcid.org/0000-0003-4578-5318
Andreas Seyfang " https://orcid.org/0000-0001-6231-9955
https://orcid.org/0000-0002-4987-4169

https://orcid.org/0000-0002-5526-2927

Samia Dutra

Maureen Groer

REFERENCES

Anders, S., Pyl, P. T., & Huber, W. (2015). HTSeq - A Python framework to
work with high-throughput sequencing data. Bioinformatics, 31(2),
166-169. https://doi.org/10.1093/bioinformatics/btu638

Anzai, A., Mindur, J. E., Halle, L., Sano, S., Choi, J. L., He, S., McAlpine, C.
S., Chan, C. T., Kahles, F., Valet, C., Fenn, A. M., Nairz, M., Rattik, S.,
Iwamoto, Y., Fairweather, D. L., Walsh, K, Libby, P., Nahrendorf, M.,
& Swirski, F. K. (2019). Self-reactive CD4(+) IL-3(+) T cells amplify
autoimmune inflammation in myocarditis by inciting monocyte che-
motaxis. Journal of Experimental Medicine, 216(2), 369-383. https://
doi.org/10.1084/jem.20180722

Boyle, W. J,, Simonet, W. S., & Lacey, D. L. (2003). Osteoclast differen-
tiation and activation. Nature, 423(6937), 337-342. https://doi.
org/10.1038/nature01658

Buchrieser, J., Degrelle, S. A., Couderc, T., Nevers, Q., Disson, O.,
Manet, C., & Schwartz, O. (2019). IFITM proteins inhibit placen-
tal syncytiotrophoblast formation and promote fetal demise.
Science, 365(6449), 176-180. https://doi.org/10.1126/scien
ce.aaw7733

Chavez-Galan, L., Olleros, M. L., Vesin, D., & Garcia, I. (2015). Much
more than M1 and M2 macrophages, there are also CD169(+) and
TCR(+) macrophages. Frontiers in Immunology, 6, 263. https://doi.
org/10.3389/fimmu.2015.00263

Connor, R. I., Sheridan, K. E., Ceradini, D., Choe, S., & Landau, N. R.
(1997). Change in coreceptor use correlates with disease progres-
sion in HIV-1-infected individuals. Journal of Experimental Medicine,
185(4), 621-628. https://doi.org/10.1084/jem.185.4.621

Cunningham, F., Achuthan, P., Akanni, W., Allen, J., Amode, M. R., Armean,
I. M., Bennett, R., Bhai, J., Billis, K., Boddu, S., Cummins, C., Davidson,
C., Dodiya, K. J., Gall, A., Girén, C. G,, Gil, L., Grego, T., Haggerty, L.,
Haskell, E., ... Flicek, P. (2019). Ensembl 2019. Nucleic Acids Research,
47(D1), D745-D751. https://doi.org/10.1093/nar/gky1113

Dobin, A., Davis, C. A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S.,
Batut, P., Chaisson, M., & Gingeras, T. R. (2013). STAR: Ultrafast
universal RNA-seq aligner. Bioinformatics, 29(1), 15-21. https://doi.
org/10.1093/bioinformatics/bts635

Foo, S.-S., Chen, W., Chan, Y., Bowman, J. W., Chang, L.-C., Choi, Y., Yoo,
J. S, Ge, J,, Cheng, G., Bonnin, A., Nielsen-Saines, K., Brasil, P., &
Jung, J. U. (2017). Asian Zika virus strains target CD14(+) blood
monocytes and induce M2-skewed immunosuppression during
pregnancy. Nature Microbiology, 2(11), 1558-1570. https://doi.
org/10.1038/s41564-017-0016-3

Hierholzer, J. C., & Killington, R. A. (1996). Virus isolation and quantita-
tion. In B. W. Mahy, & H. I. Kangro (Eds.), Virology methods manual
(pp. 25-46). London, UK: Academic Press.

