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A B S T R A C T   

Zika virus (ZIKV) is an arbovirus that belongs to the Flaviviridae family and inflammatory responses play a critical 
role in ZIKV pathogenesis. As a first-line defense, monocytes are key components of innate immunity and host 
response to viruses. Monocytes are considered the earliest blood cell type to be infected by ZIKV and have been 
shown to be associated with ZIKV pathogenesis. The first ZIKV epidemic was reported in Africa and Asia 
although, it is less well known whether African- and Asian- lineages of ZIKV have different impacts on host 
immune response. We studied the pro-inflammatory and antiviral response of ZIKV-infected monocytes using 
publicly available RNA-seq analysis (GSE103114). We compared the transcriptomic profiles of human monocytes 
infected with ZIKV Puerto Rico strain (PRVABC59), American-Asian lineage, and ZIKV Nigeria strain 
(IBH30656), African lineage. We validated RNA-seq results by ELISA or RT-qPCR, in human monocytes infected 
with a clinical isolate of ZIKV from Colombia (American-Asian lineage), or with ZIKV from Dakar (African 
lineage). The transcriptomic analysis showed that ZIKV Puerto Rico strain promotes a higher pro-inflammatory 
response through TLR2 signaling and NF-kB activation and induces a strong IL27-dependent antiviral activity 
than ZIKV Nigeria strain. Furthermore, human monocytes are more susceptible to infection with ZIKV from 
Colombia than ZIKV from Dakar. Likewise, Colombian ZIKV isolate activated IL27 signaling and induced a robust 
antiviral response in an IFN-independent manner. Moreover, we show that treatment of monocytes with IL27 
results in decreased release of ZIKV particles in a dose-dependent manner with an EC50 =2.870 ng/mL for ZIKV 
from Colombia and EC50 =10.23 ng/mL to ZIKV from Dakar. These findings highlight the differential inflam-
matory response and antiviral activity of monocytes infected with different lineages of ZIKV and may help better 
management of ZIKV-infected patients.   

1. Introduction 

Zika virus (ZIKV) is an arbovirus member of Flaviviridae family, 
Flavivirus genus. ZIKV has a single-strand positive-sense RNA (ssRNA+) 
genome that encodes a single polyprotein, which is processed by viral 
and cellular proteases into three structural proteins, capsid (C), pre- 
membrane (prM), and envelope (E), involved in the assembly of new 
viral particles; and seven non-structural (NS) proteins, NS1, NS2A, 
NS2B, NS3, NS4A, NS4B, and NS5, involved in viral genome replication, 
polyprotein processing, particle assembly and evasion of innate antiviral 
response (Chambers et al., 1990; Wang et al., 2017). ZIKV is transmitted 
to humans by biting of infected female mosquitoes of the Aedes genus. 
However, human-to-human transmission of ZIKV has also been 

reported, including sexual contact, blood transfusion, and vertical 
transmission from mothers to the fetus (Magnus et al., 2018; Miner and 
Diamond, 2017; Pierson and Diamond, 2018). 

ZIKV was identified in Africa in 1947 (Dick et al., 1952). Two 
phylogenetic lineages, Asian and African were reported (Basarab et al., 
2016). African prototype strain (MR-766) was isolated in Uganda, while 
the Asian lineage was responsible for the epidemic outbreaks in 
Micronesia (2007), French Polynesia (2013), and South and Central 
America in 2014 (Weaver et al., 2016), causing increasing public health 
concern. Phylogenetic analyses using ZIKV genomes show that Asian 
lineage strains are grouped into the American, Pacific, and Southeast 
Asian subtypes, with several differences in their amino acid sequences 
(Hashimoto et al., 2017). African ZIKV isolate (MR-766) is more virulent 
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and causes more severe brain damage than asian ZIKV (MEX1–44) after 
intracranial infection in mice (Shao et al., 2017); african ZIKV strains 
also induces a higher cytopathic effect in human placental trophoblast as 
compared to asian ZIKV strains in vitro (Sheridan et al., 2018). Further 
studies in mice models of ZIKV infection showed that American ZIKV 
strains induce more severe neurological disorders and a higher inflam-
matory responses as compared with Southeast Asian strain (Zhang et al., 
2017). 

Although most ZIKV–infected patients are asymptomatic, ZIKV is the 
etiological agent of Zika fever (ZIKF), a self-limited disease character-
ized by maculopapular rash, headache, joint pain, conjunctivitis, and 
myalgia (Kelser, 2016). However, during the ZIKV outbreak in 
South-center America, there was increase in severe pathologies associ-
ated with ZIKV infection, including neurological disorders such as 
Guillain-Barré and alice in wonderland syndromes in adults (Pan-
iz-Mondolfi et al., 2018), teratogenesis and microcephaly in newborns 
(Azevedo et al., 2018; de Oliveira et al., 2017). Thus, African- and Asian- 
lineage of ZIKV appear to differ in virulence from the newly evolved 
American-subtype ZIKV emerging as important global health problem 
(Esser-Nobis et al., 2019). Indeed, neurological disorders associated 
with American-subtype ZIKV has been associated with viral genetic 
changes present only in contemporary American strains of Asian lineage, 
including an additional N-glycosylation motif in E protein which is ab-
sent in ancestral African and Asian ZIKV lineages, and which has been 
associated with an increase in ZIKV virulence (Carbaugh et al., 2019; 
Pierson and Diamond, 2018; Valdés López et al., 2019). 

In mammals, the first line of defense against viral infections is the 
innate immune response through the pattern recognition receptors 
(PRRs), including Toll-like receptors (TLRs) (Brubaker et al., 2015). 
TLRs sense foreign and conserved microbial components called 
pathogen-associated molecular patterns (PAMPs), that activate 
signaling pathways and induce both pro-inflammatory and antiviral 
responses (Kawai and Akira, 2010). Among TLRs, it has been reported 
that TLR3 (Dang et al., 2016; Faizan et al., 2017; Hamel et al., 2015), 
and TLR7/8 (Luo et al., 2018; Vanwalscappel et al., 2018) play a crucial 
role in detecting ZIKV RNAs. Induction of pro-inflammatory response by 
TLRs is dependent of nuclear factor-κB (NF-κB) activation, a family of 
structurally related transcription factors [NF-κB1, NF-κB2, RELA, RELB, 
c-REL, and IκBα (negative regulator)] activated by diverse stimuli, 
including ligands of some cytokine receptors and PRRs. NF-kB activation 
induces coordinated transcription of NF-kB-target genes, including 
pro-inflammatory cytokines [Tumoral necrosis factor-α (TNFα)], In-
terleukins [(IL)− 1β (IL1β), IL6, and IL12p40], chemokines (CXCL1 and 
CXCL8/IL8), and enzymes such as cyclooxygenase 2 (COX2) that pro-
mote inflammatory response in different cell types (Valdés-López et al., 
2022). 

