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Interleukin 27 as an inducer of antiviral response against chikungunya virus 
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A B S T R A C T   

Chikungunya virus (CHIKV) is known to have a wide range of tropism in human cell types throughout infection, 
including keratinocytes, fibroblasts, endothelial cells, monocytes, and macrophages. We reported that human 
monocytes-derived macrophages (MDMs) are permissive to CHIKV infection in vitro. We found that the peak of 
CHIKV replication was at 24 hpi; however, at 48 hpi, a significant reduction in viral titer was observed that 
correlated with high expression levels of genes encoding antiviral proteins (AVPs) in an IFN-independent 
manner. To explore the molecular mechanisms involved in the induction of antiviral response in CHIKV- 
infected MDMs, we performed transcriptomic analysis by RNA-sequencing. 

Differential expression of genes at 24 hpi showed that CHIKV infection abrogated the expression of all types of 
IFNs in MDMs. However, we observed that CHIKV-infected MDMs activated the JAK-STAT signaling and induced 
a robust antiviral response associated with control of CHIKV replication. We identified that the IL27 pathway is 
activated in CHIKV-infected MDMs and that kinetics of IL27p28 mRNA expression and IL27 protein production 
correlated with the expression of AVPs in CHIKV-infected MDMs. Furthermore, we showed that stimulation of 
THP-1-derived macrophages with recombinant-human IL27 induced the activation of the JAK-STAT signaling 
and induced a robust pro-inflammatory and antiviral response, comparable to CHIKV-infected MDMs. Further-
more, pre-treatment of MDMs with recombinant-human IL27 inhibits CHIKV replication in a dose-dependently 
manner (IC50 = 1.83 ng/mL). Altogether, results show that IL27 is highly expressed in CHIKV-infected 
MDMs, leading to activation of JAK-STAT signaling and stimulation of pro-inflammatory and antiviral 
response to control CHIKV replication in an IFN-independent manner.   

1. Introduction 

Chikungunya virus (CHIKV) is a zoonotic arthropod-borne virus, a 
member of the Togaviridae family, Alphavirus genus. CHIKV is the etio-
logical agent of chikungunya fever (CHIKF), a self-limiting disease 
characterized by fever and acute or chronic arthralgia (Reviewed in [1]). 
Currently, neither antiviral drugs nor candidate vaccine is available for 
the treatment of CHIKV infection. The limited resources to fight against 
CHIKV infection and the rapid re-emergence has led to the search for 
new compounds that could prevent CHIKV infection or control CHIKF 
progression. 

Interferons (IFNs) are a group of cytokines that help regulate the 
activity of the immune system and induce the establishment of an 
antiviral state in infected cells [2]. Type I IFNs [IFN-I (IFNα, β, κ, ω, ζ)] 
bind to IFN alpha/beta receptor complex [IFNAR (IFNAR1/IFNAR2)] 

[3–4], whereas Type II IFN [IFN-II (IFNγ)] signals through IFNγ receptor 
complex [IFNGR (IFNGR1/IFNGR2)] [5]. Type III IFNs (IFN-III) have 
three members [IFNλ1 (IL29), IFNλ2 (IL28A), and IFNλ3 (IL28B)] that 
bind to the interferon-Lambda receptor complex [IFNLR (IFNLR1/ 
IL10RB) [6]. The IFN-I/IFNAR and IFN-III/IFNLR interaction results in 
the activation of the Janus kinase (JAK) signaling pathway, which 
phosphorylates and activates signal transducer and activator of the 
transcription 1 (STAT1) and STAT2 that together with IFN regulatory 
factor 9 (IRF9) forms a transcription factor complex known as IFN- 
stimulated gene factor 3 (ISGF3) [7]. ISGF3 is translocated into the 
nucleus and binds to IFN-stimulated response elements (ISRE) to induce 
the coordinate up-expression of a large number of IFN-stimulated genes 
(ISGs), which encode a number of antiviral proteins (AVPs), cytokines, 
and chemokines that orchestrate antiviral state in cells [2,8–9]. AVPs, 
including Apolipoprotein B Editing Complex 3 (APOBEC3) family of 
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proteins, ISG15, double-stranded RNA-activated protein kinase R (PKR), 
oligoadenylate synthase (OAS) family of proteins, and Viperin, are a 
critical component of cellular antiviral state implicated in the control of 
CHIKV replication [1–2,10]. 

In addition to IFNs, other cytokines could mediate activation of JAK- 
STAT signaling, including members of interleukin 2 (IL2), IL6, IL10, and 
IL12 families [11]. IL12 family is soluble heterodimeric cytokines that 
consist of α (IL12p35, IL23p19, and IL27p28) and β [IL12p40 and 
Epstein-Barr virus-induced protein 3 (EBI3)] subunits. IL12 family in-
cludes four members, the IL12p70 (IL12p35/IL12p40), IL23 (IL23p19/ 
IL12p40), IL27 (IL27p28/EBI3) and IL35 (IL12p35/EBI3) (Reviewed in 
[12]). These cytokines signal through their interaction with a specific 
heterodimeric receptor complex consisting of two protein chains on the 
cell surface. Thus, the IL12p70 bind to the IL12 receptor [IL12R 
(IL12RB1/IL12RB2)], IL23 signals through IL23 receptor [IL23R 
(IL23R/IL12RB1)], IL27 signaling employs IL27 receptor [IL27R 
(IL27Rα/Gp130)] and, IL35 signaled through a unique heterodimer of 
receptor chains IL12RB2 and Gp130 or homodimers of each chain 
[13–16]. Moreover, the IL12 family members signal through different 
components of the JAK-STAT signaling pathway; STAT4 by IL12p70; 
STAT3 and STAT4 by IL23; STAT1 and STAT3 by IL27, and STAT1, and 
STAT4 by IL35 (Reviewed in [17]). 

IL27 is expressed by antigen-presenting cells, including activated 
macrophages and dendritic cells; it has been associated with pro-and 
anti-inflammatory properties [18]. This cytokine regulates T-helper 1 
cell development [19], acts on naïve CD8 + T-cells to enhance the 
generation of cytotoxic T lymphocytes [20], induces isotype switching 
in B-cells [21], and maintain plasmacytoid DCs [22]. Furthermore, 
exogenous administration of IL27 has been shown to possess antiviral 
properties against HIV-1, Hepatitis C virus, Hepatitis B virus, and Zika 
virus in respective host cell types [23–26]. High serum levels of IL27 
have been proposed as a biomarker of chronic CHIKV infection [27]. 
Although IL27 has been suggested to have antiviral activity, the role of 
IL27 in CHIKV control and immunopathogenesis has not been reported. 