Hong, H., Shi, Z., Qiao, P, Li, H., McCoy, E. M., Mao, P., Xu, H., Feng,
X. U., & Wang, S. (2013). Interleukin-3 plays dual roles in osteo-
clastogenesis by promoting the development of osteoclast progen-
itors but inhibiting the osteoclastogenic process. Biochemical and
Biophysical Research Communications, 440(4), 545-550. https://doi.
org/10.1016/j.bbrc.2013.09.098

Hosomi, S., Chen, Z., Baker, K., Chen, L., Huang, Y.-H., Olszak, T., Zeissig,
S., Wang, J. H., Mandelboim, O., Beauchemin, N., Lanier, L. L., &
Blumberg, R. S. (2013). CEACAM1 on activated NK cells inhib-
its NKG2D-mediated cytolytic function and signaling. European
Journal of Immunology, 43(9), 2473-2483. https://doi.org/10.1002/
€ji.201242676

Italiani, P., & Boraschi, D. (2014). From monocytes to M1/M2 macro-
phages: Phenotypical vs. functional differentiation. Frontiers in
Immunology, 5, 514. https://doi.org/10.3389/fimmu.2014.00514

Ka, M. B., Daumas, A., Textoris, J., & Mege, J. L. (2014). Phenotypic diver-
sity and emerging new tools to study macrophage activation in bac-
terial infectious diseases. Frontiers in Immunology, 5, 500. https://
doi.org/10.3389/fimmu.2014.00500

Kanehisa, M., & Sato, Y. (2019). KEGG Mapper for inferring cellular func-
tions from protein sequences. Protein Science, 29(1), 28-35. https://
doi.org/10.1002/pro.3711

Khapli, S. M., Mangashetti, L. S., Yogesha, S. D., & Wani, M. R. (2003).
IL-3 acts directly on osteoclast precursors and irreversibly inhibits
receptor activator of NF-kappa B ligand-induced osteoclast differ-
entiation by diverting the cells to macrophage lineage. The Journal
of Immunology, 171(1), 142-151. https://doi.org/10.4049/jimmu
nol.171.1.142

Kieffer, T. E. C., Faas, M. M., Scherjon, S. A., & Prins, J. R. (2017).
Pregnancy persistently affects memory T cell populations. Journal
of Reproductive Immunology, 119, 1-8.

Kourtis, A. P,, Read, J. S., & Jamieson, D. J. (2014). Pregnancy and infec-
tion. New England Journal of Medicine, 370(23), 2211-2218. https://
doi.org/10.1056/NEJMral1213566

Lanciotti, R. S., Lambert, A. J., Holodniy, M., Saavedra, S., & Signor
Ldel, C. (2016). Phylogeny of Zika virus in Western Hemisphere,
2015. Emerging Infectious Diseases, 22(5), 933-935. https://doi.
org/10.3201/eid2205.160065

Le Gars, M., Kay, A. W,, Bayless, N. L., Aziz, N., Dekker, C. L., Swan, G.
E., Davis, M. M., & Blish, C. A. (2016). Increased proinflammatory
responses of monocytes and plasmacytoid dendritic cells to in-
fluenza A virus infection during pregnancy. Journal of Infectious
Diseases, 214(11), 1666-1671. https://doi.org/10.1093/infdis/
jiw448

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth,
G., Abecasis, G., & Durbin, R. ,. & Genome Project Data Processing,
S (2009). The sequence alignment/map format and SAMtools.
Bioinformatics, 25(16), 2078-2079. https://doi.org/10.1093/bioin
formatics/btp352

Li, Z. Y., Chao, H. H,, Liu, H. Y,, Song, Z. H., Li, L. L., Zhang, Y. J., & Peng,
J. P.(2014). IFN-gamma induces aberrant CD49b(+) NK cell recruit-
ment through regulating CX3CL1: A novel mechanism by which
IFN-gamma provokes pregnancy failure. Cell Death & Disease, 5,
e1512. https://doi.org/10.1038/cddis.2014.470

Mawson, A. R. (2016). Pathogenesis of Zika virus-associated embryop-
athy. Biores Open Access, 5(1), 171-176. https://doi.org/10.1089/
biores.2016.0004

Messias, C. V., Lemos, J. P., Cunha, D. P, Vasconcelos, Z., Raphael, L. M.
S., Bonaldo, M. C., Cister-Alves, B., Bou-Habib, D. C., Cotta-de-
Almeida, V., Savino, W., & Mendes-da-Cruz, D. A. (2019). Zika virus
infects human blood mononuclear cells. BMC Infectious Diseases,
19(1), 986. https://doi.org/10.1186/s12879-019-4622-y

Michlmayr, D., Andrade, P., Gonzalez, K., Balmaseda, A., & Harris, E.
(2017). CD14(+)CD16(+) monocytes are the main target of Zika
virus infection in peripheral blood mononuclear cells in a paediatric
study in Nicaragua. Nature Microbiology, 2(11), 1462-1470. https://
doi.org/10.1038/s41564-017-0035-0

Minhas, A. M., Nayab, A, lyer, S., Narmeen, M., Fatima, K., Khan, M. S.,
& Constantin, J. (2017). Association of Zika virus with myocardi-
tis, heart failure, and arrhythmias: A literature review. Cureus, 9(6),
e1399. https://doi.org/10.7759/cureus.1399