The acute phase of ZIKF is characterized by high serum levels of pro- 
inflammatory cytokines in patients, including TNFα, IL1β, IL2, IL4, IL6, 
IL9, IL10, IL13, and IL17, which is correlated with disease severity (da 
Silva et al., 2019; Kam et al., 2017; Tappe et al., 2016). Furthermore, 
ZIKV-infected cells secrete cytokines with antiviral activity, including 
Interferons (IFNs). Interferons are a group of cytokines that regulate the 
immune system and induce the antiviral state in cells (Stetson and 
Medzhitov, 2006). Three types of IFNs have been reported (Sen, 2001), 
Whereas type I IFN [IFN-I (IFNα, β, ε, κ, ω, ζ)] bind to IFN alpha/beta 
receptor complex [IFNAR (IFNAR1/IFNAR2)] (Piehler et al., 2012), type 
II IFN [IFN-II (IFNγ)] signals through IFN gamma receptor complex 
[IFNGR (IFNGR1/IFNGR2)] (Pestka et al., 2004). Type III IFNs (IFN-III) 
have three members [IFNλ1 (IL29), IFNλ2 (IL28A), and IFNλ3 (IL28B)] 
that bind to the IFN-lambda receptor complex [IFNLR (IFNLR1/IL10RB) 
(Kotenko et al., 2003). Interaction of IFNs with their receptors on cell 
surface activate Janus kinase (JAK) signaling pathway which phos-
phorylates and activates heterodimers of signal transducer and activator 
of the transcription 1 (STAT1) and STAT2 (in case of IFN-I and IFN-III), 
or homodimers of STAT1 (in case of IFN-II). Subsequently, these protein 
complex are translocated to the nucleus where they induce coordinated 

expression of IFN-stimulated genes (ISGs) encoding antiviral proteins 
(AVPs) such as ISG15, 2′ − 5′-oligoadenylate synthetases (OAS) family 
proteins, double-stranded RNA-activated protein kinase R (PKR), and 
viperin (Faizan et al., 2017; Sen, 2001; Stetson and Medzhitov, 2006; 
Tappe et al., 2016) among others, implicated in control of ZIKV repli-
cation (Piehler et al., 2012). Several studies have reported that ZIKV 
replication can be inhibited by type I IFNs in vitro and in vivo. In primary 
skin fibroblast pre-treated with IFNα or IFNβ, ZIKV replication was 
shown to be decreased as compared to untreated cells (Hamel et al., 
2015). Mice lacking IFNAR1 or IRF3/5 and 7 showed more severe 
neurological disease compared to wild type mice (Lazear et al., 2016). 
This was linked to the expression of ISGs, including IFIT1–3, Viperin and 
OAS1 in primary human dendritic cells (DCs; Hertzog et al., 2018). 
Furthermore, the silencing or overexpression of the ISG protein IFITM3 
enhanced or reduced, respectively, ZIKV replication in HeLa cells 
(Savidis et al., 2016). Together, the results suggest a key role for IFNs in 
control of ZIKV replication. 

In recent years, a non-canonical ISGs induction pathway dependent 
on interleukin 27 (IL27) has been reported. IL27, a member of the IL12 
family of cytokines, is a heterodimeric protein composed of IL27p28 and 
Epstein-Barr virus-induced 3 (EBI3) subunits (Pflanz et al., 2002; 
Rousseau et al., 2010). Both IL27 subunits have diferential transcrip-
tional regulation and are induced by activation of transcription factors 
IRF1 and IRF7 for IL27p28, and NF-kB1 for EBI3 (Valdés-López et al., 
2022). IL27 signal through IL27 receptor (IL27R), a heterodimeric 
complex that consists of signal-transducing glycoprotein 130 (gp130) 
and the orphan cytokine receptor IL27Rα (Yoshida and Hunter, 2015), 
that trigger JAK-STAT signaling and activate STAT1 and STAT3 tran-
scription factors (Huber et al., 2008; Kwock et al., 2020; Pflanz et al., 
2004). IL27 is secreted by activated endothelial cells and antigen pre-
senting cells (APC), including DCs, macrophages and monocytes (Hall 
et al., 2012), and induces both pro- and anti-inflammatory responses. 
Further, it has been reported that IL27 induces robust antiviral response 
through STAT1 and IL27RA, independent of STAT2, TYK2, and IFNAR1. 
Thus, IL27 activates STAT1, which translocates into the nucleus to in-
duces transcription of ISGs containing gamma-interferon activated site 
(GAS) elements in the promoter (Kwock et al., 2020; Valdés-López et al., 
2022). Interestingly, Kwock reported that human epidermal keratino-
cytes (hNEK) treated with recombinant IL27, induce innate antiviral 
proteins expression that protect against ZIKV infection (Kwock et al., 
2020). 

Although monocytes are phagocytic cells of innate immune sytem 
that act as first-line of defense against viral infection, they have been 
shown to associate with ZIKV infection/transmission and pathogenesis. 
Monocytes are the main target cells of ZIKV infection in humans. Both in 
vitro and ex vivo experiments have shown that monocytes constitute 84% 
of peripheral blood mononuclear cells (PBMCs) infected by ZIKV 
(Michlmayr et al., 2017). Further, ZIKV-infected monocytes can infil-
trate immunoprotective organs, leading to the spread of ZIKV in 
different tissues, including the central nervous system through a 
mechanism known as "Trojan horses”. Eventhough monocytes are the 
main targets of ZIKV infection in humans, their role in the induction of 
pro-inflammatory and antiviral response is less well understood. Here, 
we performed comparative analysis of the funtional response of human 
monocytes to infection by ZIKV Puerto Rico strain (PRVABC59; 
American-Asian lineage), and ZIKV Nigeria strain (IBH30656; African 
lineage), using publicly available RNA-seq (Khaiboullina et al., 2017). 
Furthermore, the expression of a set of genes identified by transcriptome 
analysis was confirmed in human monocytes infected with ZIKV isolates 
from Colombia (American-Asian lineage), or with ZIKV from Dakar 
(African lineage) by ELISA and/or RT-qPCR. 
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2. Materials and methods 

2.1. Ethics statement 

The protocols for individual enrollment and sample collection were 
approved by the Committee of Bioethics Research of Sede de Inves-
tigacion Universitaria, Universidad de Antioquia (Medellín, Colombia), 
and inclusion was preceded by a signed informed consent form, ac-
cording to the principles expressed in the Declaration of Helsinki. Be-
tween 4–5 healthy donors from Medellín, Colombia were involved in 
this study. 

2.2. Cells lines, ZIKV stocks and viral titration 

Aedes albopictus derived C6/36-HT cells (ATCC) were grown in Lei-
bovitz’s L-15 Medium (L-15; Sigma-Aldrich) supplemented with 5% 
heat-inactivated fetal bovine serum (FBS; Gibco, Thermo Fisher Scien-
tific, Massachusetts, USA) and 1% antibiotic-antimycotic solution 
(Corning, New York, USA), and incubated at 34 ◦C in cell culture flasks 
at a density of 1 × 105–1 × 106 cells/mL. 

ZIKV Colombia strain (GenBank: MH179341.1) was isolated from 
mosquitoes (kindly gifted by Professor Blanco P. Universidad de Sucre, 
Colombia) and is a member of America-Asian lineage ZIKV. ZIKV Dakar 
41,525 (GenBank: MG758785.1) is a member of African lineage ZIKV. 
All Zika virus strains were obtained by grown in C6/36-HT cells, using a 
multiplicity of infection (MOI) of 0.01. Virus culture supernatants were 
stored at − 80 ◦C and titrated by plaque assay on BHK-21 cells (clone 15, 
ATCC). 