We previously reported that monocytes-derived macrophages 
(MDMs) are susceptible and permissive to CHIKV infection in vitro [10]. 
Furthermore, we found maximum CHIKV replication (in MDMs) at 24 h 
post-infection (hpi). However, at 48 hpi, we observed a significant 
reduction in viral titer, an event independent of cell death. Further, we 
observed a positive correlation between high expression of Toll-like 
receptor 3 (TLR3) and AVPs such as OAS1 and PKR, in IFN-I indepen-
dent manner. Our aim here was to explore the molecular mechanism of 
induction of antiviral response in CHIKV-infected MDMs based on 
transcriptomic analysis by RNA-seq. 

2. Material and methods 

2.1. Viral stocks and CHIKV titration 

A clinical isolate of CHIKV obtained following the protocol described 
in [28] from CHIKF patient (kindly gifted by Professor Francisco Javier 
Díaz, University of Antioquia), was amplified from a Colombian pa-
tient’s serum and propagated in Vero cells (ATTC CCL-81), as we pre-
viously reported [10]. Briefly, cells were grown in Dulbecco’s Modified 
Eagle Medium (DMEM; Sigma-Aldrich, St. Louis, USA) supplemented 
with 5% heat-inactivated fetal bovine serum (FBS; Gibco, Thermo Fisher 
Scientific, Massachusetts, USA), 4 mM L-glutamine (Sigma-Aldrich), 
0.3% (v/v) sodium carbonate (NaCO3; Sigma-Aldrich) and 1% (v/v) 
antibiotic–antimycotic solution (Corning-Cellgro, New York, USA), and 
incubated at 37 ◦C and 5% CO2 in cell culture flasks, to a cell density of 
1x105-1x106 cells/mL. Vero cells were inoculated with CHIKV at 0.1 
multiplicity of infection (MOI), incubated at 37 ◦C and 5% CO2 for 2 
days, or until an advanced cytopathic effect was observed. Next, su-
pernatants were collected, precleared by centrifugation (1650 × g for 
10 min), and stored at − 80 ◦C. CHIKV stocks were titrated by plaque 
assay on Vero cells, as previously described [10]. The virus titer was 

determined to be 2.1x108 PFU/mL. 

2.2. Culture of human monocytes and differentiation into monocytes- 
derived macrophages (MDMs). 

The study was approved by the Ethics Committee of “Sede de 
Investigación Universitaria-Universidad de Antioquia”. Written 
informed consent was obtained from all individuals who voluntarily 
participated in this study. Human peripheral blood mononuclear cells 
(PBMCs) from blood samples of healthy donors were isolated through 
density gradient with Lymphoprep (STEMCELL Technologies Inc, Van-
couver, Canada) by centrifugation at 850 × g for 21 min, and mixed with 
2% EDTA as previously described (Valdés et al., 2020). PBMCs from 
each healthy volunteer were prepared independently. Platelet depletion 
was performed by washing with PBS 1X (Sigma-Aldrich) three times at 
250 × 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, 5x105 

CD14 positive cells per well and allowed to adhere for 2 h in RPMI-1640 
medium supplemented with 0.5 (v/v) autologous serum or plasma (to 
favor adherence of monocytes to the well), 4 mM L-glutamine and 0.3% 
(v/v) 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 supplemented with 10% (v/v) FBS, 4 mM L-gluta-
mine, 0.3% (v/v) NaCO3, and 1% (v/v) antibiotic–antimycotic solution 
100X (complete medium) and incubated at 37 ◦C and 5% CO2 for 6 days 
to obtain MDMs, as previously described [10,29] 

2.3. In vitro CHIKV infection of MDMs. 

CHIKV infection of human primary MDMs was performed at MOI of 5 
in serum-free RPMI-1640 medium as previously reported [10]. 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 a fresh 
complete medium was added and incubated at 37 ◦C with 5% CO2. 
Culture supernatants and cell lysates were collected at 6, 24, and 48 hpi 
and stored at − 80 ◦C. 

2.4. RNA extraction and cDNA libraries synthesis 

Total RNA from uninfected or CHIKV-infected MDMs was obtained 
using Direct-zol ™ RNA Miniprep Plus (Zymo Research, Irvine, Cali-
fornia) following the manufacturer’s protocol. RNA samples were 
treated with DNase I column (Zymo Research, Irvine, California) to 
remove contaminating genomic DNA. RNA was quantified, and the 
quality of each RNA sample was checked by spectrophotometry (Thermo 
Scientific, Wilmington, DE, USA). Additionally, RNA quality was 
determined by analysis of ribosomal RNAs, using the Bioanalyzer 2100 
(Agilent Technologies, Santa Clara, CA, USA). cDNA libraries were 
constructed for each experimental group using the RevertAid Minus 
First Strand cDNA Synthesis Kit (Thermo Scientific), according to the 
manufacturer’s instructions. The samples were stored at − 80 ◦C. One μg 
of RNA was used for RNA-Seq. 

2.5. RNA-seq data and bioinformatics analysis. 

RNA sequencing was carried out on Illumina HiSeq 2000 platform. 
After sequencing, image data was transformed into raw reads and stored 
in FASTQ datasets for each sample, using FastQC (google/vFqiZ). Clean 
reads were obtained by removing the low-quality adapter, poly-N con-
taining, and shorter-than-70 bp reads and mapped to the human tran-
scriptome (RefSeq, HG19) using TopHat software (version 1.3.2.). Gene 
expression (mRNA) was normalized by calculating Reads per kilobase 
per million mapped reads (RPKM). The HTseq software for Python was 
used to generate counts for each gene from the mapped sequences. 
Differential expression of mRNAs in each experimental group was 
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identified using the DEseq2 software (version 1.8.261) implemented in 
R software (version 3.6.3). To determine 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) (CHIKV- 
infected MDMs/Uninfected MDMs) |> 0.6 (|log2FC|> 0.6), were used as 
the threshold to determine the statistically significant difference in gene 
expression. Gene Ontology (GO) was performed with the BiNGO Cyto-
scape plugin, using a hypergeometric test with a Benjamini and Hoch-
berg False Discovery Rate correction, to identify significant functions of 
the DEG. A p < 0.05 was used to identify enriched processes. Addi-
tionally, the ClueGO Cytoscape plugin was used to group and analyze 
the GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment. Gene interaction networks were visualized and analyzed 
with Cytoscape. 

2.6. Gene expression analysis from THP-1 treated with recombinant 
human IL27 

A publicly available dataset (MicroArray GSE143228, GEO) [26] was 
reanalyzed to confirm our results observed in CHIKV-infected MDMs; in 
this case, the THP-1 cells, a human promonocytic cell line, were pre- 
treated with Phorbol 12-myristate 13-acetate (PMA) to induce 
macrophage-like phenotype and treated with 100 ng/mL recombinant 
human IL27 for 18 h. Then, total RNA from unstimulated or IL27-treated 
THP-1 cells was obtained and Microarray was performed. Differential 
expression of mRNAs in each experimental group was identified using 
GEO2R. To define the top DEG, we selected genes with an FDR < 0.05 
and |Log2 Fold Change (IL27-treated THP-1 cells/unstimulated THP-1 
cells) |> 0.6. 

