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Editorial on the Research Topic

Host Genetics in Viral Pathogenesis and Control



Host Genetic Susceptibilty/Resistance to Viral Infections

Viral diseases contribute to substantial morbidity and mortality and remain a major threat to global health. Although vaccines are notably successful in the prevention of many infections, effective vaccines are not available for most viruses including the pandemic human immunodeficiency virus (HIV) and hepatitis C virus (HCV). Direct antiviral agents can efficiently inhibit the replication of certain viruses but generally do not provide sterilizing cures, with the notable exception of HCV infection. Emerging and re-emerging viruses have caused an increasing number of disease outbreaks in humans and animals. There is unmet medical need to further our understanding of viral pathogenesis to enable more effective control and prevention of viral infections. Elucidating virus–host interaction is an essential step toward this goal.

Viruses generally show variation in both acquisition susceptibility and clinical presentations, suggesting that viral pathogenesis is due to complex interactions between host and viruses. This variability following viral infection has been attributed to a variety of factors, including viral strain and sequence variation as well as age, immune status and genetic background of host. This Research Topic included 21 review or original articles focused on multiple aspects of virus–host interactions, utilizing myriad cellular, genomic, and omics-based approaches to identify key genes and pathways in host defensive and virus offensive strategies.




Host Proviral Factors

Viruses are obligate intracellular parasites that depend on host cellular functions for almost every step of their replication cycle. Host cellular factors required for viral replication, i.e., host proviral factors (HPF), are usually identified through loss-of-function genetic screening approaches. By utilizing RNAi knockdown of host cellular gene expression in an Ebola virus infection cell model, Yu et al. validated 11 host proteins that support viral replication by testing for their interaction with viral proteins or RNA. Using a combination of pharmacological and genetic approaches, Yang et al. revealed that swine transmissible gastroenteritis virus induced diarrhea by interacting with its cellular receptor, epidermal growth factor receptor (EGFR), to weaken the Na+/water absorption ability of the Na+/H+ exchanger protein in small intestine epithelial cells. An EGFR inhibitor reduced viral proliferation and restored Na+ absorption. Li et al. identified novel host proviral factors required for the replication of enterovirus A71 that causes hand, foot and mouth disease by immunoprecipitation and mass spectrometry methods.

Due to the limited success of direct antiviral agents in curing viral infections and lack of antiviral therapeutics for emerging viral infections, considerable efforts have been expended to identify HPF vulnerabilities for antiviral drug development. Thus far, an antagonist of HIV-1 cellular coreceptor C‒C chemokine receptor type 5 (CCR5) has been approved by the US Food and Drug Administration for treating HIV-1 infection. Myrcludex B, a lipopeptide that specifically inhibits Hepatitis B virus (HBV) and hepatitis D virus (HDV) entry into hepatocytes via their cell surface receptor, is currently in clinical trials for treatment of HBV and HDV infection (Blank et al., 2016). In this Topic, Tan et al. reviewed the evidence that actin-binding protein non-muscle myosin II (NM II) is upregulated in diverse viral and bacterial infections and its involvement in multiple steps of viral replication, revealing the potential of NM II inhibitors for treating the microbial infection. Generally, targeting HPFs for essential steps of the viral lifecycle could provide broad spectrum inhibition against different families of viruses which share the same cellular factor, although overcoming potential toxicity may prove challenging (Chang et al., 2015). Unlike direct antiviral agents that are subject to the emergence of drug resistant viruses, particularly under the condition of monotherapies, host-targeting antivirals antagonizing HPFs are less likely to induce drug resistance due to the higher genetic barrier (Zeisel et al., 2013). Kumar et al. reported that a small molecule inhibitor of a cellular Ca2+ ATPase gene can inhibit the replication of two paramyxoviruses by blocking viral entry as well as biosynthesis, suggesting it as a novel target of host-targeting antivirals.




Genetics of Innate Immune Control of Viral Infection

Innate antiviral immunity provides the first line of defense against invading pathogens by sensing pathogen-associated molecular patterns through pattern-recognition receptors. For instance, activation of cytoplasmic DNA sensor cyclic GMP-AMP synthase (cGAS) triggers interferon (IFN) production to defend against DNA viruses and retroviruses (Gao et al., 2013), which is also essential for IFN induction in mousepox infection (Chang et al.). IFNs restrict viral replication through induction of hundreds of IFN-stimulated genes (ISGs) that mediate antiviral effector functions (Chan and Gack, 2016). Genetic variation in the multiple innate immune pathway genes that elicit antiviral effector functions affect the fate of viral infection.

Among ISGs, interferon-induced transmembrane proteins (IFITMs), expressed at the plasma membrane and membrane of endocytic vesicles, restrict the infection of many different enveloped viruses by inhibiting the fusion of viral envelop with cellular membranes. Zhao et al. systematically reviewed the structural function relationship of IFITM proteins and natural genetic variations associated with acquisition and pathogenesis of viral infections. For instance, IFITM3 variants that reduce gene expression or encode truncated protein are associated with higher risk to influenza infection and more severe clinical course. Host cells use 2′-5′-oligoadenylate synthetase (OAS)/Ribonuclease L (RNase L) to degrade viral RNA and/or induce IFN production via retinoic acid-inducible gene I (RIG-I) to defend RNA viruses. Ron et al. investigated how avian and mammalian OASL (OAS like) differentially inhibited the replication of a broad range of RNA viruses via these two pathways. Moreover, Rohaim et al. showed that transgenic chickens expressed IFN-induced protein IFIT5 have reduced pathology and virus shedding, providing proof of principle for developing genetically modified chickens with enhanced innate immunity for viral prevention.