Monaco, G, Lee, B., Xu, W., Mustafah, S., Hwang, Y. Y., Carré, C., Burdin,
N., Visan, L., Ceccarelli, M., Poidinger, M., Zippelius, A., Pedro de
Magalhaes, J., & Larbi, A. (2019). RNA-seq signatures normalized
by mRNA abundance allow absolute deconvolution of human im-
mune cell types. Cell Reports, 26(6), 1627-1640.e1627. https://doi.
org/10.1016/j.celrep.2019.01.041


https://orcid.org/0000-0003-4578-5318
https://orcid.org/0000-0003-4578-5318
https://orcid.org/0000-0001-6231-9955
https://orcid.org/0000-0001-6231-9955
https://orcid.org/0000-0002-4987-4169
https://orcid.org/0000-0002-4987-4169
https://orcid.org/0000-0002-5526-2927
https://orcid.org/0000-0002-5526-2927
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1084/jem.20180722
https://doi.org/10.1084/jem.20180722
https://doi.org/10.1038/nature01658
https://doi.org/10.1038/nature01658
https://doi.org/10.1126/science.aaw7733
https://doi.org/10.1126/science.aaw7733
https://doi.org/10.3389/fimmu.2015.00263
https://doi.org/10.3389/fimmu.2015.00263
https://doi.org/10.1084/jem.185.4.621
https://doi.org/10.1093/nar/gky1113
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1038/s41564-017-0016-3
https://doi.org/10.1038/s41564-017-0016-3
https://doi.org/10.1016/j.bbrc.2013.09.098
https://doi.org/10.1016/j.bbrc.2013.09.098
https://doi.org/10.1002/eji.201242676
https://doi.org/10.1002/eji.201242676
https://doi.org/10.3389/fimmu.2014.00514
https://doi.org/10.3389/fimmu.2014.00500
https://doi.org/10.3389/fimmu.2014.00500
https://doi.org/10.1002/pro.3711
https://doi.org/10.1002/pro.3711
https://doi.org/10.4049/jimmunol.171.1.142
https://doi.org/10.4049/jimmunol.171.1.142
https://doi.org/10.1056/NEJMra1213566
https://doi.org/10.1056/NEJMra1213566
https://doi.org/10.3201/eid2205.160065
https://doi.org/10.3201/eid2205.160065
https://doi.org/10.1093/infdis/jiw448
https://doi.org/10.1093/infdis/jiw448
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1038/cddis.2014.470
https://doi.org/10.1089/biores.2016.0004
https://doi.org/10.1089/biores.2016.0004
https://doi.org/10.1186/s12879-019-4622-y
https://doi.org/10.1038/s41564-017-0035-0
https://doi.org/10.1038/s41564-017-0035-0
https://doi.org/10.7759/cureus.1399
https://doi.org/10.1016/j.celrep.2019.01.041
https://doi.org/10.1016/j.celrep.2019.01.041

LIM ET AL.

13 of 21

Paz-Bailey, G., Rosenberg, E. S., & Sharp, T. M. (2019). Persistence of Zika
virus in body fluids - Final report. New England Journal of Medicine,
380(2), 198-199. https://doi.org/10.1056/NEJMc1814416

Piao, L. X., Cheng, J. H., Aosai, F., Zhao, X. D., Norose, K., & Jin, X. J.
(2018). Cellular immunopathogenesis in primary Toxoplasma gon-
dii infection during pregnancy. Parasite Inmunology, 40(9), e12570.
https://doi.org/10.1111/pim.12570

Qiu, L., Wang, T., Tang, Q., Li, G., Wu, P., & Chen, K. (2018). Long
non-coding RNAs: Regulators of viral infection and the interferon
antiviral response. Frontiers in Microbiology, 9, 1621. https://doi.
org/10.3389/fmich.2018.01621

Ramaiah, A., Contreras, D., Gangalapudi, V., Sameer Padhye, M., Tang,
J., & Arumugaswami, V. (2016). Dysregulation of long non-cod-
ing RNA (IncRNA) genes and predicted IncRNA-protein inter-
actions during Zika virus infection. bioRxiv, 061788. https://doi.
org/10.1101/061788

Robinson, M. D., McCarthy, D. J., & Smyth, G. K. (2010). edgeR: A
Bioconductor package for differential expression analysis of digital
gene expression data. Bioinformatics, 26(1), 139-140. https://doi.
org/10.1093/bioinformatics/btp616