2.3. Culture of primary human monocytes 

Human peripheral blood mononuclear cells (PBMCs) from blood 
samples of healthy donors and mixed with 2% (v/v) EDTA, were isolated 
through density gradient with Lymphoprep (STEMCELL Technologies 
Inc, Vancouver, Canada) by centrifugation at 850 x g for 21 min, as 
previously described (Valdés López et al., 2020). Platelet depletion was 
performed by washing with PBS 1X (Sigma-Aldrich) three times at 250 x 
g for 10 min and the percentage of CD14 positive cells was determined 
by flow cytometry. To obtain monocytes, 24-well plastic plates were 
scratched with a 1000 μL pipette tip and seeded with 5 × 105 CD14 
positive cells per well and allowed to adhere for 2 h in RPMI-1640 
medium (Sigma-Aldrich) supplemented with 0.5% autologous serum 
or plasma, 4 mM L-glutamine, and 0.3% NaCO3 and cultured at 37 ◦C 
and 5% CO2. Non-adherent cells were removed by washing twice with 
PBS 1X and monocytes were cultured in RPMI-1640 medium supple-
mented with 10% FBS, 4 mM L-glutamine, 0.3% NaCO3, and 1% 
antibiotic-antimycotic solution 100X (complete medium) and incubated 
at 37 ◦C and 5% CO2 overnight, as previously described (Valdés López 
et al., 2020; Valdés López and Urcuqui-Inchima, 2018). 

2.4. In vitro ZIKV infection of human monocytes 

ZIKV from Colombia (1.1 × 107 PFU/mL) and ZIKV from Dakar (5.0 
× 107 PFU/mL) were used to infected human primary monocytes at MOI 
5 in serum-free RPMI-1640 and the samples were incubated at 37 ◦C for 
1.5 h. An hour and a half after infection, the cells were washed with PBS 
1X to remove the unbound virus and fresh complete medium was added. 
Cells were incubated at 37 ◦C and 5% CO2, and culture supernatants and 
cell lysates were collected at 6, 12, 24, 48, and 72 hours post-infection 
(hpi) and stored at − 80 ◦C. 

2.5. Bioinformatic analysis of previously published RNA-seq datasets and 
prediction of cell signaling pathways activation 

We reanalyzed the publicly available RNA-seq GSE103114 (GEO) 
(Khaiboullina et al., 2017) obtained from human monocytes infected 

with an American-Asian ZIKV strain [ZIKV Puerto Rico strain 
(PRVABC59)] or an African ZIKV strain [ZIKV Nigeria strain 
(IBH30656)] at MOI 0.1. The data analysis was performed using the 
DESeq library in RStudio (Version 3.6.3). mRNA expression dataset was 
filtered to remove low-expressed genes (less than 32 counts). To deter-
mine the differentially expressed genes (DEG), we used the edgeR 
package of R software where the false discovery rate (FDR) < 0.05 and 
the |Log2 Fold Change (FC) (ZIKV-Infected monocytes/Uninfected 
monocytes) |> 0.6 (|log2FC|> 0.6), were used as the threshold to 
determine the statistically significant difference in gene expression. 
Each Gene Ontology (GO) was performed with the BiNGO Cytoscape 
plugin, using a hypergeometric test with a Benjamini-Hochberg False 
Discovery Rate correction, to identify significant functions of the DEGs. 
A p < 0.05 was used to identify enriched processes. 

To predict the activation of cell signaling pathways, we quantify 
mRNA expression (log2FC) of some immune biomarkers associated with 
TLR signaling pathway, NF-κB-complex, NF-κB-target genes, IRFs, in-
ductors of antiviral response, IL27 signaling pathway, ISGs, STAT1- 
dependent cytokines, and STAT1-dependent CC- and CXC-chemokines 
as was previously reported (Valdés-López et al., 2022). 

2.6. Real-time RT-qPCR 

Total RNA was extracted from ZIKV-infected monocytes using the 
Quick-RNA™ Miniprep Kit (Zymo Research, USA), following the man-
ufactureŕs instructions and the concentration was determined using 
NanoDrop-1000 spectrophotometer (Thermo Scientific, Wilmington, 
DE). The RNA was used to synthesize copy DNA (cDNA) using the 
commercial RevertAid Minus First Strand cDNA Synthesis Kit (Thermo 
Scientific, NH, USA), following the manufactureŕs instructions. The 
following gene-specific primer pairs were used TLR2 forward: 5′- 
GGCCAGCAAATTACCTGTGTG-3′, and reverse: 5′- CCAGGTAGGT 
CTTGGTGTTCA-3′. TLR7 forward:TCTACCTGGGCCAAAACTGTT, and 
reverse: GGCACATGCTGAAGAGAGTTA. IL27p28 mRNA: forward: 5′- 
GAGCAGCTCCCTGATGTTTC-3′, and reverse: 5′-AGCTGCATCCTCTC-
CATGTT-3′. EBI3 forward: 5′- TGGCTCCCTACGTGCTCAAT-3′, and 
reverse: 5′-GAGGGTCGGGCTTGATGATGT-3′. STAT1 forward: 5′- 
GGCAAAGAGTGATCAGAAACAA-3′, and reverse: 5′-GTTCAGTGA-
CATTCAGCAACTC-3′. PKR forward: 5′-GGTACAGGTTCTACTAAACA- 
3′, and reverse: 5′- GAAAACTTGGCCAAATCCACC-3′. Viperin forward: 
5′-AAATGCGGCTTCTGTTTCCAC-3′, and reverse: 5′-TTGATCTTCTC-
CATACCAGCTTCC-3′. OAS1 forward: 5′-GTGTGTCCAAGGTGG-
TAAAGG-3′, and reverse: 5′-CTGCTCAAACTTCACGGAA-3′. β- Actin 
forward: 5′-ATCTGGCACCACACCTTCTACAATGA-3′, and reverse: 5′- 
CGTCATACTCCTGCTTGCTGATCCAC-3′. Real-Time RT-qPCR amplifi-
cations were carried out using the Maxima SyBR-Green system (Thermo 
Scientific, Wilmington, DE, USA). The Bio-Rad CFX manager was used to 
obtain the cycle thresholds (Ct), that were determined for each sample 
using a regression fit in the linear phase of the PCR amplification curve. 
Relative expression (mRNA) of each target gene was normalized to the 
uninfected control and housekeeping gene β-actin, using ΔΔCt method 
and |Log2 Fold Change| > 0.6 were used as the threshold to determine 
the significant difference in gene expression. n = 4 or 5. 

2.7. Cytokines and chemokines quantification 

Protein levels of TNFα, IL1β, IL6, CXCL8/IL8, and IL10 were quan-
tified in culture supernatants of ZIKV-infected monocytes using ELISA 
(MAX™ Deluxe Set Human) following the manufactureŕs instructions 
(BD Biosciences, San Jose, CA, USA). 

The detection limit was 2 pg/mL for TNFα, 0.5 pg/mL for IL1β, 4 pg/ 
mL for IL6, 8 pg/mL for CXCL/8IL8, and 2 pg/mL for IL10. 

2.8. In vitro antiviral assay 

Human monocytes were pre-treated for 6 h with increasing 
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concentrations of recombinant-human IL27 (BioLegend) or 25 ng/mL of 
recombinant-human IFNβ1 (STEMCELL Technologies Inc) as control. 
Then, human monocytes were infected with ZIKV Colombia or ZIKV 
Dakar at MOI 5, as describe above, and culture supernatants were ob-
tained at 24 hpi and stored at − 80 ◦C. 

2.9. Statistical analysis 

Statistical analysis was performed using GraphPad Prism 8.0.1 
(GraphPad Software Inc. San Diego, CA, USA). Shapiro-Wilks test for 
normality of data was performed. The statistical tests are indicated in 
the figure legends. Data are represented as mean ± SEM. Significant 
results were defined as p<0.1 (.), p<0.05 (*), p<0.01 (**), p<0.001 
(***). 

