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Dengue virus (DENV) is the most widespread arbovirus, responsible for a wide range of clinical manifestations, varying from self-limited illness to severe hemorrhagic fever. Dengue severity is associated with host intense proinflammatory response and monocytes have been considered one of the key cell types involved in the early steps of DENV infection and immunopathogenesis. To better understand cellular mechanisms involved in monocyte infection by DENV, we analyzed the expression levels of 754 human microRNAs in DENV-infected THP-1 cells, a human monocytic cell line. Eleven human microRNAs showed differential expression after DENV infection and gene ontology and enrichment analysis revealed biological processes potentially affected by these molecules. Five downregulated microRNAs were significantly linked to cellular response to stress, four to cell death/apoptosis, two to innate immune responses and one upregulated to vesicle mediated, TGF-β signaling, phosphatidylinositol mediated signaling, lipid metabolism process and blood coagulation.
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Introduction

Dengue is an arthropod-borne viral disease that has rapidly spread around the world in the last decades and for which no antiviral treatment is currently available (Wilder-Smith et al., 2019). It is estimated that half of the world’s population live in areas of risk for dengue and that, annually, from 284 to 528 million new infections occur (Harapan et al., 2020). From these, only about 96 million cases are apparent cases, with symptoms including intense headache, retro-orbital pain, myalgia, arthralgia, high fever, and cutaneous hash, characterizing the mild form of the disease (Harapan et al., 2020). However, infected individuals may develop severe outcomes such as systemic plasma leakage, thrombocytopenia, and severe organ impairment which eventually progress to hypovolemic shock and death (Guzman and Harris, 2016).

Dengue severity is linked to a host intense inflammatory response that leads to increased endothelial permeability and associated hemorrhagic manifestations. Different immune cell types are known to participate in the cytokine storm induced by dengue virus (DENV), including monocytes, macrophages, and dendritic cells (Cerny et al., 2014; Hottz et al., 2014; Alayli and Scholle, 2016; Bhatt et al., 2021). Particularly, an increased number of activated monocytes have been found on blood samples from severe cases suggesting a key role for this cell type during DENV immunopathogenesis (Durbin et al., 2008). Monocytes play a central role in coordinating inflammation both by recruiting macrophages and dendritic cells and by inducing adaptive immunity (Jakubzick et al., 2017). Moreover, monocyte recruitment, activation, and differentiation at the dermis contributes to the establishment of DENV replication sites during early steps of DENV infection (Schmid and Harris, 2014). However, little is known about the mechanisms involved in monocyte responsiveness to DENV at the molecular level.

MicroRNAs are notable for their ability to regulate many different pathways. It is estimated that 60% of human genes expression are regulated by microRNAs. These include genes that play a role on immune response and inflammation (Friedman et al., 2009; Nejad et al., 2018). MicroRNAs have also been described to play a role in cellular strategies to overcome viruses and vice-versa (Trobaugh and Klimstra, 2017). To investigate whether DENV infection regulates microRNAs in monocytes, we assessed the expression pattern of 754-catalogued human microRNAs in the monocytic cell line THP-1 under DENV infection. Eleven cellular microRNAs were considered differentially expressed after infection. Associated pathways were identified by gene ontology analysis and the results suggest the involvement of human microRNAs in different cellular biological processes of known relevance in dengue pathogenesis, as well as others that have not yet been explored in the context of DENV biology. Together, our data suggest a role for human microRNAs during DENV infection in monocytes and highlight interesting candidates for further functional studies.



Methods


Virus Propagation

C6/36 mosquito cells (ATCC) were maintained at 28° C in L-15 medium (Gibco) supplemented with 2.95 g/L tryptose phosphate broth (Sigma Aldrich), 0.075% of sodium bicarbonate, 2 mM of glutamine and non-essential amino acids (Gibco), and 5% of inactivated fetal bovine serum (FBS) (ThermoFisher Scietific). C6/36 cells were infected at a multiplicity of infection (MOI) of 0.1 with DENV serotype 2 (DENV-2) (strain 16681). After 9 days of infection, the conditioned medium was harvested, centrifuged at 300 x g for 10 minutes and sterile-filtered through a 0.22 µM membrane (Millipore) to remove cells and cellular debris. Virus stocks were then stored at -80° C. All work involving infectious DENV was performed in a biosafety level (BSL)-3 containment laboratory.