2.7. Quantitative real-time PCR (RT-qPCR) 

To verify the accuracy of the RNA-seq data, specific primer pairs 
were used to quantify IFNβ1, OAS1, PKR, B-Actin [10], and SOCS3 [30] 
as previously reported. Furthermore, cDNA products were amplified by 
RT-qPCR using a set of primers specific for diverse genes as follows: 
IL27p28 mRNA: forward: 5′-GAGCAGCTCCCTGATGTTTC-3′, and 
reverse: 5′-AGCTGCATCCTCTCCATGTT-3′. EBI3 mRNA: Forward: 5′- 
TGGCTCCCTACGTGCTCAAT-3′, and reverse 5′-GAGGGTCGGGCTT-
GATGATGT-3′. IFNα1 mRNA: Forward: 5′-CAGAGTCACCCATCT-
CAGCA-3′, and reverse 5′-CACCACCAGGACCATCAGTA-3′. IFNγ mRNA: 
Forward: 5′-TGCAGGTCATTCAGATGTAG-3′, and reverse 5′-AGCCAT-
CACTTGGATGAGTT-3′. IFNλ1 mRNA: Forward: 5′- 
GGTGACTTTGGTGCTAGGCT-3′, and reverse 5′-TGAGTGACTCTTC-
CAAGGCG-3′. APOBEC3A mRNA: Forward: 5′-CATCCGGGCCCAGGCA-
TAA − 3′, and reverse 5′-TCTTGACCGAGGTGCCATTG-3′. ISG15 mRNA: 
Forward: 5′-GGTGGACAAATGCGACGAAC-3′, and reverse 5′- 
TCGAAGGTCAGCCAGAACAG-3′. Viperin (RSAD2) mRNA: Forward: 5′- 
AAATGCGGCTTCTGTTTCCAC-3′, and reverse 5′-TTGATCTTCTCCA-
TACCAGCTTCC-3′. PCR amplifications were carried out using the SYBR 
system (Invitrogen, Oregon, 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 of each target gene was normalized to the uninfected 
control and housekeeping gene β-actin (ΔΔCt) and is reported as the 
Log2 Fold Change. 

2.8. Cytokine quantification 

The LEGEND MAX™ Human IL27 ELISA Kit (BioLegend, San Diego, 
CA, USA) was used for the detection of mature IL27 in culture super-
natants of MDMs infected with CHIKV, following the manufacturerś 
instructions. The detection limit was 11 pg/mL. 

2.9. In vitro antiviral assay 

Human MDMs were pre-treated for 6 h with increasing concentra-
tions of recombinant-human IL27 (BioLegend) or 25 ng/mL of 
recombinant-human IFNβ1 (STEMCELL Technologies Inc). Next, MDMs 
were infected with CHIKV at MOI 5 in serum-free RPMI-1640 medium. 
Samples were incubated at 37 ◦C for 1.5 h. An hour and a half after 
infection cells were washed with PBS to remove the unbound virus and a 
fresh complete medium was added and incubated at 37 ◦C with 5% CO2. 
Culture supernatants were obtained at 24 hpi and stored at − 80 ◦C. 
Samples were titrated by plaque assay on Vero cells. 

2.10. Statistical analysis 

Statistical analysis was performed using GraphPad Prism 5 (Graph-
Pad Software Inc. San Diego, CA). Statistical tests are indicated in the 
figure legends. Data are represented as mean ± SEM, Log2 Fold Change 
(Log2 FC), or RPKM. Significant results were defined as p < 0.05 (*), p <
0.01 (**) and p < 0.002 (***). 

3. Results 

3.1. Monocytes-derived macrophages are targets of CHIKV replication 
and express AVPs in an Interferon-independent manner 

As described previously [10], human MDMs are susceptible and 
permissive to CHIKV infection. CHIKV replication in these cells is fast, 
with a peak of infectious viral particles production at 24 hpi and, a 
significant decrease in viral titer at 48 hpi (Fig. 1A), suggesting activa-
tion of antiviral response in MDMs. However, we did not observe a 
significant increase in the mRNA expression of IFN-I (IFNα1 and IFNβ1), 
IFN-II (IFNγ), and IFN-III (IFNλ1) in CHIKV-infected MDMs (Fig. 1B). 
Despite this result, we noted significant levels of genes encoding AVPs 
mRNAs, including APOBEC3A, ISG15, OAS1, PKR, and Viperin, at 6 hpi, 
and higher expression at 24 hpi (Fig. 1C), suggesting that AVPs induc-
tion in CHIKV-infected MDMs may be independent of classic IFNs 
expression. Since we observed elevated levels of AVPs mRNA and a 
decrease in viral titers, we suggest that MDMs mount an antiviral 
response that leads to the control of CHIKV replication in an Interferon- 
independent manner. 

3.2. CHIKV infection induces a robust pro-inflammatory and antiviral 
program in human MDMs 

To explore the molecular mechanism of induction of antiviral 
response in CHIKV-infected MDMs, we performed an RNA-Seq analysis 
of uninfected or infected human MDMs at 24 hpi. First, we analyzed 
sample variance in the RNA-Seq dataset using a principal component 
analysis (PCA), and a linear transformation of the data. According to the 
PCA, the first component (PC1), which separates uninfected MDMs from 
CHIKV-infected MDMs, explains 76.7% of the variance between samples 
and was due to the response of MDMs to CHIKV infection (Fig. 2A). To 
define the top DEG, we selected genes with an FDR < 0.05 and |Log2 FC 
(CHIKV-infected MDMs/ Uninfected MDMs) |> 0.6. Of the 60,592 genes 
interrogated by RNA-Seq, 367 were differentially up-regulated and 61 
were differentially down-regulated in CHIKV-infected MDMs (Fig. 2B). 
Among the up-regulated genes included AVPs [APOBEC3 family pro-
teins, Guanylate-binding proteins (GBP) family proteins, interferon- 
inducible (IFI) family proteins, interferon-induced transmembrane 
(IFITM) family proteins, OAS family proteins, indoleamine-pyrrole 2,3- 
dioxygenase 1 (IDO1), ISG15, ISG20, dynamin-like GTPase 1 (MX1), 
MX2, PKR, Viperin, and others] (Fig. 2B). Furthermore, CHIKV infection 
in MDMs induced a high expression of genes associated with pro- 
inflammatory pathways, including cytokines [Tumor necrosis factor- 
alpha (TNFα), Interleukin (IL)-1β (IL1β), IL6, IL7, IL12p40, IL15, IL18, 
IL27 (IL27p28 and EBI3), IL32, B-cell activating factor (BAFF) and TNF- 
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related apoptosis-inducing ligand (TRAIL)] (Fig. 2C); CC– chemokines 
(CCL2, CCL5, CCL7, and CCL8) and CXC- chemokines (CXCL9, CXCL10, 
CXCL11) (Fig. 2D). In addition, Pattern recognition receptor (PRRs) 
including absent in melanoma 2 (AIM2), nucleotide-binding oligomer-
ization domain containing 2 (NOD2), retinoic acid-inducible gene I 
(RIG-I), melanoma differentiation-associated protein 5 (MDA5), labo-
ratory of genetics and physiology 2 (LGP2), TLR2, TLR3, TLR7 and C- 

Type lectins, including C-Type lectin domain family 1 member A 
(CLEC1A), CLEC4E, CLEC5A, CLEC6A, CLEC7A, CLEC10A, CD205, and 
Galectin 2, were significantly up-regulated in CHIKV-infected MDMs 
(Supplementary Table 1). Altogether, the results suggest robust pro- 
inflammatory and antiviral responses in CHIKV-infected MDMs. 