3. Results 

3.1. Human monocytes are more susceptible to infection with ZIKV 
Colombia (American-Asian lineage) than with ZIKV Dakar (African 
lineage) 

Previous reports showed that primary monocytes are susceptible to 
ZIKV infection in vitro (Michlmayr et al., 2017). However, a detailed 
kinetics of ZIKV replication in human monocytes has not been reported. 
We evaluated the permissiveness of primary human monocytes to ZIKV 
Colombia infection and evaluated viral replication at 6, 12, 24, 48, and 
72 hpi (Fig. 1A). We observed low levels of infectious viral particles 
released at 6 and 12 hpi. However, at 24 to 72 hpi higher production of 
infectious viral particles were observed, with a peak at 48 hpi (~2 × 105 

PFU/mL; Fig. 1A). 
Next, we performed a comparative analysis of monocytes suscepti-

bility to ZIKV Colombia and ZIKV Dakar infections. We observed that 
ZIKV Dakar-infected monocytes released higher amounts of infectious 
viral particles than ZIKV Colombia-infected monocytes at 12 hpi 
(Fig. 1B). However, ZIKV Colombia-infected monocytes showed signif-
icantly higher infectious viral particles than ZIKV Dakar-infected 
monocytes at 24 and 48 hpi (Fig. 1B). Overall, results suggest that 
human monocytes are susceptible to both ZIKV Colombia and ZIKV 
Dakar infection, but ZIKV Dakar has faster viral replication as compared 
to ZIKV Colombia. 

3.2. Human monocytes infected with ZIKV Puerto Rico strain 
(PRVABC59) and ZIKV Nigeria strain (IBH30656) induce different 
transcriptional profiles 

To evaluate transcriptional response of human monocytes to 
American-Asian ZIKV and African ZIKV infection, we reanalyzed pub-
licly available RNA-seq data GSE103114 (GEO) (Khaiboullina et al., 

2017) from human monocytes infected with ZIKV Puerto Rico strain 
(PRVABC59, an American-Asian ZIKV strain), or with ZIKV Nigeria 
strain (IBH30656, an African ZIKV strain) for 12 h. Sample variance in 
the RNA-seq datasets were done using principal component analysis 
(PCA) (Fig. 2A). PCA plot showed three clusters: ZIKV Puerto 
Rico-infected monocytes, ZIKV Nigeria-infected monocytes and unin-
fected monocytes (Mock), indicating differential transcriptional profiles 
between groups. The principal components (PC1 and PC2) explain 
92.3% of the variance in the RNA-seq, suggesting that changes in tran-
scriptional profile of monocytes is dependent of ZIKV infection. 

To define differentially expressed genes (DEGs), we selected genes 
with a FDR< 0.05 and |Log2 FC (ZIKV-infected monocytes/Uninfected 
monocytes) |> 0.6. Of the 57.774 genes interrogated by RNA-Seq; 930 
were up-regulated and 917 down-regulated in ZIKV Puerto Rico strain 
infected monocytes (Fig. 2B). Further, 748 genes were up-regulated and 
724 down-regulated in ZIKV Nigeria strain infected monocytes (Fig. 2C). 
We noted that ZIKV Puerto Rico strain -infected monocytes up-regulated 
genes related to inflammatory and antiviral response. Among these were 
pro-inflammatory cytokines TNFα, IL1β, and IL6; chemokines CCL2, 
CCL3, CCL5, CCL7, CCL8, CXCL1, CXCL2, CXCL3, and CXCL5; and AVPs 
including GPB2, ISG15, DDX58/RIG-I, MX1, MX2, OAS1–3, and RSAD2/ 
Viperin. Although the number of genes involved in the induction of 
inflammatory response was similar in ZIKV Nigeria strain -infected 
monocytes (Fig. 2C), the number of antiviral response genes was lower. 
Together, results show that although the monocytes infected with ZIKV 
Puerto Rico strain or ZIKV Nigeria strain induce expression of genes 
involved in the induction of pro-inflammatory response, only ZIKV 
Puerto Rico-infected monocytes strongly up-regulated the expression of 
genes involved in the induction of antiviral response. These results 
suggest that infection with American-Asian and African lineage of ZIKV 
induces a diferential antiviral response in human monocytes. 

We identified 601 commonly up-regulated DEGs in human mono-
cytes infected with ZIKV Puerto Rico or ZIKV Nigeria, that are associated 
with the induction of immune and antiviral response (Fig. 3A), including 
pro- and anti-inflammatory cytokines (TNFα, IL1α, IL1β, IL6, IL10, and 
IL19), CC- and CXC-chemokines (CCL2, CCL3, CCL4, CCL5, CCL7, CCL8, 
CCL20, CCL24, CXCL1, CXCL2, CXCL3, CXCL5, CXCL8/IL8, and 
CXCL16), NF-kB complex (NF-kB1, NF-kB2, and IκBα), inflammasome 
components (NLRP3, and CASP1), antiviral proteins (IDO1, IFI6, 
IFITM3, ISG15, OAS3, and Viperin), and JAK-STAT signaling pathway 
(SOCS1, and SOCS3). Furthermore, ZIKV Puerto Rico strain-infected 
monocytes induced 415 unique DEGs (Fig. 3A), including AVPs such 
as GBP2, IFI35, IFIT3, MX1, MX2, OAS1, OAS2, OASL, RIG-I, and TRIM- 
family proteins, suggesting that ZIKV Puerto Rico infection induces 
higher level of antiviral response than ZIKV Nigeria. On the other hand, 
ZIKV Nigeria-infected monocytes up-regulated 211 unique DEGs, 
including the proteasome subunit (PSM) family of genes (Fig. 3A), that 
negatively regulate NF-kB expression during viral infections (Krishnan 

Fig. 1. Primary human monocytes are sus-
ceptible and permissive to Zika virus infection. 
Primary human monocytes were infected using 
a ZIKV clinical isolate from Colombia, 
(MH179341.1) or ZIKV strain from Dakar, 
(MG758785.1) at MOI 5. (A) ZIKV Colombia 
replication kinetic in monocytes. Viral replica-
tion was quantified by plaque assay at 
6,12,24,48 and 72 hpi. Data are represented as 
mean ± SEM. n = 5. Repeated measures 
ANOVA test was performed (p = 0.022). B. 
ZIKV Colombia and ZIKV Dakar replication ki-
netic in monocytes. Viral replication was 
quantified by plaque assay at 12,24,48 hpi. 
Data are represented as mean ± SEM. n = 4. 
Mann-Whitney test was performed for each 
time. Signif. codes: ’***’ 0.001; ’**’ 0.01; ’*’ 
0.05.   

L.J. Hernández-Sarmiento et al.                                                                                                                                                                                                             



Virus Research 325 (2023) 199040

5

et al., 2021). Next we performed Gene Ontology analysis of common 
(Fig. 3B) and unique DEGs induced by ZIKV Puerto Rico (Fig. 3C) or 
ZIKV Nigeria (Fig. 3D) infection of human monocytes. Common DEGs 
were classified into 23 biological processes; 20 associated with inflam-
matory responses and 3 with antiviral response and one linked with 
inflammatory and antiviral response (cellular response to virus process). 
TLR2 signaling pathway was the most enriched (Fold Enrichment=
28.26) with 4 up-regulated genes (TLR2, RIPK2, PIK3AP1, and TNIP2) 
associated with induction of inflammatory response (Fig. 3B). Unique 
DEGs of ZIKV Puerto Rico were classified into 14 biological processes; 8 
associated with inflammatory responses and 6 with antiviral responses 
(Fig. 3C), whereas unique DEGs of ZIKV Nigeria were classified into 6 
biological processes linked mainly with proteasome complex (Fig. 3D). 
Together, results suggest that ZIKV Puerto Rico and ZIKV Nigeria 
infection in human monocytes lead to differential transcriptomic pro-
files associated with the induction of pro-inflammatory and antiviral 
response. 