Virus Titration

Virus titers were determined by plaque assay performed on BHK-21 cells seeded in 12-well plates (maintained at 37°C and 5% CO2). Ten-fold serial dilutions of virus stock samples were inoculated into confluent monolayers of BHK-21 cells. After 1 hour, inoculum was removed and semisolid medium (1% carboxymethylcellulose in alpha-MEM supplemented with 1% fetal bovine serum) was added. Cells were further incubated for 5 days prior to formaldehyde-fixation. Cells were stained with crystal violet dye solution for plaque visualization. Titers were expressed as plaque forming units (PFU) per milliliter.



THP-1 Infection

THP-1 cells (ATCC) were maintained in RPMI 1640 (ThermoFisher Scietific) supplemented with 10% of FBS at 37°C and 5% CO2. For infection on six independent experiments, cells were stimulated with phorbol-12-myristate-13-acetate (PMA - Sigma Aldrich) at 15 ηg/mL for 24 hours to induce monocytic activation as previously described (Daigneault et al., 2010). At the time of infection, PMA containing medium was removed and virus samples (DENV-2 16681) were inoculated with an MOI of 10 for 1 hour. Then, non-internalized viruses were removed by PBS washing, and cells were maintained in culture for 24 hours. Finally, cells were harvested to evaluate virus infectivity and microRNA expression.



Cellular Viability

Viability was evaluated through the capacity of live cells to metabolize resazurin dye (CellTiter Blue, Promega). THP-1 cells were seeded in 96 well plates at a density of 104 cells/well in the presence of PMA 15 ηg/mL for 24 hours. Cells were infected at different MOIs (0.1; 1; 10). Resazurin was added to cells 20- or 44-hours post-infection (for 24h or 48h experiments, respectively). Cellular viability was evaluated by fluorescence emission 4 hours after resazurin addition on a Victor Multilable Plate Reader (PerkinElmer).



Virus Infectivity

DENV-2 infection was monitored by immunofluorescence assay followed by flow cytometry analysis. Cells intended to flow cytometer analysis were fixed in paraformaldehyde solution (4%) for 15 minutes and permeabilized with triton solution (0.1%) for 20 minutes. Blocking was performed with donkey serum solution (5%) for 1 hour. Cells were incubated for 1 hour with the primary antibody 4G2 obtained from D1-4G2-4-15 hybridoma culture (ATCC). Following primary antibody incubation, cells were PBS washed and stained with the secondary antibody AlexaFluor anti-mouse 488 (Invitrogen) for 1 hour. The number of infected cells was monitored for all six biological replicates with the flow cytometer FACSCalibur (BD Bioscience).



MicroRNA Extraction, Quality Control and Retro Transcription

Cellular microRNAs were extracted through mirVana™ miRNA Isolation Kit (Thermo Fisher) following manufacturer‘s recommendations. RNA concentration and integrity were evaluated by Agilent RNA 6000 Nano Kit on BioAnalyzer (Agilent Technologies). Only samples with RNA Integrity Number (RIN) superior to nine were considered for further steps. Reverse transcription was performed by TaqMan® microRNA Reverse Transcription Kit (ThermoFisher Scietific) as specified by the manufacturer (with 100ηg of input RNA).



Large Scale RT-qPCR (OpenArray Platform)

MicroRNA profiles (array plates of 754 microRNAs) from each sample were obtained through RT-qPCR with TaqMan® OpenArray® MicroRNA Panels (ThermoFisher Scietific). Each panel plate holds up to three samples. A total of 6 replicates for each experimental group (mock and DENV-infected cells) were analyzed in study. Sample distribution into panel plates was done with the assistance of the automatic pipetting platform OpenArray® AccuFill™ System (ThermoFisher Scietific). Expression data is publicly available on https://github.com/atilarossi/THP-1_miRs_DENV.