Next, the GO functional analysis of DEG was performed to gain an 
insight into the biological roles of the most significantly up-regulated 
genes. In brief, all DEG observed in CHIKV-infected MDMs were 
enriched for the biological process associated with negative regulation 
of cell death, inflammatory and antiviral response. As shown (Fig. 2E), 
we identified DEG involved in the expression of a robust antiviral pro-
gram, including MDA5 signaling pathway, TLR3, and TLR7 signaling 
pathway, type-I and type-II interferon signaling (grouped as high di-
versity of AVPs and inflammatory molecules), and positive regulation of 
tyrosine phosphorylation of STAT protein (associated with JAK-STAT 
signaling pathway activation), suggesting that modulation of these 
genes may be essential for the control of CHIKV replication in MDMs. 
However, the expression of some of the genes that are involved in these 
signaling pathways was induced at 6 hpi (results not shown). 

3.3. CHIKV infection activated the JAK-STAT signaling pathway and 
induced a robust and IFN-independent antiviral network in MDMs 

RNA-Seq analysis showed that several transcripts (mRNAs) associ-
ated with ISGs were significantly increased in CHIKV-infected MDMs 
(Fig. 2B). Next, we evaluated whether the expression of IFN-I, IFN-II, 
and IFN-III was induced in CHIKV-infected MDMs. In agreement with 
the results shown in Fig. 1B, we found that CHIKV infection did not 
induce expression of all three types of IFNs and did not affect the 
expression of their receptors (IFNAR, IFNGR, and IFNLR) (Fig. 3A). 
Although we did not detect the expression of IFNs, we showed that 
CHIKV infection-induced JAK-STAT signaling pathway, as seen by up- 
regulation of STAT genes (STAT1, STAT2, and STAT3) and negative 
regulators of JAK-STAT signaling pathway [Suppressor of cytokine 
signaling 1 (SOCS1) and SOCS3] (Fig. 3B). 

Additionally, CHIKV infection-induced expression of a diverse set of 
genes associated with a robust antiviral network; we observed consoli-
dation of functional clusters involved in the control of CHIKV replication 
at different steps of the viral replication cycle (Fig. 3B), including 
negative regulation of viral replication/translation, regulators of ribo-
nuclease activity, negative regulation of viral entry into the host cell, 
base conversion or substitution on nucleic acids, negative regulation of 
viral transcription and viral release from the host cell, ISG15-protein 
conjugation and the ubiquitin–proteasome system (Fig. 3B). Taken 
together all these results, we run into a key question, what is the 
inductor of the JAK-STAT signaling pathway that mediated the expres-
sion of AVPs in CHIKV-infected MDMs, without IFNs production? 

3.4. The IL27 signaling is activated in CHIKV-infected MDMs 

Cavalcanti et al., (2019) [27] reported high levels of IL27 in serum of 
patients with chronic CHIKV infection. Furthermore, Kwock et al. 
(2020) [26] shown that IL27 signaling activates skin cells to induce 
innate antiviral proteins and protect against ZIKV infection. We studied 
the expression of factors that could be associated with the JAK-STAT 
signaling pathway in CHIKV-infected MDMs. We focused on the IL12 
family of cytokines because some of their members (IL27 and IL35) are 
known to mediate the activation of STAT1, a crucial inductor of AVPs in 
response to IFN stimulation [2,17]. In present studies, we investigated 
expression levels of genes that encode for AVPs in CHIKV-infected 
MDMs in an IFN-independent manner. We evaluated the expression of 
IL12p70, IL23, IL27, IL35, and their receptors. We observed significant 
up-regulation in IL12p40 expression (Fig. 4A). However, we did not 
observe the expression of either IL12p35 or IL12RB2, suggesting that 
mature IL12p70 and IL35 are not induced in CHIKV-infected MDMs. In 
the case of IL23, although both subunits of the cytokine were expressed 

Fig. 1. Monocyte-derived macrophages are target cells of CHIKV replica-
tion and expressed AVPs in an Interferon-independent manner. Human 
MDMs cultures were left uninfected or infected with CHIKV at MOI 5. Culture 
supernatants were obtained at 6, 24, and 48 hpi, and quantification of PFU/mL 
was performed by plaque assay. Cell lysates were obtained at 6, 24, and 48 hpi, 
and RT-qPCR was performed. CHIKV replication kinetics in human MDMs (A). 
mRNA expression of IFN-I (IFNα1 and IFNβ1), IFN-II (IFNγ), IFN-III (IFNλ1) (B) 
and antiviral proteins (APOBEC3A, ISG15, OAS1, PKR, and Viperin) (C) in 
CHIKV-infected MDMs. Data are presented as the mean ± SEM. Mann-Whitney 
test was performed. Significant results are defined as p < 0.05 (*), p < 0.01 (**) 
and p < 0.002 (***). n = 4. 
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in CHIKV-infected MDMs, IL23R was not expressed (Fig. 4A), suggesting 
that although mature IL23 could be present, its signaling pathway is not 
activated in MDMs. Of note, we observed that CHIKV infection induces a 
significantly high level of both IL27p28 and EBI3. Furthermore, both 
IL27 receptor subunits (IL27Rα and Gp130) were expressed in MDMs 
and Gp130 was up-regulated by CHIKV infection, suggesting that all 
IL27 subunits are expressed and therefore, IL27 could be biologically 
functional in response to CHIKV infection (Fig. 4A) 

Next, we evaluated the expression of the IL27 signaling pathway in 
CHIKV-infected MDMs. We observed that CHIKV infection promotes up- 
regulation of Gp130 mRNA expression, as well the mRNA encoding 
receptor-associated kinases, such as JAK2. Additionally, we observed 
up-regulation in transcription factors expression, including STAT1, 
which was among the STATs, most highly expressed in CHIKV-infected 
MDMs (Fig. 4B); and STAT3, both previously reported implicated in the 
IL27 signaling transduction in vivo [18]. 