Robinson, M. D., & Oshlack, A. (2010). A scaling normalization method
for differential expression analysis of RNA-seq data. Genome
Biology, 11(3), R25. https://doi.org/10.1186/gb-2010-11-3-r25

Roszer, T. (2015). Understanding the mysterious M2 macrophage
through activation markers and effector mechanisms. Mediators of
Inflammation,2015,816460.https://doi.org/10.1155/2015/816460

Saito, S., Sakai, M., Sasaki, Y., Tanebe, K., Tsuda, H., & Michimata, T.
(1999). Quantitative analysis of peripheral blood ThO, Th1, Th2 and
the Th1:Th2 cell ratio during normal human pregnancy and pre-
eclampsia. Clinical and Experimental Immunology, 117(3), 550-555.
https://doi.org/10.1046/j.1365-2249.1999.00997.x

Sica, A., & Mantovani, A. (2012). Macrophage plasticity and polarization:
In vivo veritas. Journal of Clinical Investigation, 122(3), 787-795.
https://doi.org/10.1172/JCI59643

Silasi, M., Cardenas, I., Kwon, J. Y., Racicot, K., Aldo, P., & Mor, G. (2015).
Viral infections during pregnancy. American Journal of Reproductive
Immunology, 73(3), 199-213. https://doi.org/10.1111/aji.12355

Stelzer, G., Rosen, N., Plaschkes, I., Zimmerman, S., Twik, M., Fishilevich,
S., Stein, T. I, Nudel, R., Lieder, I., Mazor, Y., Kaplan, S., Dahary, D.,

- |
icrobiologyOpen -WILEY

Open Access,

Warshawsky, D., Guan-Golan, Y., Kohn, A., Rappaport, N., Safran,
M., & Lancet, D. (2016). The GeneCards suite: From gene data
mining to disease genome sequence analyses. Current Protocols in
Bioinformatics, 54(1), 1.30.1-1.30.33. https://doi.org/10.1002/cpbi.5

Stocking, C., & Ostertag, W. (1990). Interleukin 3: A multilineage hemato-
poietic growth factor. In A. Habenicht (Ed.), Growth factors, differenti-
ation factors, and cytokines (pp. 115-128). Springer Berlin Heidelberg.

Tilburgs, T., Schonkeren, D., Eikmans, M., Nagtzaam, N. M., Datema, G.,
Swings, G. M., & Claas, F. H. (2010). Human decidual tissue contains
differentiated CD8+ effector-memory T cells with unique prop-
erties. The Journal of Immunology, 185(7), 4470-4477. https://doi.
org/10.4049/jimmunol.0903597

Tuikue Ndam, N., Tornyigah, B., Dossou, A. Y., Escriou, G., Nielsen, M. A.,
Salanti, A, Issifou, S., Massougbodji, A., Chippaux, J.-P., & Deloron,
P.(2018). Persistent Plasmodium falciparum infection in women with
an intent to become pregnant as a risk factor for pregnancy-as-
sociated malaria. Clinical Infectious Diseases, 67(12), 1890-1896.
https://doi.org/10.1093/cid/ciy380

UniProt, C. (2019). UniProt: A worldwide hub of protein knowl-
edge. Nucleic Acids Research, 47(D1), D506-D515. https://doi.
org/10.1093/nar/gky1049

Whitney, A. R., Diehn, M., Popper, S. J., Alizadeh, A. A., Boldrick, J.
C., Relman, D. A., & Brown, P. O. (2003). Individuality and varia-
tion in gene expression patterns in human blood. Proceedings
of the National Academy of Sciences, 100(4), 1896. https://doi.
org/10.1073/pnas.252784499

Zhang, X., Jia, R., Shen, H., Wang, M., Yin, Z., & Cheng, A. (2017).
Structures and functions of the envelope glycoprotein in flavivirus
infections. Viruses, 9(11), 338. https://doi.org/10.3390/v9110338