3.3. ZIKV infection modulates mRNA levels of TLR2 signaling 
components and induces robust NF-kB-dependent pro-inflammatory 
response in human monocytes 

Since our reanalyzed RNA-seq dataset GSE103114 (GEO) (Khai-
boullina et al., 2017) showed that TLR2 signaling was the most enriched 
process, we focused in the signaling pathway of this PRR. We observed 
that both ZIKV Puerto Rico- and ZIKV Nigeria-infected monocytes 
up-regulated expression of TLR2 signaling compounds, including TLR2, 
but TLR1, TLR4, TLR5, TLR6, TLR7, and TLR8 mRNA levels were 
down-regulated (Fig. 4A); Among the components of TLRs pathway 
IRAK2 and IRAK3 were up-regulated (Fig. 4B). Further, we observed 
significant expression of NF-κB components, including NF-κB1, NF-κB2, 
RELA, RELB, and IκBα (Fig. 4C), and NF-κB-target genes such as COX2, 
CXCL1, CXCL8/IL8, IL1β, IL6, and TNFα (Fig. 4D). 

The RNA-seq results were validated by monitoring expression levels 
of TLR2 and TLR7 in monocytes infected with ZIKV Colombia (Amer-
ican-Asian lineage) or ZIKV Dakar (African lineage) at 12, 24, and 48 hpi 
by RT-qPCR. We found significant upregulation of TLR2 (Fig. 4E) and 
TLR7 (Fig. 4F) mRNA in ZIKV Colombia-infected monocytes (at 12 hpi), 

Fig. 2. Transcriptional response of human monocytes to ZIKV Puerto Rico and ZIKV Nigeria strains infection. The publicly available RNA-seq GSE103114 (GEO) 
(Khaiboullina et al., 2017) was reanalized. Differentially expressed genes (DEGs) in ZIKV Puerto Rico (PRVABC59) and ZIKV Nigeria (IBH30656)- infected mono-
cytes. Monocytes were infected with two ZIKV strains, at MOI 0.1 for 2 h, independently. Monocytes were collected at 12 hpi and RNA was subjected for differential 
gene expression by RNA-seq. A. Principal component analysis (PCA). Principal Component Analysis (PCA) plot shows three clusters: ZIKV Puerto Rico-infected 
monocytes (Black), ZIKV Nigeria-infected monocytes (Dark gray), Mock (Light gray), each one with n = 2 biological replicates. MA plot of Differentially 
expressed genes (DEGs). MA plot shows DEGs in ZIKV Puerto Rico-infected monocytes (B) and DEGs in ZIKV Nigeria-infected monocytes (C). The Log2 FC indicates 
the mean expression level for each gene and RPKM indicates Reads Per Kilobase Million for each gene. A Log2 FC of 0.6 and − 0.6 was considered as up-regulation or 
down-regulation of gene expression, respectively. 
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and lower expression was observed in ZIKV Dakar-infected monocytes. 
Additionally, we quantifited the production of pro- and anti- 
inflammatory cytokines in culture supernatants by ELISA. As observed 
in the transcriptomic analysis, we found that ZIKV Colombia-infected 
monocytes induce higher levels of IL1β (Fig. 5A), IL6 (Fig. 5B), TNFα 
(Fig. 5C), and IL10 (Fig. 5D) as compared to ZIKV Dakar-infected 
monocytes at 12, 24, and 48 hpi. Our results suggest that ZIKV 
Colombia induces a higher pro-inflammatory response than ZIKV Dakar 
in human monocytes. However, ZIKV Dakar-infected monocytes pro-
duce significantly higher protein levels of CXCL8/IL8 at 12, 24, and 48 
hpi than ZIKV Colombia-infected monocytes or uninfected cells 
(Fig. 5E), consistent with CXCL8/IL8 mRNA expression observed in the 
RNA-seq (Fig. 4D). 

Together, the results indicate that infection of human monocytes by 
American-asian ZIKV strains induces TLR2 signaling and activates NF- 
kB complex to promote a robust NF-kB-dependent pro-inflammatory 
response which could be associated with immunopathogenesis of ZIKF 
in humans. 

3.4. American-Asian ZIKV strains induce robust interleukin 27-dependent 
antiviral response in human monocytes 

Analysis of RNA-seq dataset GSE103114 (GEO) (Khaiboullina et al., 
2017) of monocytes infected with ZIKV Puerto Rico and ZIKV Nigeria 
showed neither IFN-I (IFNα1 and IFNβ1), nor IFN-II (IFNγ) IFN-III 
(IFNλ1) expression at 12 hpi (Fig. 6A). However, unlike ZIKV Nigeria 
that induces IL27p28 expression, ZIKV Puerto Rico-infected monocytes 
induced expression level of IL27 subunits (IL27p28 and EBI3) (Fig. 6A), 
and transcription factors involved in IL27 gene expression, including 
IRF1 and IRF7 for IL27p28 subunit (Fig. 6B), and NF-kB1 for EBI3 
(Fig. 4C). Similarly, we found that ZIKV Puerto Rico infection signifi-
cantly up-regulated mRNA levels of IL27 signaling components, 
including gp130, JAK1, STAT3, and SOCS3 (Fig. 6C). Further, IL27 
expression and IL27 signaling components were linked to significant 
increase in AVPs mRNA levels, including APOBEC3A, GBP2, ISG15, 
MX1, OAS1, RIG-I, and Viperin at 12 hpi (Fig. 6D). Results suggest that 
whereas infection of monocytes with ZIKV Puerto Rico activated IL27 
signaling leading to induction of robust antiviral response in an 
IFN-independent manner, infection with ZIKV Nigeria only induces the 
expression of one of the two IL27 subunits (EBI3), not related to 
IL27-dependent antiviral response. 

Fig. 3. ZIKV Puerto Rico and ZIKV Nigeria infection-induced differential transcriptional profiles in human monocytes. The publicly available RNA-seq 
GSE103114 (GEO) (Khaiboullina et al., 2017) was reanalized. Differentially expressed genes (DEGs) in ZIKV Puerto Rico (PRVABC59) and ZIKV Nigeria 
(IBH30656)- infected monocytes. Monocytes were infected with two ZIKV strains, at MOI 0.1 for 2 h, independently. Monocytes were collected at 12 hpi and RNA 
was subjected for differential gene expression by RNA-seq. A. A Venn diagram shows the overlap of DEGs and unique genes for each infection at 12 h. DEGs were 
chosen considering a Log2 (Fold Change) > |0.6|. The names of the unique genes and common genes are written in different colors classified according to three 
processes: Pro-inflammatory and immune response (Black), antiviral response (Dark gray), JAK-STAT signaling pathway (Light gray). Gene Ontologies (GO). GO of 
common genes between ZIKV infected monocytes from Puerto Rico or Nigeria (B). GO of unique genes in ZIKV Puerto Rico-infected monocytes (C) or GO of unique 
genes in ZIKV Nigeria-infected monocytes (D). Each GO diagram shows the common biological processes between infection by two strains. Differentially expressed 
genes (DEGs) common were classified into biological processes associated with a function such as antiviral response (Light gray) and Inflammatory response (Dark 
gray). The biological processes were chosen considering a Fold Enrichment > 4 and p < 0.05. For each biological process, the number of the genes regulated in 
infection (Count) by the two ZIKV strains in monocytes is shown. The count is represented by 4 circles of ascending size that represent, respectively, 4 groups of 
different gene numbers: 1–5, 6–10, 10–15, 16–20 for (B), 1–6, 7–12, 13–18, 19–24 for (C), 1–7, 8–14, 15–21, 22–28 for (D). 
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In addition to the antiviral response, we evaluated the expression of 
STAT-dependent cytokines (Fig. 6E) and STAT-dependent chemokines 
(Fig. 6F). We found that ZIKV Puerto Rico-infected monocytes moder-
ately increased the expression of STAT-dependent pro-inflammatory 
cytokines, including IL7 and IL15, as compared to ZIKV Nigeria at 12 hpi 
(Fig. 6E). While the mRNA expression level of TNF-related apoptosis- 
inducing ligand (TRAIL) and B-cell activating factor (BAFF) were down- 
regulated in response to infection with both ZIKV Puerto Rico and ZIKV 
Nigeria (Fig. 6E), the mRNA expression of STAT-dependent CC chemo-
kines, CCL2, CCL5, and CCL7 were upregulated, but not STAT- 
dependent CXC chemokines at 12 hpi (Fig. 6F). 