3.5. Validation of the RNA-Seq results by RT-qPCR and ELISA 

Next, we proceeded to validate the RNA-Seq results related to IL27 
signaling by RT-qPCR based on Log2 FC and p values. As shown in 
Fig. 4C, CHIKV infection of MDMs induced expression of both IL27p28, 

and EBI3, as well SOCS3, the most important negative regulator of the 
IL27 signaling pathway. The highest level of EBI3 mRNA level was 
observed at 6 hpi, whereas, for IL27p28 and SOCS3, the peak mRNA 
level was observed at 24 hpi. Furthermore, we quantified IL27 protein in 
CHIKV-infected MDMs culture supernatants, at 0, 6, 24, and 48 hpi, by 
ELISA. We found the highest level of IL27 protein at 24 hpi (Fig. 4D). 
Results are consistent with the kinetic of IL27p28 (Fig. 4C) and AVPs 
mRNAs (APOBEC3A, ISG15, PKR, OAS1, and Viprin) (Fig. 1C) observed 
by RT-qPCR. The RT-qPCR and ELISA data were consistent with the 
transcriptomic analysis, indicating the reliability of the RNA-Seq results 
and that the IL27 signaling pathway is activated in CHIKV-infected 
MDMs. 

3.6. IL27-treatment and CHIKV-infection induced a common pro- 
inflammatory and antiviral program in human macrophages 

To confirm the ability of IL27 to activate the JAK-STAT signaling 
pathway and increased the expression of ISGs observed in our tran-
scriptomic analysis of CHIKV-infected MDMs, we reanalyzed a publicly 
dataset (MicroArray GSE143228) [26], where human promonocytic 
(THP-1) cells were pre-treated with PMA to induce macrophage-like 
phenotype followed by 100 ng/ml recombinant-human IL27 for 18 h. 

Fig. 2. CHIKV infection induces the expression of a robust pro-inflammatory and antiviral response in MDMs. Human MDMs cultures were left uninfected or 
infected with CHIKV at MOI 5. Cell lysates were obtained at 24 hpi and RNA-seq was performed. PCA plot (A) of differentially expressed genes (DEG) interrogated by 
RNA-Seq. Grey and black data points represent uninfected and CHIKV-infected MDMs, respectively. MA plot of DEG (B). Differentially expressed cytokines (C), and 
CC– and CXC-chemokines (D) in CHIKV-infected MDMs. GO enrichment analysis (E) from DEG regulated in CHIKV-infected MDMs. DEG in CHIKV-infected MDMs 
was selected from genes with an FDR < 0.05 and |Log2 Fold Change (CHIKV-infected MDMs/ Uninfected MDMs) |> 0.6. To quantify mRNAs abundance, we use the 
Reads per kilobase per million mapped reads (RPKM). n = 4. 
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The analysis of data showed that IL27-treated THP-1 cells expressed a 
high diversity of mRNA encoding AVPs (APOBEC3-family proteins, GBP- 
family proteins, IFI-family proteins, IFITM-family proteins, OAS-family 

proteins, IDO1, ISG15, ISG20, MX1, MX2, PKR, Viperin, and others) 
(Fig. 5A); cytokines (TNFα, IL7, IL15, IL32, BAFF, and TRAIL) (Fig. 5B), 
and CC– and CXC- chemokines (CCL2, CCL7, CCL8, CXCL9, CXCL10, and 

Fig. 3. CHIKV infection in MDMs activated the JAK-STAT signaling pathway and induced a robust antiviral network in an IFN-independent manner. 
Human MDMs cultures were left uninfected or infected with CHIKV at MOI 5. Cell lysates were obtained at 24 hpi and RNA-seq was performed. Heat map (A). IFNs/ 
IFNRs mRNA abundance (RPKM) in uninfected (-) and CHIKV-infected MDMs (þ). Each column corresponds to an independent donor. Mann-Whitney test was 
performed. Significant results are defined as p < 0.05 (*), p < 0.01 (**) and p < 0.002 (***). Differentially regulated mRNA network (B). JAK-STAT signaling 
pathway components and AVPs regulated in CHIKV-infected MDMs. Grayscale was normalized to Log2 Fold Change. n = 4. 

Fig. 4. The IL27 signaling pathway is activated in CHIKV-infected MDMs. Human MDMs cultures were left uninfected or infected with CHIKV at MOI 5. Cell 
lysates and culture supernatants were obtained at 6, 24, and 48 hpi, and RNA-seq, RT-qPCR, and ELISA were performed. Heat map (A). IL12-family of cytokines/ 
Receptors mRNA abundance (RPKM) in uninfected (-) and CHIKV-infected MDMs (þ) at 24 hpi. Each column corresponds to an independent donor. Mann-Whitney 
test was performed. Significant results are defined as p < 0.05 (*), p < 0.01 (**) and p < 0.002 (***). Differentially regulated mRNA network (B). IL27 signaling 
pathway components regulated in CHIKV-infected MDMs at 24 hpi. Grayscale was normalized to Log2 Fold Change. Dotted line: STAT proteins implicated in the 
biological activity of IL27 in vivo. Kinetics of IL27 and SOCS3 mRNA expression by RT-qPCR (C) and kinetics of mature IL27 accumulation by ELISA (D) in CHIKV- 
infected MDMs. Kruskal-Wallis test with Dunn’s post-test was performed. Significant results are defined as p < 0.05 (*), p < 0.01 (**) and p < 0.002 (***). n = 4. 
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CXCL11) (Fig. 5C). Additionally, we found that IL27-treated THP-1 cells, 
analogous to CHIKV-infected MDMs (Fig. 3B), up-regulated expression 
of the JAK-STAT signaling pathway, including the receptor-associated 
kinase JAK2 mRNA, transcription factors mRNAs such as STAT1, 
STAT2, and STAT3, and negative regulators SOCS1 and SOCS3 (Fig. 5D). 
Furthermore, IL27 treatment induced the expression of genes encoding 
proteins involved in the implementation of a robust antiviral network 

(Fig. 5D), with a pattern similar to what we observed in CHIKV-infected 
MDMs (Fig. 3B); as well as consolidation of the functional clusters 
involved in the control of viral replication cycle (Fig. 3B). 

Considering the similarity of response between CHIKV-infected 
MDMs and IL27-treated THP-1 cells (Fig. 2A and 5A, respectively), we 
performed a comparative analysis of DEG for both treatment conditions. 
We found that CHIKV-infected MDMs and IL27-treated THP-1 cells 

Fig. 5. IL27 treatment in THP-1-derived macrophages induced a robust pro-inflammatory and antiviral response. To determine whether IL27 plays a role in 
the induced pro-inflammatory and antiviral responses in human macrophages, we reanalyzed a publicly available dataset (MicroArray GSE143228, GEO) [26]. 
Volcano plot of DEG (A); Differentially expressed cytokines (B); CC– and CXC-chemokines (C); and Differentially regulated mRNA network (D). JAK-STAT signaling 
pathway components and AVPs regulated in IL27-treated THP-1 cells. Grayscale was normalized to Log2 Fold Change. Dotted line: STAT protein implicated in the 
biological activity of IL27 in vivo. DEG were selected from genes with an FDR < 0.05 and |Log2 Fold Change (IL27-treated THP-1 cells/unstimulated THP-1 cells) |>
0.6. n = 3. 