How to cite this article: Lim SJ, Seyfang A, Dutra S, Kane B,
Groer M. Gene expression responses to Zika virus infection in
peripheral blood mononuclear cells from pregnant and
non-pregnant women. MicrobiologyOpen. 2020;9:e1134.
https://doi.org/10.1002/mbo3.1134



https://doi.org/10.1056/NEJMc1814416
https://doi.org/10.1111/pim.12570
https://doi.org/10.3389/fmicb.2018.01621
https://doi.org/10.3389/fmicb.2018.01621
https://doi.org/10.1101/061788
https://doi.org/10.1101/061788
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1186/gb-2010-11-3-r25
https://doi.org/10.1155/2015/816460
https://doi.org/10.1046/j.1365-2249.1999.00997.x
https://doi.org/10.1172/JCI59643
https://doi.org/10.1111/aji.12355
https://doi.org/10.1002/cpbi.5
https://doi.org/10.4049/jimmunol.0903597
https://doi.org/10.4049/jimmunol.0903597
https://doi.org/10.1093/cid/ciy380
https://doi.org/10.1093/nar/gky1049
https://doi.org/10.1093/nar/gky1049
https://doi.org/10.1073/pnas.252784499
https://doi.org/10.1073/pnas.252784499
https://doi.org/10.3390/v9110338
https://doi.org/10.1002/mbo3.1134

14 0f 21 | LIM €7 AL.

WI _E Y-MicrobiologyOpen

APPENDIX 1

ADDITIONAL DIFFERENTIAL EXPRESSION ANALYSIS OF ZIKV+ AND ZIKV- PBMCS

To check whether genes differentially expressed following ZIKV infection were influenced by IL-3 stimulation, we performed an additional
differential expression analysis between infected (P_ZV, NP_ZV, P_ILZV, and NP_ILZV) and non-infected (P_Ctr, NP_Ctr, P_IL3, and NP_IL3)
cultures. We fitted a separate fitted negative binomial generalized linear model and estimated the common dispersion using edgeR's
estimateDisp function with the robust = TRUE parameter. This resulted in 3936 differentially expressed transcripts, of which 1552 (~39%)
were downregulated, and 2384 (~61%) were upregulated with ZIKV infection. 74% of the 35 most downregulated transcripts in ZIKV*

35 most abundantly expressed protein-coding transcripts across libraries

1.Cytochrome c oxidase 1
~ 2.Cytochrome c oxidase 2
3.Ferritin light chain
— 4 NADH-ubiquinone oxidoreductase chain 3
~ 5.Beta-2-microglobulin
~ 6.NADH-ubiquinone oxidoreductase chain 4
~ 7.ATP synthase subunit a
~ 8.Cytochrome ¢ oxidase subunit 3
9.40S ribosomal protein S27
~ 10.NADH-ubiquinone oxidoreductase chain 2
-~ 11.NADH-ubiquinone oxidoreductase chain 1
- 12.Thymosin beta-10
~ 13.Elongation factor 1-alpha 1
-~ 14 Thymosin beta-4
- 15.Actin, cytoplasmic 1
16.Translationally-controlled tumor protein
- 17.Cytochrome b
18.NADH-ubiquinone oxidoreductase chain 6
~ 19.HLA class | histocompatibility antigen, B-7 alpha chain
- 20.40S ribosomal protein S12
— 21.NADH-ubiquinone oxidoreductase chain 5
22 HLA class |l histocompatibility antigen gamma chain
~ 23.40S ribosomal protein S11
24.60S ribosomal protein L8
- 25.NADH-ubiquinone oxidoreductase chain 4L
- 26.Chitinase-3-like protein 1
— 27.60S ribosomal protein L13a
~ 28.60S ribosomal protein L21
~ 29.60S ribosomal protein L19
- 30.40S ribosomal protein S6
-~ 31.60S acidic ribosomal protein P2
- 32.40S ribosomal protein S18
~ 33.Prosaposin
~ 34.60S ribosomal protein L3
- 35.T cell receptor beta constant 2

log10(TPM)

4

3.5

Figure A1 Log,,-transformed transcript per million (TPM) of gene products of the 35 most abundantly expressed protein-coding transcripts
across all sequenced samples