Real-Time RT-PCR Expression Analysis

From routines created in R language for parsing raw data intensity foreground, background and fractional melting temperature exported from the commercial platform OpenArray® Real-Time PCR System (ThermoFisher Scietific), we made the background correction and the exploratory data analysis (fluorescence accumulation curve graphs of Rn intensity and HRM (High Resolution Melt) for each RT-PCR reaction in real time in different samples. For relative expression, the fluorescence accumulation data of real-time RT-qPCR reactions from each sample were used for fitting four parameter sigmoid curves to represent each amplification curve using the library qPCR for the R statistical package version 3.0.1. The cycle of quantification was determined for each amplification by the maximum of the second derivative of the fitted sigmoid curve. The efficiency of each amplification reaction was calculated as the ratio between the fluorescence of the cycle of quantification and the fluorescence of the cycle immediately preceding that. The estimated efficiency of each microRNA was obtained by the mean of the efficiencies calculated for each amplification reaction of that microRNA. Endogenous controls used in normalization between the different amplified samples were selected by the geNorm method. Normalization factors were calculated as the geometric mean of the expression value of the selected endogenous controls in each sample. The comparisons of means of normalized microRNA expression values between groups were performed by a nonparametric one-way ANOVA with 1,000 unrestricted permutations, followed by post-hoc pairwise comparisons with Bonferroni adjustment by a nonparametric t-test also with 1,000 permutations. Next, we conducted a Type I error adjustment for multiple comparisons by estimating the false positive ratio or false discovery rate (FDR). Results were represented in graphs displaying the microRNA expression levels mean ± standard error. Two-tailed levels of significance ≤ 0.01, 0.05 and 0.1 were considered as “highly significant”, “significant” and “suggestive”, respectively.



Gene Ontology and Enrichment Analysis

Enrichment analysis of target microRNA genes was performed using the online platform DIANA miRPath v.3 (http://snf-515788.vm.okeanos.grnet.gr). This software considers not only a Gene Ontology database of in silico evidence but also incorporates data from experimentally supported targets for tested microRNAs. The enrichment was assessed with a statistical score based on a Fisher’s Exact Test (hypergeometric distribution) adjusted by Benjamini-Hochberg’s False Discovery Rates (FDR) and applying the DAVID’s EASE score for a more conservative statistical analysis. Results that showed p-values ≤ 0.001 were considered significant.




Results


DENV Infects PMA-Stimulated THP-1 Cells With High Efficiency and Induces Changes in Cellular MicroRNA Expression Profile

Comparative gene expression studies during infection require a high percentage of infected cells. As activated monocytes are considered susceptible targets of DENV in blood and tissues, THP-1 monocytes were chemically activated through PMA treatment before DENV infection as described in Methods section. To set up the best conditions for high infection rates, activated THP-1 cells were infected at different MOIs, and DENV positive cells were evaluated 24 hours post-infection by immunofluorescence staining and flow cytometer analyses. The highest infection rates (up to 80%) were observed for DENV at the MOI 10 (Figures S1A, B). No significant differences in cell viability were observed when mock-infected cells were compared to infected cells at this MOI (Figure S1C), ensuring that cell death related pathways would not bias further steps.

Six independent experiments of activated THP-1 cells infected with DENV-2 (MOI 10) for 24 hours were then submitted to total RNA extraction followed by RT-qPCR expression analysis of 754 cellular microRNAs. microRNA profiles obtained were compared and, after clusterization, microRNA expression levels were sufficient to discriminate DENV-infected from mock-infected cells (Figure S2). DENV significantly induced up-regulation of two microRNAs (hsa-miR-30a-5p and hsa-miR-424-3p) and down-regulated seven microRNAs (hsa-miR-34c-5p, hsa-miR-455-5p, hsa-miR-455-3p, hsa-miR-548c-5p, hsa-miR-548d-5p, hsa-miR-652-3p and hsa-miR-99b-3p) (Figure 1). The microRNA hsa-miR-323a-3p was only detectable in infected cells while hsa-miR-489-3p was found exclusively in mock-infected cells (Figure S3). Thus, they were classified as upregulated (hsa-miR-323a-3p) and downregulated (hsa-miR-489-3p) by DENV-2.