Next, we validated the expression levels of representative DEGs, 
including IL27, STAT1 by RT-qPCR analysis of human monocytes 
infected with ZIKV Colombia or ZIKV Dakar. We found that ZIKV 
Colombia-infected monocytes induced significant expression of mRNA 
levels of IL27p28 (Fig. 7A), EBI3 (Fig. 7B), and STAT1 (Fig. 7C) than 
ZIKV Dakar at 12, 24, and 48 hpi. Furthermore, ZIKV Colombia-infected 
monocytes induced higher expression of AVPs mRNAs, including 
Viperin, PKR, and OAS1 as compared to ZIKV Dakar (Fig. 7D; 7E and 7F, 

respectively), with a peak at 12 hpi. ZIKV Colombia-infected monocytes 
showed significant positive correlation between STAT1 and AVPs mRNA 
expression levels (STAT1 vs Viperin: R = 0.6864, p = 0.0009; STAT1 vs 
PKR: R = 0.8634, p= <0.0001 and STAT1 vs OAS1: R = 0.9328, p=
<0.0001; Supplementary Fig. 1). As well, we observed significant pos-
itive correlation between STAT1 and IL27 subunits mRNA expression 
levels (STAT1 vs IL27p28: R = 0.5520, p = 0.0056, STAT1 vs EBI3: R =
0.6316, p = 0.0020) (Supplementary Fig. 1). The results are consistent 
with the RNA-seq analysis (Fig. 6), suggesting that IL27 is involved in 
the induction of antiviral response against American-Asian ZIKV infec-
tion of human monocytes. 

3.5. Interleukin 27 inhibits ZIKV replication in human monocytes 

We validated RNA-seq results by monitoring the antiviral effects of 
IL27 and its capability to control ZIKV replication in human monocytes. 
For this, monocytes were pre-treated for 6 h with increasing concen-
trations (1, 5, 10, 25 ng/mL) of recombinant human IL27, or with 25 ng/ 
mL recombinant human IFNβ1, a critical mediator of protection against 

Fig. 4. ZIKV infection in human monocytes 
activated TLR2 signaling and induced NF-kB 
activation. RNA-seq data (Accession number 
GSE103114 in GEO, (Khaiboullina et al., 2017)) 
were obtained from independent infections of 
CD14+ monocytes with ZIKV Puerto Rico 
strain, (Dark gray) and ZIKV Nigeria strain 
(Light gray) at 12 hpi; each infection with n = 2 
biological replicates. Statistical significance ac-
cording to the p-value obtained in the DEGs 
final matrix. Logarithm of fold change (Log2FC) 
ratios for eight TLR expression (A), TLR 
pathway components expression (B), NF-κB 
complex expression (C), NF-κB target genes 
expression (D) in ZIKV infected monocytes / 
Mock. Primary human monocytes cultures were 
left uninfected or infected with ZIKV clinical 
isolate from Colombia or ZIKV strain from 
Dakar. The MOI was 5. Cell lysates were ob-
tained at 12, 24, and 48 hpi and RT-qPCR was 
performed. Logarithm of fold change (Log2FC) 
ratios for TLR2 (E), TLR7 (F) in ZIKV infected 
monocytes / Control. Student’s t-test was per-
formed for each time in normally distributed 
data and contrary to this, Mann-Whitney test 
was performed for each time. n = 4. Significant. 
codes: ’***’ 0.001; ’**’ 0.01; ’*’ 0.05; ‘.’ 0.1, 
‘ns’ no significance. In general, a Log2FC of 0.6 
and − 0.6 were considered as up-regulation or 
down-regulation of gene expression, respec-
tively. Data are represented as mean ± SEM.   
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most viruses. Subsequently, monocytes were infected with ZIKV 
Colombia or ZIKV Dakar and viral replication was evaluated at 24 hpi by 
plaque assay on BHK-21 cells. As the case with IFNβ1, the results show 
dose-dependent reduction of replication of both strains of ZIKV in 
monocytes pretreated with IL27, with an EC50= 2.870 ng/mL (Fig. 8A 
and C) and EC50= 10.23 ng/mL (Fig. 8B and C), for ZIKV Colombia and 
ZIKV Dakar, respectively. Results confirm that IL27 induces robust 
antiviral response to control ZIKV replication in human monocytes. 

4. Discussion 

ZIKV is an emergent arbovirus that causes important outbreaks in 
tropical and subtropical areas worldwide. Unfortunately, there are no 
specific or effective treatments or vaccines available to control ZIKV 
infections (Kazmi et al., 2020). Despite the advances in ZIKV molecular 
biology studied in different cell lines (Lazear et al., 2016), there are few 
studies in primary human (innate immune) cells. Thus far, there is little 

Fig. 5. Infection with ZIKV Colombia promotes a higher inflammatory response than ZIKV Dakar in human monocytes. Primary human monocytes cultures 
were left uninfected or infected with ZIKV clinical isolate from Colombia or ZIKV strain from Dakar. The MOI was 5. The quantification of cytokines were by ELISA 
from the culture supernatants collected at 12, 24 and 48 hpi. Data are represented as mean ± SEM. Kinetic of IL1β (A), IL6 (B), TNFα (C), IL10 (D), CXCL8/IL8 (E) 
production in primary human monocytes infected with ZIKV clinical isolate from Colombia and ZIKV strain from Dakar. Repeated measures ANOVA test was 
performed. n = 4. Significant. codes: ’***’ 0.001; ’**’ 0.01; ’*’ 0.05; ’.’ 0.1; ‘ns’ no significance. 
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information on whether ZIKV from different lineages show differences in 
pathogenesis, nor is much known about the relationship between ZIKV 
and monocytes and its impact on inflammatory and antiviral responses. 
We reasoned that a better understanding of the relationship between the 
pathogenesis of different ZIKV could be vital to search for optimal ZIKF 
treatment. We focused our analysis on ZIKV infection of monocytes since 
monocytes are the main targets of ZIKV infection in humans (Michlmayr 

et al., 2017), and play a central role in initiation and resolution of in-
flammatory and antiviral response (Auffray et al., 2009; Parihar et al., 
2010). 