Figure A2 Log,-fold changes (logFC) of differentially expressed transcripts associated with M1-shifted pro-inflammatory responses and
M2-shifted anti-inflammatory responses between ZIKV* and ZIKV™ PBMCs from (a) pregnant and (b) non-pregnant women. INHBA, inhibin
beta A chain; MRC1, macrophage mannose receptor 1; CCL, C-C motif chemokine; IDO1, indoleamine 2,3-dioxygenase 1; CLEC10A, C-type
lectin domain family 10 member A; TGM2, protein-glutamine gamma-glutamyltransferase 2; IL1RN, interleukin-1 receptor antagonist protein;
EPAS1, endothelial PAS domain-containing protein 1; CD, leukocyte differentiation antigen (cluster of differentiation); FCGR1A, high affinity
immunoglobulin gamma Fc receptor I; NR1H3, oxysterols receptor LXR-alpha; TLR, toll-like receptor; IL, interleukin; ILR, interleukin receptor;
CSF, granulocyte-macrophage colony-stimulating factor; P2RY2, P2Y purinoceptor 2; IFNG, interferon gamma; SOCS1, suppressor of cytokine
signaling 1; STAT, signal transducer and activator of transcription; BTK, Bruton's tyrosine protein kinase; IRF, interferon regulatory factor;
HLA, human leukocyte antigen; IL1R1, interleukin-1 receptor type 1; HIF1A, hypoxia-inducible factor 1-alpha; PTGS2, prostaglandin G/H
synthase 2; NFKB1, nuclear factor NF-kappa-B p105 subunit; CCR, C-C chemokine receptor; TNF, tumor necrosis factor; TGFB1, transforming
growth factor beta-1 proprotein; CD200R1, cell surface glycoprotein CD200 receptor 1; ARG, arginase; VEGFA, vascular endothelial growth
factor A
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Upregulated in ZIKV- controls

Upregulated in ZIKV* PBMCs

RPS6KA2-AS1 SIGLEC1
AC010468.2 PDGFRL
DDX18P5 AR RN IFIT1
TRAJ48 — APOBEC3A
RP11-2J18.1 CXCL10
PRED57 I CXCL11
FOXP1-AS1 ccL8

RP11-533E19.3
RP11-342M21.2
RP11-338E21.3
RP11-567018.1
RP11-832A4.5

BRI

RN

RSAD2
NEURL3
USP18
IFI44L
IFIT3

AC004466.1 COL4A2-AS2
RBBP8P1 ooy CMPK2
RP11-182110.2 AR LiPM
RP6-1107.2 IFI6
GAPDHP61 RN IFI27
RP11-434H14.1 I RP11-44K6.2
TRAJ51 MX1
AKT3-IT1 ccL7
AC137932.6 IDO1
CYP4F3 MYEOV
PA2G4P4 IFIT2
RP11-332H21.2 1SG15
TRAJ46 DDO
TMEM14E AR APOC1
HSP90AB2P RN GMPR

RP11-1191J2.4

APOE

RP11-296K13.4 RP11-288L9.4
AP001429.1 DNASE2B
TRAJ41 I ANKRD29
GPR52 I INTU
AC006014.8 IDO2
OGN I RP11-120C12.3
TAS2R19 | SERPING1

Legend:

-4 -2 0

¥ Pseudogene

logFC

Figure A3 Log,-fold changes (logFC) of the 35 most differentially expressed transcripts between ZIKV* (P_ZV,NP_ZV, P_ILZV, and
NP_ILZV) and ZIKV™ (P_Ctr, NP_Ctr, P_IL3, and NP_IL3) PBMCs. Solid bars represent regular gene transcripts, cross-hatched bars represent
pseudogenes and stippled bars long non-coding RNAs. Abbreviations for regular gene transcripts: TRAJ4, T-cell receptor alpha joining;

CYP453; cytochrome P450 4F3; GPR52, G-protein-coupled receptor 52; OGN, mimecan; TAS2R19, taste receptor type 2 member 19; SIGLECI,
sialoadhesin; PDGFRL, platelet-derived growth factor receptor-like protein; IFIT, interferon-induced protein with tetratricopeptide repeats;
APOBEC3A, apolipoprotein B mRNA editing enzyme catalytic subunit 3A; CXCL, C-X-C motif chemokine; CCL; C-C motif chemokine; RSAD2,
radical S-adenosyl methionine domain-containing protein 2; NEURL3, neuralized E3 ubiquitin-protein ligase 3; USP18, ubiquitin-specific
peptidase 18; IFI44L, interferon-induced protein 44-like; CMPK2, mitochondrial UMP-CMP kinase 2; LIPM, lipase member M; IFl, interferon-
alpha-inducible protein; MX1, interferon-induced GTP-binding protein Mx1; IDO, indoleamine 2,3-dioxygenase; MYEOV, myeloma-
overexpressed gene protein; ISG15, interferon-stimulated gene 15; DDO, D-aspartate oxidase; APO, apolipoprotein; GMPR, GMP reductase
1; DNASE2B, deoxyribonuclease-2-beta; ANKRD29, ankyrin repeat domain-containing protein 29; INTU, protein inturned; SERPING1, plasma
protease C1 inhibitor