Fig. 6. IL27-treatment and CHIKV-infection induced a common pro-inflammatory and antiviral program in human macrophages. To determine whether the 
IL27 treatment of THP-1 cell line and CHIKV infection induced a common pro-inflammatory and antiviral program in human macrophages, we reanalyzed a publicly 
available dataset [26] and compared it with our transcriptomic analysis of CHIKV-infected MDMs. Human MDMs cultures were left uninfected or infected with 
CHIKV at MOI 5. Cell lysates were obtained at 24 hpi and RNA-seq was performed. Venn diagram (A) and GO enrichment analysis (B) of common DEG between IL27- 
treated THP-1 cells and CHIKV-infected MDMs. 
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expressed 156 common genes (19%) (Fig. 6A). Next, we performed GO 
analysis of common genes and found that many encoded AVPs, mole-
cules associated with pro-inflammatory and immune response, and 
components of the JAK-STAT signaling pathway (Fig. 6B), confirming 
that commonly expressed genes are involved in both robust pro- 
inflammatory- and antiviral-response. 

3.7. IL27 pre-treatment inhibits CHIKV replication in MDMs 

To confirm the contribution of IL27 in inhibiting CHIKV replication, 
human MDMs were pre-treated for 6 h with increasing concentrations of 
recombinant-human IL27 (Biolegent) or 25 ng/mL of recombinant- 
human IFNβ1 (Biolegent) as a positive control for the inhibition of 
viral replication. Next, MDMs were infected with MOI 5 of CHIKV, and 
viral replication was evaluated at 24 hpi. We observed that like IFNβ1, 
IL27 treatment resulted in a significant decrease of CHIKV replication in 
a dose-dependent manner (Fig. 7A). We have shown earlier that IL27 
displays antiviral properties against CHIKV infection, with an IC50 of 
1.82 ng/mL (Fig. 7B). These results confirm that IL27, as well as IFNβ1, 
can induce an antiviral state in MDMs and reduce CHIKV replication in 
vitro. 

4. Discussion 

The first report of antiviral properties of IL27 was presented by 
Fakruddin et al. (2007) [23], who showed that IL27 was expressed in 
PBMCs and human MDMs in response to the non-infectious papilloma 
virus-like particles. Additionally, the authors reported that IL27 treat-
ment inhibits HIV-1 replication in CD4 + T cells, PBMCs and MDMs, in a 
dose-dependent manner. However, it was not until 2020 that IL27 
activated JAK-STAT signaling pathway in human normal epidermal 
keratinocytes (HNEKs) was reported; as well as induced expression of 
AVPs, including OAS1, OAS2, OASL, and MX1, in a STAT1-dependent 
but STAT2-independent manner [26]. Furthermore, the authors re-
ported that IL27-treated HNEKs inhibited replication of ZIKV and Sendai 
virus in vitro. Additionally, using Ifnar1-/-, Il27ra-/-, and Ifnar1-/-/ 
Il27ra-/- mice infected with ZIKV, Kwock et al. (2020) [26] showed that 
subcutaneous administration of IL27 reduced mortality and onset of 
neurological symptoms in an interferon-independent manner, confirm-
ing the ability of IL27 to induce a protective antiviral response against 
ZIKV, both in vitro and in vivo. 

Even though IL27 was described in 2002 [31], only in the last years 
its role in the control of viral infections has begun to be understood, 
which might be because its functionality was being masked by the effect 
of the three classical IFNs (IFN-I, IFN-II, and IFN-III) which are inducers 
of antiviral states [32]. The IFN-I/IFNAR and IFN-III/IFNLR interaction 
promote the JAK-STAT signaling pathway which activates STAT1 and 
STAT2, leading to the expression of ISGs encoding AVPs involved in the 
induction of an antiviral state [9]. On the other hand, the IFN-II/IFNGR 
interaction results in the JAK-STAT signaling pathway which mediates 

homodimerization, and activation of STAT1 leading to the expression of 
IFNγ-stimulated genes, including cytokines (IL7, IL15, and IL32), CXC 
chemokines (CXCL9, CXCL10, and CXCL11) and some AVPs, including 
IDO1, ADAR1, GBP family proteins, OAS family proteins, and IFITM- 
family proteins [33–37]. In both cases, IFNs result in the expression of 
AVPs that lead to the antiviral immune response [32,34]. Therefore, 
when IFNs are expressed in the context of viral infections, the induction 
of an antiviral state is attributed to them, masking the potential antiviral 
activity of other factors, such as IL27. 

Along with the results described here, recently [10] we demon-
strated that CHIKV infection induces expression of ISGs encoding AVPs, 
but not IFNs in human MDMs, suggesting an alternative pathway that 
regulates CHIKV infection in MDMs. In the present study, we show that 
CHIKV can abrogate the expression of classic IFNs in human MDMs; 
however, a robust ISGs-dependent antiviral activity is promoted in 
MDMs in response to CHIKV infection. We found that MDMs highly 
express IL27, its respective heterodimeric receptor complex, and com-
ponents of signaling pathways in response to CHIKV infection, besides 
the expression of AVPs involved in the control of CHIKV replication. 
These findings are not limited to MDMs; Kwock et al (2020) [26] re-
ported a comparable pattern of antiviral response in HNEKs stimulated 
with IL27 in vitro and demonstrated that IL27 treatment of mice protects 
against subcutaneous ZIKV infection in the absence of IFN-I. AVPs such 
as PKR, MX1, MX2, ISG20, OAS1, OAS2, OAS3, and Viperin among 
others, have previously been reported to be induced by IFN-I (Reviewed 
in [32]). However, Kwock et al (2020) [26] found that IL27 induces 
expression of these AVPs in a manner that is STAT1 and IL27Rα 
dependent. Based on these results, we propose that IL27 induces the 
expression of AVPs in an IFN-independent manner, both in MDMs and 
keratinocytes in response to the infectious agent. Thus, IL27 signaling 
may play a relevant novel mechanism of inhibition of CHIKV infection. 
Taken together, these findings suggest that induction of AVPs by IL27 in 
MDMs is independent of the three types IFNs described. 