As was previously reported (Khaiboullina et al., 2017; Michlmayr 
et al., 2017), we observed that primary human monocytes are targets of 
ZIKV infection in vitro. Our analysis of the infection kinetics has shown 
that African lineages (ZIKV Dakar) replicated well and the release of 

Fig. 6. ZIKV infection regulated STAT-dependent cytokines expression and only ZIKV Puerto Rico upregulated IL27 expression and induced the antiviral 
response, in human monocytes. RNA-seq data (Accession number GSE103114 in GEO, (Khaiboullina et al., 2017)) were obtained from independent infections of 
CD14+ monocytes with a ZIKV Puerto Rico strain (Dark gray) and a ZIKV Nigeria strain (Light gray) at 12 hpi; each infection with n = 2 biological replicates. 
Logarithm of fold change (Log2FC) ratios for inductors antiviral response expression (A), Interferons regulatory factors (IRFs) expression (B), IL27 signaling pathway 
expression (C), antiviral proteins expression (D), STAT-dependent cytokines (E), STAT-dependent chemokines (F) in ZIKV infected monocytes / Mock. A Log2FC of 
0.6 and − 0.6 were considered as up-regulation or down-regulation of gene expression, respectively. Data are represented as mean ± SEM. Statistical significance 
according to the p-value obtained in the DEGs final matrix. Significant codes: ’***’ 0.001; ’**’ 0.01; ’*’ 0.05. 
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infectious viral particles was relatively rapid (at 12 hpi), while the 
American/Asian lineages (ZIKV Colombia) showed slower replication 
and the release of viral particles (after 12 hpi). However, the release of 
viral particles was higher for ZIKV Colombia as compared to ZIKV Dakar 
at 24 and 48 hpi. It was observed previously that Asian/American 
lineage Zika viruses replicated well in DCs but poorly in macrophages, 
while the African lineage virus showed limited infectivity in both cell 
types (Österlund et al., 2019). Bowen and co-workers observed a faster 

infection kinetics in DCs with the African strain ZIKV as compared to 
Asian lineage ZIKV (Bowen et al., 2017); Vielle et al., however, did not 
find lineage-specifc diferences in infections of DCs (Vielle et al., 2018). 

Since these results demonstrated that virus strains from different 
ZIKV lineages show differential replication capacity, we hypothesized 
that during the first 12 hpi, the monocytes have the ability to induce 
effective antiviral response against ZIKV Colombia, but not to ZIKV 
Dakar. To address the issue a comparative transcriptome analysis of 

Fig. 7. Infection with ZIKV Colombia in-
duces the IL27 production and the antiviral 
proteins expression in human monocytes. 
Primary human monocytes cultures were left 
uninfected or infected with ZIKV clinical isolate 
from Colombia or ZIKV strain from Dakar. The 
MOI was 5. Cell lysates were obtained at 12, 24, 
and 48 hpi. and RT-qPCR was performed. Data 
are represented as mean ± SEM. Logarithm of 
fold change (Log2FC) ratios for IL27p28 (A), 
EBI3 (B), STAT1 (C), Viperin (D), PKR (E), 
OAS1 (F) in ZIKV infected monocytes / Control. 
A Log2FC of 0.6 and − 0.6 were considered as 
up-regulation or down-regulation of gene 
expression, respectively. Student’s t-test was 
performed for each time in normally distributed 
data and contrary to this, Mann-Whitney test 
was performed for each time. n = 4. Significant. 
codes: ’***’ 0.001; ’**’ 0.01; ’*’ 0.05; ‘ns’ no 
significance.   
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ZIKV Puerto Rico (PRVABC59) and ZIKV Nigeria (IBH30656) was per-
formed. We found 415 unique DEGs in ZIKV Puerto Rico; 211 unique 
DEGs in ZIKV Nigeria, and 601 common DEGs in infected monocytes, 
and enriched in GO links with innate immune-related pathways. More-
over, we found that both ZIKV strains could activate inflammatory 
response, but ZIKV Puerto Rico activated host anti-viral innate immu-
nity more intensely as compared to ZIKV Nigeria. Initial recognition of 
ZIKV by innate immune system is mediated by at (least) two distinct 
class of PRRs, TLRs and RIG-I (Brubaker et al., 2015; Plociennikowska 
et al., 2021; Schilling et al., 2020; Vanwalscappel et al., 2018). The role 
of TLR pathway that controls ZIKV infection and pathogenesis has not 
been well studied, despite the fact that TLR signaling activation results 
in the induction of NF-kB complex (Kawai and Akira, 2007). We 
observed that TLR2 and TLR2 signaling components were up-regulated 
in human monocytes infected with African- and American-Asian- 
lineages, leadding to NF-kB activation and a robust NF-kB-dependent 
pro-inflammatory response, suggesting that recognition of 
ZIKV-PAMPs by TLR2 induces a robust NF-kB-dependent pro-in-
flammatory response that could be involved in ZIKV control and/or 
immunopathogenesis. Aguilar-Briseño et al. (2020) reported that 
infection by Dengue virus (DENV), a ZIKV close-related Flavivirus, acti-
vated TLR2 signaling in human monocytes, and was correlated with 

dengue severity in patients (Aguilar-Briseño et al., 2020). In contrast to 
Vanwalscappel et al. (2018) who reported TLR7/8 activation in 
ZIKV-infected monocytes (Vanwalscappel et al., 2018), the tran-
scriptomic analysis showed downregulation of TLR7 and 8 expression, 
as well as TLR1, TLR4, TLR5 and TLR6, in monocytes infected with ZIKV 
Puerto Rico and ZIKV Nigeria at 12 hpi. Expression of TLR2 was 
confirmed by RT-qPCR, which detected an increased accumulation of 
TLR2 mRNA in monocytes infected with ZIKV Colombia, but not with 
ZIKV Dakar. We found an increase in TLR7 mRNA levels in monocytes 
infected with ZIKV Colombia which could be a consequence of the MOI 
used (we used a MOI of 5 and the RNA-seq was performed with a MOI of 
0.1). In addition, NF-kB activation and expression of NF-kB-target genes 
were confrmed by ELISA, which detected increased production of TNFα, 
IL1β, IL6, and IL10 in monocytes infected with ZIKV Colombia, but not 
with ZIKV Dakar. Furthermore, as observed in the transcriptomic anal-
ysis, ZIKV Dakar infection induces higher production of CXCL8/IL8 than 
ZIKV Colombia. 

Expression of NF-kB-target genes is essentials to induce robust pro- 
inflammatory response associated with the control and immunopatho-
genesis of several viral infections (Liu et al., 2017). For example, COX2 
facilitates DENV-2 replication in Huh-7 cells and plays a crucial role in 
DENV immunopathogenesis (Lin et al., 2017). Moreover, IL1β, IL6, 

Fig. 8. ZIKV replication in human monocytes is inhibited by IL27 pre-tratment. Human monocytes were pre-treated for 6 h with increasing concentrations of 
recombinant- human IL27 (1,5,10, 25 ng/mL) or 25 ng/mL of recombinant-human IFNβ1, later, monocytes were infected with ZIKV at MOI of 5. Culture supernatans 
were obtained at 24 hpi where viral titration was calculated by plaque assay on BHK-21 cells. ZIKV Colombia replication in monocytes (A). ZIKV Dakar replication in 
monocytes (B). Percentage inhibition of ZIKV (Colombia (■) and Dakar (●)) replication and EC50 of IL27 in human monocytes (C). Repeated measures ANOVA test 
to ZIKV Dakar (p = 0.00118) and ZIKV Colombia (p = 0.00964) with Dunnett’s post-test were performed. n = 3. Significant. codes: ’***’ 0.001; ’**’ 0.01; ’*’ 0.05; ’. ’ 
0.1; ‘ns’ no significance. 
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TNFα are pyrogenic cytokines associated with fever induction (Mack-
owiak, 1998). IL1β has been implicated in development of pain and 
inflammation (Ren and Torres, 2009), promotes monocytes differenti-
ation to mDC and M1-like macrophages and supports B-lymphocytes 
proliferation and their differentiation to plasma cells (Kaneko et al., 
2019). Other studies have shown that ZIKV infection activates the 
NLRP3 inflammasome which leads the secretion of mature IL1β from 
ZIKV-infected monocytic cell lines, PBMCs, or monocyte-derived mac-
rophages (Khaiboullina et al., 2017; Wang et al., 2018; Zheng et al., 
2018). Serum samples from acute DENV, ZIKV, CHIKV, DENV/ZIKV, 
and CHIKV/ZIKV-infected adult patients presented increased secretion 
of TNFα, CC and CXC chemokines as compared to healthy donors 
(Sánchez-Arcila et al., 2020). We found that ZIKV Colombia, unlike to 
ZIKV Dakar, increased the production of IL10 at 12, 24, and 48 hpi that 
is associated with the induction of anti-inflammatory response by 
down-regulation of TNFα, IL1β, IL6, and CXCL8/IL8 secretion. Similar 
results have been shown in monocytes stimulated with LPS, that control 
inflammatory response downregulating those cytokines (de Waal Mal-
efyt et al., 1991; Sánchez-Arcila et al., 2020). 