relative to uninfected conditions were pseudogenes (n = 15) and long non-coding RNAs (IncRNA; n = 11; Figure A3), although ~66% of the
total downregulated transcripts were protein-coding genes. The most downregulated protein-coding transcripts encoded for T-cell recep-
tor alpha joining proteins (TRAJ; three genes and one pseudogene), uncharacterized proteins (n = 2), cytochrome P450 family 4 subfamily F
Member 3 (CYP4F3), G-protein-coupled receptor 52 (GPR52), mimecan (OGN), and taste receptor type 2 member 19 (TAS2R19; Figure A3).
On the other hand, three (9%) of the 35 transcripts upregulated in ZIKV" relative to uninfected conditions were IncRNAs. 23% (n = 8) of
the most upregulated transcripts in ZIKV" relative to uninfected PBMCs were interferon-induced, including those encoding interferon-in-
duced transmembrane proteins (IFIT1, IFIT2, and IFIT3), interferon-alpha-inducible proteins (IFI6 and IFI27), interferon-induced protein 44
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Figure A4 Log,-fold changes (logFC) of differentially expressed transcripts associated with M1-shifted pro-inflammatory responses and
M2-shifted anti-inflammatory responses between ZIKV* (P_ZV, NP_ZV, P_ILZV, and NP_ILZV) and ZIKV~ (P_Ctr, NP_Ctr, P_IL3, and NP_IL3)
PBMCs. CXCL, C-X-C motif chemokine; CCL; C-C motif chemokine; IDO1, indoleamine 2,3-dioxygenase 1; NR1H3, oxysterols receptor LXR-
alpha; CH13L1, chitinase-3-like protein 1; GM2, protein-glutamine gamma-glutamyltransferase 2; FCGR1A, high affinity immunoglobulin
gamma Fc receptor |; EPAS1, endothelial PAS domain-containing protein 1; IL, interleukin; TLR, toll-like receptor; P2RY2, P2Y purinoceptor 2;
SOCS, suppressor of cytokine signaling; STAT1, signal transducer and activator of transcription 1/alpha-beta; CD86, T-lymphocyte activation
antigen CD86; IRF5, interferon regulatory factor 5; BTK, Bruton's tyrosine protein kinase; HIF1A, hypoxia-inducible factor 1-alpha; NFKB1,
nuclear factor NF-kappa-B p105 subunit; TNF, tumor necrosis factor; TGFB1, transforming growth factor beta-1 proprotein; CD200R1, cell
surface glycoprotein CD200 receptor 1; ARG1, arginase-1

like (IFI44L), MX dynamin-like GTPase 1 (MX1), and an antiviral protein (viperin/RSAD2; Figure A3). Other type | interferon signaling genes
overexpressed in ZIKV" relative to uninfected cultures encoded the signal transducer and activator of transcription proteins (STAT1 and
STAT2; logFC = 1.3 each; Figure A4), 2'-5"-oligoadenylate synthase 2 (OAS1; logFC = 2.7 and OAS3; logFC = 2.6), interferon regulatory factor
(IRF7; logFC = 2.1), nuclear factor kappa B subunit p105 (NFKB1; logFC = 0.4; Figure A4), and toll-like receptor-interacting protein (MYD88;
logFC = 1.1). Chemokine-related transcripts (CCL7, CCL8, CXCL10, and CXCL11) were also among the most upregulated in ZIKV* compared
to uninfected cultures (Figure A3 and Figure A4). Transcripts associated with both pro-inflammatory M1 macrophages and anti-inflamma-
tory M2 macrophages were highly upregulated, but only two M2-associated transcripts, ARG1 encoding arginase-1 and CD200R1 encod-
ing the cell surface glycoprotein CD200 receptor 1 were downregulated in ZIKV* compared to non-infected PBMCs (Figure A4).Table

A1l Participants' information

Age Ethnicity Race Birth country Weeks pregnancy Pregnancy status
25 Non-Hispanic White USA NA Non-pregnant
21 Hispanic White Colombia NA Non-pregnant
38 Non-Hispanic Black USA 7 Pregnant

38 Hispanic White Venezuela 15 Pregnant
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Figure A5 Log,-fold changes (logFC) of the 35 most differentially expressed transcripts between ZIKV* PBMCs from pregnant (P_ZV

and P_ILZV) and non-pregnant women (NP_ZV and NP_ILZV). Solid bars represent regular gene transcripts, cross-hatched bars represent
pseudogenes and stippled bars long non-coding RNAs. Abbreviations for regular gene transcripts: HLA-DRB5, DR beta 5 chain of the