IFNs are crucial factors in the control of alphavirus replication 
(Reviewed in [1]). Hence, viruses including CHIKV have acquired the 
ability to block IFN signaling pathway. One of the proteins implicated in 
the control of antiviral effects IFNs-dependent is CHIKV nsP2, a poly-
functional protein with helicase activity, RNA triphosphatase, nucleo-
side triphosphatase, methyltransferase, and papain-like cysteine 
protease activity implicated in viral replication [38–39]. CHIKV nsP2 
orchestrate down-regulation of IFN-dependent cellular antiviral state in 
multiple steps, including the blocking of IFN-I dependent JAK-STAT 
signaling pathway activation [40], and degradation of Rpb1 (a cata-
lytic subunit of RNA Polymerase II, through the ubiquitin–proteasome 
system), blocks the activation of cellular gene transcription and down-
regulation of cellular antiviral response late in CHIKV replication cycle 
[41]. However, the mechanism of CHIKV to block interferon expression 
in infected cells has not been previously reported. Fros et al., (2010) [40] 
reported that CHIKV replication was resistant to IFN treatment and 
block IFN-induced JAK-STAT signaling downstream gene transcription 

Fig. 7. IL27 pre-treatment inhibits CHIKV repli-
cation in MDMs. Human MDMs were pre-treated for 
6 h with increasing concentrations of recombinant- 
human IL27 or 25 ng/mL of recombinant-human 
IFNβ1. Next, MDMs cultures were infected with 
CHIKV at MOI 5. Culture supernatants were obtained 
at 24 hpi and viral titration was performed by plaque 
assay on Vero cells. CHIKV replication in MDMs (A). 
Percentage of viral inhibition and IC50 of IL27 in 
MDMs (B). Kruskal-Wallis test with Dunn’s post-test 
was performed. Significant results between unsti-
mulated and pre-treated MDMs are defined as p <
0.05 (*), p < 0.01 (**), and p < 0.002 (***). n = 4.   
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independently of host shutoff. Furthermore, when cells were infected 
with CHIKV 12 h before IFNs stimulation, STAT1 and STAT2 nuclear 
translocation were completely altered. Also, since CHIKV infection de-
creases the STAT2 expression, it has suggested that CHIKV might have 
evolved strategies to evade the antiviral response by modulating STAT2 
activity [42–43]. If STAT2 is inhibited by CHIKV, thus, IL27 could play a 
novel host-defensive role to subvert viral decreases of all types IFNs 
regulatory molecules, including STAT2. In further support of the role of 
IL27 in specifically inducing STAT1 signaling, Kwock et al (2020) [26] 
reported that p-STAT1, but not p-STAT2, was rapidly activated in ker-
atinocytes stimulated with IL27, and consequently, this cytokine 
directly signals via STAT1 to induces AVPs expression. 

A characteristic of IL27 is that it consists of a heterogeneous dimer 
with an α subunit (IL27p28) and a β subunit (EBI3) [31]. Therefore, 
inhibition of either an IL27p28 or EBI3 subunit leads to the alteration of 
the biological function of IL27, since it is only active when both subunits 
are present [12,31]. Our IL27 expression kinetics shown a differential 
regulation of both IL27p28 and EBI3. We show that EBI3 is expressed 
early in CHIKV-infected MDMs with a peak of mRNA at 6 hpi, whereas, 
in the case of IL27p28, we observed a peak of mRNA expression at 24 
hpi, a result consistent with kinetic of mature IL27 accumulation and 
AVPs expression, suggesting that both subunits of IL27 are required for 
induction of antiviral response in CHIKV-infected MDMs. Additionally, 
these results suggest that both IL27 subunits have different transcrip-
tional and temporal regulation. 

IL27 expression is induced in APCs in response to TLRs activation 
[18]. Recently, we reported a positive correlation between TLR3 and 
AVPs expression in CHIKV-infected MDMs [10], suggesting that TLR3 
activation could be implicated in IL27 production by MDMs in response 
to CHIKV infection. However, the relevance of TLR3 activation in IL27 
expression requires further investigation. 

CHIKV pathogenesis has an important immunological component 
(Reviewed [1]). Higher levels of pro-inflammatory cytokines (IL1β, IL6, 
IL12p70, IL15), CC– chemokines (CCL2, CCL3, CCL5, and CCL8), and 
CXC- chemokines (CXCL9, CXCL10, CXCL11) are detected in CHIKV- 
infected patients. Some of these cytokines/chemokines, such as IL1β, 
IL6, CCL5, and CCL8 have been correlated with the severity of CHIKF, 
while others, including IL1Ra, IL6, IL12p70, IL16, IL17, IL18, CCL2, and 
CXCL10 were correlated with high CHIKV loads [1,44]. In addition, 
Cavalcanti et al. 2019 [27] shown that IL27 serum levels were higher in 
patients with CHIKV chronic symptoms than in ones in the acute or 
subacute stage of the disease. Furthermore, in patients with chronic 
symptoms of CHIKF, a significant correlation between IL27 levels and 
tender joint counts was observed. We show that IL27 promotes an 
antiviral state in CHIKV-infected MDMs; IL27 also mediates the 
expression of inflammatory factors. Among them, cytokines such as IL7, 
IL15, IL32, BAFF and TRAIL, CC– chemokines including CCL2, CCL7, 
CCL8, and CXC- chemokines, such as CXCL9, CXCL10, and CXCL11 
(Fig. 5A). All arthritogenic factors up-regulated in Rheumatoid arthritis 
[45–46] as in CHIKV-infected patients and had been associated with the 
development of inflammation and joint pain [33,36,45–46], suggesting 
a possible role of IL27 in the pathogenesis of CHIKV-dependent 
arthralgia and arthritis. 

In conclusion, these results have shown that IL27 is highly expressed 
in CHIKV-infected MDMs, leading to the activation of JAK-STAT 
signaling and induction of robust pro-inflammatory and antiviral 
response in an IFN-independent manner. Furthermore, based on our 
results and others already discussed above, we propose that IL27 signals 
through STAT1 and IL27Rα to generate ISGs transcripts encoding AVPs, 
cytokines, and chemokines in an IFN-independent manner, to generate 
an immune response against CHIKV infection in MDMs. 
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J.F. Valdés-López et al.                                                                                                                                                                                                                        

https://doi.org/10.1016/j.cellimm.2021.104411
https://doi.org/10.1016/j.cellimm.2021.104411
https://doi.org/10.1089/jir.2019.0058
https://doi.org/10.1016/j.immuni.2006.08.007
http://refhub.elsevier.com/S0008-8749(21)00130-1/h0015
http://refhub.elsevier.com/S0008-8749(21)00130-1/h0015
https://doi.org/10.1111/imr.12001
https://doi.org/10.1111/imr.12001
http://refhub.elsevier.com/S0008-8749(21)00130-1/h0025
http://refhub.elsevier.com/S0008-8749(21)00130-1/h0025
https://doi.org/10.1038/ni875
http://refhub.elsevier.com/S0008-8749(21)00130-1/h0035
http://refhub.elsevier.com/S0008-8749(21)00130-1/h0035
http://refhub.elsevier.com/S0008-8749(21)00130-1/h0035
https://doi.org/10.1128/CMR.14.4.778
https://doi.org/10.1038/icb.2012.9
https://doi.org/10.1038/icb.2012.9
https://doi.org/10.1016/j.actatropica.2020.105619
https://doi.org/10.1016/j.actatropica.2020.105619
https://doi.org/10.1038/s41575-020-0273-0
https://doi.org/10.3389/fphar.2020.00129c
http://refhub.elsevier.com/S0008-8749(21)00130-1/h0065
http://refhub.elsevier.com/S0008-8749(21)00130-1/h0065
http://refhub.elsevier.com/S0008-8749(21)00130-1/h0065
http://refhub.elsevier.com/S0008-8749(21)00130-1/h0070
http://refhub.elsevier.com/S0008-8749(21)00130-1/h0070
http://refhub.elsevier.com/S0008-8749(21)00130-1/h0070
http://refhub.elsevier.com/S0008-8749(21)00130-1/h0070