Figure 1 | Differential expression of human microRNAs during DENV infection on THP-1 cells (six independent replicates for each experimental group). Expression profile of all infected and mock-infected samples for 9 microRNAs significantly modulated by DENV infection (A). The fold change levels (against mock-infected cells) of regulated microRNAs that showed statistically significant results (B). *p < 0.01 and **p < 0.05.





Gene Ontology and Enrichment Analysis of DENV-Regulated MicroRNAs Reveal Biological Processes Potentially Altered During Infection

To identify biological processes targeted by microRNAs modulated during DENV infection, a gene ontology and enrichment analysis (GO) was performed with the software DIANA-miRPath. GO analysis of these 11 microRNAs revealed 55 cellular pathways related to microRNAs up-regulated by DENV (Figure 2A) and other 51 pathways linked to microRNAs down-regulated by DENV (Figure 2B). Six microRNAs (hsa-miR-30a-5p, hsa-miR-652-3p, hsa-99b-3p, hsa-34c-5p, hsa-miR-548c-5p and hsa-548d-5p) were significantly linked to cellular response to stress, five (hsa-miR-30a-5p, hsa-99b-3p, hsa-34c-5p, hsa-miR-548c-5p and hsa-548d-5p) were linked to cell death/apoptosis, one (has-miR-30a) to vesicle mediated transport and two (hsa-miR-548c-5p and hsa-548d-5p) to innate immune responses. The upregulated hsa-miR-30a showed significant association to biological processes known to be relevant for DENV infection such as TGF-β signaling, phosphatidylinositol mediated signaling, lipid metabolism process and blood coagulation. Downregulated hsa-miR-652-3p, hsa-34c-5p and hsa-miR-548c-5p were also significantly linked to blood coagulation. Biological processes that were never or poorly explored in DENV biology appeared to be linked to DENV-regulated microRNAs, such as SRP-dependent cotranslational targeting membrane system (hsa-miR-652-3p), focal adhesion (hsa-miR-652-3p), Fc-epsilon receptor signaling (hsa-miR-30a-5p, hsa-miR-652-3p, hsa-miR-548c-5p and hsa-548d-5p), and protein N-linked glycosylation (hsa-miR-30a-5p). Interestingly, nine of the eleven regulated microRNAs showed significant GO statistics to cellular nitrogen compound metabolic processes (hsa-miR-30a-5p, hsa-miR-424-3p, hsa-miR-652-3p, hsa-455-3p, hsa-455-5p, hsa-99b-3p, hsa-34c-5p, hsa-miR-548c-5p and hsa-548d-5p), which might indicate the activation of an antiviral state.




Figure 2 | Gene ontology and enrichment analysis for biological processes associated to human microRNAs regulated by DENV infection in monocytes. Gene ontology for up-regulated (A) and down-regulated (B) microRNAs. Were considered significant results that showed p-values ≤ 0.001.






Discussion

The present study explores the expression levels of 754 microRNAs during active DENV infection in an activated monocyte cell model. MicroRNAs are considered a powerful source to unravel molecular pathways behind pathogenesis and promising prognostic biomarkers. Here, we report 11 cellular microRNAs whose expression levels were modulated in response to DENV-2 infection in THP-1 monocytes and in silico predicted target pathways for these molecules.