HLA class Il histocompatibility antigen; BIRC7, baculoviral IAP repeat-containing protein 7; DNAAF3, dynein axonemal assembly factor 3;
ZFP57, zinc finger protein 57; MRC1, macrophage mannose receptor 1; ADARB2, double-stranded RNA-specific editase B2; RP11-497H16.6,
B-clucoronidase-like protein SMAS5; KRT73, type Il cytoskeletal 73 keratin; RNF17, ring finger protein 17; AJAP1, adherens junction-associated
protein 1; VSIG4, V-set and immunoglobulin domain-containing protein 4; GNG8, guanine nucleotide-binding protein G(1)/G(S)/G(O) subunit
gamma-8; SLC47A1, multidrug and toxin extrusion protein 1; MARCO, macrophage receptor MARCO; CH25H, cholesterol 25-hydroxylase;
OVCH1, ovochymase 1, KCNMA1, calcium-activated potassium channel subunit alpha-1; CRISP3, cysteine-rich secretory protein 3; CEACAMS3,
carcinoembryonic antigen-related cell adhesion molecule 1; MLXIPL, MLX interacting protein-like; PNMAL1, paraneoplastic antigen-like
protein 8A; FAM203B, protein HGH1 homolog; SNX7, sorting nexin-7; FAM21B, WASH complex subunit 2A; KRT1, type Il cytoskeletal 1
keratin; BHLHA15, class A basic helix-loop-helix protein 15; AIF1L, allograft inflammatory factor 1-like; TRBV10-1, T-cell receptor beta
variable 10-1; RAB17, Ras-related protein Rab-17; NEK2, serine/threonine-protein kinase Nek2; HSPB7, heat shock protein beta-7; RCAN2,
calcipressin-2; MUC16, mucin-16; HBB, hemoglobin subunit beta; IGHA2, immunoglobulin heavy constant alpha 2; UTS2, urotensin-2
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(b) Differentially expressed cardiomyopathy genes
between ZIKV+ pregnant and non-pregnant conditions
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Figure A6 Log,-fold changes (logFC) of differentially expressed (a) osteoclast differentiation and (b) cardiomyopathy genes between
baseline ZIKV+ (P_ZV and NP_ZV) and ZIKV- (P_Ctr and NP_Ctr) PBMCs. IFNG, interferon gamma; LILR, leukocyte immunoglobulin-like
receptor; STAT1, signal transducer and activator of transcription 1/alpha-beta; SOCS3, suppressor of cytokine signaling 3; AKT3, RAC-gamma
serine/threonine-protein kinase; BTK, Bruton's tyrosine protein kinase; NFATC2, nuclear factor of activated T cells, cytoplasmic 2; CAMK4,
calcium/calmodulin-dependent protein kinase type IV; MAPK14, mitogen-activated protein kinase 14; TGFBR, transforming growth factor
beta receptor; SPI1, transcription factor PU.1; TYROBP, TYRO protein tyrosine kinase-binding protein; SIRPA, Signal-regulatory protein alpha;
IFNGR1, interferon gamma receptor 1; NCF2, neutrophil cytosol factor 2; SIRPG/SIRPB1, signal-regulatory protein gamma/beta-1; OSCAR,
osteoclast-associated immunoglobulin-like receptor; FCGR2A, low affinity immunoglobulin gamma Fc region receptor ll-a; FOS, proto-
oncogene c-Fos; IL1R1, interleukin-1 receptor type 1; CTSK, cathepsin K; TREM2, triggering receptor expressed on myeloid cells 2; ADCY5,
adenylate cyclase type 5; ITG, integrin; DMD, dystrophin; TPM2, tropomyosin beta chain; PRKAG, 5'-AMP-activated protein kinase subunit
gamma; ACE, angiotensin-converting enzyme 2
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Table A2 Summary of read qualities before and after trimming
# Bases # Bases (clean Average GC content

# Raw reads # Clean reads (raw reads) reads) Q20 (%) Q30(%) depth (%)

74,395,980 70,713,678 11.2G 10.6G 97.2 92.7 71 49.2
65,876,434 63,735,562 9.9G 9.6G 97.2 92.7 6.3 50.3
62,863,948 56,729,120 9.4G 8.5G 97.1 92.6 5.5 50.6
50,445,536 49,018,202 7.6G 74G 97.3 92.9 4.9 50.4
57,073,364 55,022,010 8.6G 8.3G 97.3 93.1 54 49.9
54,009,684 52,060,670 8.1G 7.8G 97.0 92.3 5.1 50.5
53,231,182 51,597,452 8.0G 77G 97.2 92.7 5.2 49.8
57,493,344 55,393,380 8.6G 8.3G 97.1 92.6 5.5 50.5

P_ILZV
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