Cellular Immunology 367 (2021) 104411

10

12p40 to Form a Cytokine, IL-23, with Biological Activities Similar as Well as 
Distinct from IL-12, Immunity 13 (5) (2000) 715–725. 

[15] S. Pflanz, L. Hibbert, J. Mattson, R. Rosales, E. Vaisberg, J.F. Bazan, J.H. Phillips, T. 
K. McClanahan, R. de Waal Malefyt, R.A. Kastelein, WSX-1 and glycoprotein 130 
constitute a signal-transducing receptor for IL-27, J Immunol 172 (4) (2004) 
2225–2231, https://doi.org/10.4049/jimmunol.172.4.2225. 

[16] L.W. Collison, G.M. Delgoffe, C.S. Guy, K.M. Vignali, V. Chaturvedi, 
D. Fairweather, A.R. Satoskar, K.C. Garcia, C.A. Hunter, C.G. Drake, P.J. Murray, D. 
A.A. Vignali, The composition and signaling of the IL-35 receptor are 
unconventional, Nat Immunol 13 (3) (2012) 290–299, https://doi.org/10.1038/ 
ni.2227. 

[17] E.D. Tait Wojno, C.A. Hunter, J.S. Stumhofer, The Immunobiology of the 
Interleukin-12 Family: Room for Discovery, Immunity 50 (4) (2019) 851–870, 
https://doi.org/10.1016/j.immuni.2019.03.011. 

[18] C. Hunter, R. Kastelein, Review Interleukin-27: Balancing Protective and 
Pathological Immunity, Immunity 37 (6) (2012) 960–969, https://doi.org/ 
10.1016/j.immuni.2012.11.003. 

[19] G. Murugaiyan, A. Mittal, R. Lopez-Diego, L.M. Maier, D.E. Anderson, H.L. Weiner, 
IL-27 Is a Key Regulator of IL-10 and IL-17 Production by Human CD4+ T Cells, 
J Immunol 183 (2009) 2435–2443, https://doi.org/10.4049/jimmunol.0900568. 
IL-27. 

[20] N. Morishima, T. Owaki, M. Asakawa, S. Kamiya, J. Mizuguchi, T. Yoshimoto, 
Augmentation of Effector CD8+ T Cell Generation with Enhanced Granzyme B 
Expression by IL-27, J Immunol 175 (3) (2005) 1686–1693, https://doi.org/ 
10.4049/jimmunol.175.3.1686. 

[21] F. Larousserie, P. Charlot, E. Bardel, J. Froger, R.A. Kastelein, O. Devergne, 
Differential Effects of IL-27 on Human B Cell Subsets, J Immunol 176 (10) (2006) 
5890–5897, https://doi.org/10.4049/jimmunol.176.10.5890. 

[22] J.A. Harker, K.A. Wong, S. Dallari, P. Bao, A. Dolgoter, Y. Jo, E.J. Wehrens, 
M. Macal, E.I. Zuniga, A. García-Sastre, Interleukin-27R Signaling Mediates Early 
Viral Containment and Impacts Innate and Adaptive Immunity after Chronic 
Lymphocytic Choriomeningitis Virus Infection, J Virol 92 (12) (2018), https://doi. 
org/10.1128/JVI.02196-17. 

[23] J.M. Fakruddin, R.A. Lempicki, R.J. Gorelick, J. Yang, J.W. Adelsberger, A. 
J. Garcia-Pineres, L.A. Pinto, H.C. Lane, T. Imamichi, Noninfectious papilloma 
virus–like particles inhibit HIV-1 replication: implications for immune control of 
HIV-1 infection by IL-27, Blood 109 (2007) 1841–1849, https://doi.org/10.1182/ 
blood-2006-02-001578. 

[24] A.C. Frank, X. Zhang, A. Katsounas, J.P. Bharucha, S. Kottilil, T. Imamichi, 
Interleukin-27, an Anti-HIV-1 Cytokine, Inhibits Replication of Hepatitis C Virus, 
J Interf CYTOKINE Res 30 (6) (2010) 427–431, https://doi.org/10.1089/ 
jir.2009.0093. 

[25] Y. Cao, R. Zhang, W. Zhang, C. Zhu, Y.i. Yu, Y.u. Song, Q. Wang, L. Bai, Y. Liu, 
K. Wu, J. Wu, IL-27, a Cytokine, and IFN- λ1, a Type III IFN, Are Coordinated To 
Regulate Virus Replication through Type I IFN, J Immunol 192 (2) (2014) 
691–703, https://doi.org/10.4049/jimmunol.1300252. 

[26] J.T. Kwock, C. Handfield, J. Suwanpradid, P. Hoang, M.J. McFadden, K. 
F. Labagnara, L. Floyd, J. Shannon, R. Uppala, M.K. Sarkar, J.E. Gudjonsson, D. 
L. Corcoran, H.M. Lazear, G. Sempowski, S.M. Horner, A.S. MacLeod, IL-27 
signaling activates skin cells to induce innate antiviral proteins and protects 
against Zika virus infection, Sci Adv 6 (14) (2020) eaay3245, https://doi.org/ 
10.1126/sciadv.aay3245. 

[27] N.G. Cavalcanti, K. Melovilar, A. Luzia, B. Pinto, M. Jesus, B. Melo, M.C. Pereira, 
R. Pitta, C. Diniz, L. Marques, M. Galdino, IL-27 in patients with Chikungunya 
fever: A possible chronicity biomarker? Acta Trop 196 (2019) 48–51, https://doi. 
org/10.1016/j.actatropica.2019.05.005. 

[28] B. Pastorino, M. Bessaud, M. Grandadam, S. Murri, H.J. Tolou, C.N. Peyrefitte, 
Development of a TaqMan RT-PCR assay without RNA extraction step for the 
detection and quantification of African Chikungunya viruses, J Virol Methods 124 
(1-2) (2005) 65–71, https://doi.org/10.1016/j.jviromet.2004.11.002. 
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