Among microRNAs found to be modulated by DENV herein, some belong to miR families that have already been explored in DENV replication. We describe downregulation of miR-548 family members (hsa-miR548c-5p and hsa-miR548d-5p), which have already been reported to inhibit DENV 1-4 replication (Wen et al., 2015). Authors have shown that endogenous miR-548g-3p suppresses DENV propagation, possibly by direct binding to the Stem Loop A (SLA) promoter in 5’UTR, hindering its interaction with NS5. Likewise, we found hsa-miR-34a-5p to be downregulated in response to DENV-2 infection. Interestingly, miR-34 family members display antiviral activity against flaviviruses, including DENV (Smith et al., 2017). Moreover, miR-34a microRNAs may act as potent activators of interferon (IFN) response due to downregulation of the WNT/β-catenin signaling members WNT2 and WNT3, thereby promoting an antiviral state (Smith et al., 2017). In addition, we found hsa-miR-30a to be up-regulated by DENV-2 infection in monocytes. A same-family microRNA, hsa-miR-30e-3p, is upregulated by DENV-2 infection in HeLa cells suppressing DENV replication by promoting NF-kB-dependent IFN production (Zhu et al., 2014), so it is possible that a similar mechanism takes place in monocytes during DENV infection by hsa-miR-30a, but this needs to be confirmed by further functional studies.

After GO analysis, two upregulated and seven downregulated microRNAs were linked to cellular nitrogen compound metabolic process. This biological process is related to nitrogen compound production and detoxification at the cellular level. Nitrogen compounds are largely involved in many aspects of cellular metabolism during viral infections since nitric oxide plays an important role in innate immunity during viral replication. Nitric oxide and nitric oxide synthase levels have been frequently found elevated during both in vitro (monocytes) DENV infections and in clinical samples from infected human subjects (Espina et al., 2003; Neves-Souza et al., 2005; Valero et al., 2013). Our data suggest an involvement of microRNAs in regulation of nitrogen compound metabolism in DENV-infected monocytes supported by a very low p-value on GO analysis.

Another key player in dengue pathogenesis are the Fc receptors, whose interaction with Fc regions of antibodies induces phagocytosis and/or cytokine release. Cytokine production triggered by Fc receptor signaling is mediated by spleen tyrosine kinase (Syk), which is highly active in monocytes during DENV infections via antibody-dependent enhancement (ADE) mechanisms (Cheung et al., 2011; Tsai et al., 2014; Callaway et al., 2015). Moreover, Fc receptors are deeply related to these mechanisms since they interact directly with cross-reactive non-neutralizing antibodies bound to viral particles promoting their internalization by a non-canonical mechanism (Boonnak et al., 2011). ADE is part of a well-accepted model to explain DENV immunopathogenesis (Wilder-Smith et al., 2019) and our data suggest that hsa-miR-30a-5p, hsa-miR-548c-5p, hsa-miR-548d-5p and hsa-miR-652-3p could act as Fc-receptor pathway regulators during DENV infection influencing ADE mechanisms.

Several TRKs signaling mechanisms can be involved in modulation of immune responses. For instance, Neurotrophin TRK receptor participates in inflammation and tissue-healing mechanisms by stimulating chemotactic response to CXCL12 by monocyte-derived macrophages (Samah et al., 2008). Activation of this receptor also increases expression of antigen presentation markers (such as HLA-DR and CD80) on human monocyte-derived dendritic cells (Bratke et al., 2007). During viral infection, TRK signaling can also be subverted to promote expression of cellular replication machinery components, enzymes involved in nucleotide synthesis, ribosomal biogenesis, and autophagy regulation, all of which will optimize conditions for viral replication (Hondermarck et al., 2020). In this context, it has been shown that inhibition of fibroblast growth factor receptor 4 (FGFR4) opposingly affects DENV replication and production of infectious virus particles (Cortese et al., 2019).

Hence, these receptors are targeted by viruses to improve their success of an infection, but they can also be pharmacological targets when their exact role is revealed. Although TRK receptors may affect DENV replication and related immune activation, to date, no data is available for their direct involvement in dengue pathogenesis. Our data, bring new insights in this unexplored issue and indicate that hsa-miR-30a-5p, hsa-miR-548c-5p and hsa-miR-548d-5p may act regulating TRK receptor signaling during DENV infection in monocytes.