The induced expression of CC- and CXC- chemokines such as CCL2, 
CCL3, CCL5, CCL7, and CXCL8/IL8, contribute to inflammation through 
chemotaxis of monocytes, DCs, neutrophils, eosinophils, natural killer 
cells, basophils, and lymphocytes (Proost et al., 1996). Both cytokines 
and chemokines are closely related to the ZIKV severity, and ZIKF pa-
tients with moderate symptoms and viremia phase have higher levels of 
CXCL10 and CCL2 as compared with patients with mild symptoms or no 
viremia (Lum et al., 2018). We found that both American-Asian and 
African lineage ZIKV induced the expression of STAT-dependent cyto-
kines and CC chemokines, including IL7, IL15, CCL2, CCL3, CCl5 and 
CCL7 in infected monocytes. 

PRRs also trigger sequential activation of intracellular signaling 
pathways, leading to the IFNs induction, which induce a range of ISGs 
and not only exert an antiviral effect but also promote antiviral proteins 
to make the host enter an antiviral state. Monocytes play an important 
role in regulating antiviral response by producing IFNα (Valdés López 
et al., 2020). However, Grant et al. (2016) reported that ZIKV infection 
inhibits IFN-dependent antiviral response through ZIKV-NS5 which de-
grades STAT2 (Grant et al., 2016), as well as NS1, NS4B, and NS2B, that 
inhibit IFN-I signaling in infected cells (Wu et al., 2017). In addition, 
ZIKV-NS5 inhibits the RIG-I signaling and the activation of IFNλ1 pro-
moter in HEK293 cells (Lundberg et al., 2019). As was reported by 
Khaiboullina et al. (2017), we found that monocytes infected with 
Puerto Rico and Nigeria ZIKV strains did not show activation of the three 
types of IFNs, however, we did find ISGs expression that encode AVPs, 
including APOBEC3A, GBP2, MX1, OAS1, PKR, among others in ZIKV 
Puerto Rico-infected monocytes, but not in ZIKV Nigeria. Similar find-
ings were reported by Bowen et al. (2017), they also showed reduced 
IFN secretion by ZIKV-infected DCs, suggesting that ZIKV could block 
the translation of IFN mRNAs yet induce an antiviral state (Bowen et al., 
2017). Here, we report that the antiviral state in ZIKV-infected mono-
cytes is independent of IFNs expression. We report that American-Asian 
ZIKV strains induce the expression IL27p28 and EBI3, the two IL27 
subunits, to induce IL27 an IL27-dependent antiviral response in human 
monocytes. Further, IL27 expression was linked with increased expres-
sion of divers ISGs. Activation of IL27 pathway was confirmed by 
RT-qPCR, which detected an increased accumulation of IL27p28 and 
EBI3, STAT1, and ISGs, including Viperin, PKR, and OAS1 mRNAs, 
whose expression was very fast (12 hpi) in ZIKV Colombia-infected 
monocytes than ZIKV Dakar, suggesting that African lineages pre-
vented activation of innate antiviral defense IL27-dependent. IL27 ac-
tivates JAK-STAT signaling in hNEKs and induces the AVPs expression 
through IL27RA and STAT1, that is independent of IFNAR1, TYK2, and 
STAT2 (Kwock et al., 2020). Further, we show that pretreatment of 
monocytes cultures with recombinant-human IL27 inhibited ZIKV 
Colombia and ZIKV Dakar replication in a dose-dependent manner, 
confirming that IL27 induces a robust antiviral response in an 

interferon-independent manner to control ZIKV replication. Interest-
ingly, the required concentration of recombinant human IL27 to inhibit 
at least 50% of the release of viral particles in monocytes is lower in 
ZIKV Colombia (EC50=2.870 ng/mL) than in ZIKV Dakar (EC50=10.23 
ng/mL) (Fig. 8C), indicating that IL27 has higher potency to inhibit the 
replication of an America-asian-ZIKV strain in vitro. Together, our results 
suggest that infection of human monocytes by American-Asian-ZIKV 
strains induce IL27 expression which plays an important role in induc-
tion of antiviral response and control ZIKV replication in an 
IFN-independent manner. 

Previously, we reported that EBI3 is a NF-kB-target gene 
(Valdés-López et al., 2022). Here, we propose that American-Asian and 
African ZIKV induce EBI3 mRNA expression in response to TLR2, which 
activate NF-kB complex, whereas activation of IRF1 and IRF7 leads to 
the IL27p28 mRNA expression (Fig. 9), as was previously reported 
(Valdés-López et al., 2022, 2021). IL27p28 mRNA expression was 
induced only in American-Asian-ZIKV infected monocytes (Fig. 6A) and 
was associated with up-regulation of IRF1 mRNA expression in these 
cells (Figs. 6B and 9). 

Our comparative analysis of ZIKV Colombia replication and IL27 
expression kinetics in human monocytes (Fig. 1A and 7A, respectively), 
suggests that early in viral cycle (12 hpi), American-Asian-ZIKV strains 
evade and block interferon-mediated antiviral response, but induce IL27 
pathway and increase the antiviral response at 12 hpi. We suggest that 
IL27 production could activate IL27 signaling pathway involved in the 
induction both inflammatory response and antiviral activity through 
ISGs expression (Fig. 9). Between 12–24 hpi and up 48 hpi, there is a 
higher and significant increase in ZIKV Colombia replication, which 
coincides with a decrease in mRNAs expression of IL27, STAT1, and 
AVPs (Fig. 7), suggesting a block of IL27 pathway in later stages of virus 
life cycle to increased viral replication. Altogether, our results show that 
human monocytes are an important target cells of ZIKV infection and 
play a critical role in the induction of pro-inflammatory and antiviral 
responses to control ZIKV replication in humans. Collectively, the pub-
lished resulst and our present data indicate that ZIKV is able to induce 
IL27 and IL27-regulated antiviral gene expression in human monocytes. 

5. Conclusion 

Overall, our results show that primary human monocytes are more 
susceptible to infection by American-asian ZIKV strains (ZIKV 
Colombia) than African ZIKV strains (ZIKV Dakar). Additionally, ZIKV- 
PAMPs modulated TLR2 signaling and a robust NF-kB-dependent pro- 
inflammatory response (Fig. 9A). Early in viral cycle (12 hpi), infection 
by American-asian ZIKV strains, but not African ZIKV strains, induce the 
expression of both IL27 subunits (IL27p28 and EBI3) and activate IL27 
signaling in human monocytes (Fig. 9B), leading to the induction of ISGs 
that encode AVPs, cytokines, and chemokines involved in the antiviral 
state and the control of ZIKV replication in an IFN-independent manner 
(Fig. 9C). 
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