Blood coagulation is a well-explored biological process in dengue literature since dengue hemorrhagic events are linked to disease severity and mortality rates (Hottz et al., 2018). Although the events that trigger hemorrhagic manifestations are not fully understood, the involvement of a cytokine storm during infection is well described (Guabiraba and Ryffel, 2014). Blood coagulation factors such as prothrombin/thrombin, thrombomodulin, protein C, protein S, fibrinogen/fibrin, and others, are known to be altered during DENV pathogenesis (Azeredo et al., 2015). Our data suggest that hsa-miR-30a-5p, hsa-miR-652-3p, hsa-34c-5p and hsa-miR-548c-5p may be part of this puzzle.

Intriguingly, the upregulated hsa-miR-30a-5p was significantly linked to several biological processes shown by GO analysis. Besides the pathways discussed above, TGF-β receptor signaling pathway appeared to be targeted by this microRNA. TGF-β was previously found at lower levels in dengue patients when compared to healthy donors (Agarwal et al., 1999). Moreover, platelet counts positively correlate with TGF-β levels in DENV infection and genetic polymorphisms in this gene have already been linked to disease severity (Chen et al., 2009; Perez et al., 2010; Malavige and Ogg, 2017). TGF- β is also present on platelet alpha-granules and can be secreted after platelet-monocyte activation and aggregation, frequently found during dengue hemorrhagic events (Singh et al., 2020). Interestingly, hsa-miR-30a-5p has already been found to impact on TGF- β mediated polarization of naïve T cells by reducing transcript levels of IL6R and then affecting Th17 cell differentiation (Schiavinato et al., 2017).

Phosphatidylinositol mediated signaling pathway was also found to be targeted by hsa-miR-30a-5p. Phosphatidylinositol kinases (PI3K) are enzymes with broad cellular signaling functions, including cellular growth, proliferation, differentiation, cell survival and trafficking. Consequently, subversion of PI3K pathways during viral infections are frequent (Hondermarck et al., 2020). Members of this kinase family were already described regulating apoptosis during early steps of flaviviruses’ infection (Lee et al., 2005; Liu et al., 2014), acting on coagulation on dengue pathogenesis (Yeh et al., 2013) and participating on ADE mechanism (Tsai et al., 2014). Here, our data suggest that hsa-miR-30a-5p could also regulate this pathway in monocytes during DENV infection.

Protein N-linked glycosylation was also significantly linked to hsa-miR-30a-5p in this study. N-linked glycosylation participates in virus infectivity and propagation (Mondotte et al., 2007) and the envelope protein harbors two N-glycosylated residues (N67 and N153) that are involved in DENV entry through the interaction with attachment factors on the host cell surface, namely DC-SIGN and mannose receptor (Cruz-Oliveira et al., 2015). NS1 – a non-structural DENV protein mainly involved in immune evasion and critical to DENV replication – has abundant N-glycosylation sites responsible for its secretion and interaction with the complement system (Somnuke et al., 2011; Fan et al., 2014). Although all these findings support the relevance of N-glycosylation in DENV infection, its regulatory mechanisms remain to be elucidated (Zhang et al., 2016). Here, hsa-miR-30a-5p showed up as a candidate regulator of this process.

Finally, downregulated hsa-miR652-3p was the only microRNA for which GO analysis supports a role on SRP-dependent cotranslation protein targeting. The former is a mechanism responsible for protein targeting and direction to the endoplasmic reticulum (ER). As well documented, flaviviruses have their replication sites closely related to the ER. During DENV replication, most of the proteins remain associated with the ER and reside on its lumen until budding via Golgi complex (Mukhopadhyay et al., 2005). Although ER targeting seems to be a crucial step for DENV polyprotein translation and viral genome replication, the molecular mechanisms that rely under its synthesis and subcellular organization is not fully understood (Reid et al., 2018). Our data provide evidence of an involvement of SRP-targeting system on DENV replication, where hsa-miR652-3p might play a role.

Taken together, the present data identify eleven human microRNAs whose expression patterns were altered due to DENV infection on a human monocyte cell model. We therefore suggest that these molecules potentially act on DENV replication and/or pathogenesis regulating cellular pathways and host-virus interactions The microRNAs unraveled here are promising candidates for future functional research and their impact on DENV biology and pathogenesis should be further explored.
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