MicroRNAs (miRNAs), regulating the expression of genes post-transcriptionally, are also effective in regulating the expression of immune response genes (Rodriguez et al., 2007). By integrative miRNA and proteome profiling, Khanduri et al. identified the top 10 miRNAs that regulate the major immune response pathways to the goat plaque-causing virus. Future integrative miRNA–mRNA–protein network analyses may identify key regulators of viral–host interactions.

Interestingly, An et al. showed a protective role of intranasal administration of IFN-λ to influenza A virus infection. By comparative transcriptomic and metagenomic profiling, Tan et al. demonstrated that an in vitro nasal system to influenza virus reflects the in vivo immune and metabolic microenvironment, thus suitable for translational development. Gendelman’s group compared the temporal and spatial host immune activation status in tissue compartments of HIV-1 infection in chimeric humanized mouse models transplanted with hematopoietic stem cells or mature human peripheral lymphocytes (Su et al.). Based on this line of work, Gendelman and collaborators reported that a combination of long-acting antiretroviral therapy (ART) and CRISPR-Cas9 for excision of integrated proviral DNA in the host genome successfully lead to permanent HIV-1 eradication in humanized mice (Dash et al., 2019). This work has important implications for curing HIV-1 infection in humans.




Identifying Viral Restriction Genes by Genetic and Omic Epidemiological Approaches

HBV and HIV, which affect millions of people worldwide, contribute to substantial morbidity and mortality, and have no cure. To identify host genes that modify viral infection, several genome-wide association studies (GWAS) have been performed identifying genes associated with viral acquisition, disease progression, and clinical outcomes. A recognized limitation of GWAS studies is the high propensity for false-positive associations, and many associations have not been replicated or validated in subsequent studies. In addition, small studies are underpowered to identify small effect size variants or those with low population frequencies. Several articles provided critical reviews of HBV, HIV and cytomegalovirus (CMV) human genetic association studies and summarized the evidence supporting implicated genetic variants; the consensus message is that omics-based approaches are needed to identify critical host genes and pathways involved in the infectious process and pathophysiological mechanisms. Zhang et al. summarized association studies of host genetic variation with HBV infection, clinical outcomes, therapeutic efficacy, and responses to vaccines. They provided an evidence-based categorization of SNP associations based on study power, replication, and functional validation, with the HLA-DP and DQ genes showing replication among different studies. A review by An et al. concluded that individual variance in development of HBV-related hepatocellular carcinoma (HCC) is multifactorial and attributable to HBV genotype and mutations, host predisposing germline genetic variations, the acquisition of tumor-specific somatic mutations, as well as environmental factors. Before precision medicine can be fully utilized in early diagnosis and prognosis of HCC, a deeper understanding of the interplay of viral, environmental, and host factors is required. A major knowledge gap identified by An et al. is the paucity of established germline variants and somatic mutations that drive tumorigenesis and their pathophysiology. De Re et al. studied multiple clinical outcomes in Italian patients infected with HCV and found that variants in IFNL3 and TLR2 are risk factors for HCV-related HCC; by comparison, in Asian patients the combination of IFNL3 and PD-1.6 markers better define the HCV-related outcomes, likely due to divergent variant distributions in the two populations and highlighting the need for genetic studies in diverse populations.

Despite multiple GWAS and meta-analyses, only HLA class I and CCR5 variant alleles have been securely identified with HIV acquisition or progression to AIDS, suggesting that many more rare variants, with the potential for large effect sizes, or common variants with small effect sizes remain undiscovered. Tough and McLaren assessed the interaction of the host and viral genome and their influence on HIV disease. They estimated that 30% of variance is attributable to common heritable effects of host genetic variation. Viral sequence variability, shaped by both random mutations and the selective pressure of the human immune response (i.e. HLA protective epitopes), also influences disease progression, emphasizing the need to study HIV infection in the context of both host and viral genetic variation. Le Clerc et al. provide an overview of the results of large-scale “omics” technologies to identify host genes that contribute to HIV pathogenesis, including genotype association and functional genomic, transcriptomic, proteomic and epigenomic screens. The authors consider that the lack of signals by GWAS, beyond HLA and CCR5, are partially attributable to false negatives due to the statistical constraints (stringent multiple testing corrections) and the overall small sample size of most HIV GWAS studies. Moving forward, integrative analysis of big multi-omics datasets in a collaborative setting is key to capture the multidimensional complexity of HIV-1 pathogenesis and to reveal actionable targets for drug development.

CD8 T cells and natural killer (NK) cells are key players in the host immune response to viral infection, but the functions of these cells can be repressed by cell surface inhibitory molecules particularly, the killer cell immunoglobulin-like receptor KIR3DL1. HLA-Bw4 homozygosity has been associated with control of HIV-1 replication and protection from AIDS (Flores-Villanueva et al., 2001) and is carried in the two major HIV protective alleles HLA-B*27 and HLA-B*57. By quantifying multiple immune activation and response markers in acute HIV-1 patients carrying Bw4 homozygousity, Zhang et al. demonstrated that KIR3DL1- CD8 T/NK cells, conferring stronger T cell activation and response, contribute to the control of early HIV-1 replication.

An et al. studied African-specific alleles in APOL1, encoding the trypanolytic Apolipoprotein L1 protein. The two coding alleles restore the ability of APOL1 to lyse African trypanosomes causing human trypanosomiasis in carriers at the cost of increased risk of kidney disease in homozgyotes (Genovese et al., 2010). Although in vitro evidence suggests that APOL1 restricts HIV by multiple mechanisms (Taylor et al., 2014), An et al. found no evidence that APOL1 renal risk variants affected HIV-1 susceptibility, viral load and disease progression to AIDS. Sezgin et al. reviewed human genes involved in human CMV infection and related diseases including HIV-1 opportunistic infection. They highlighted the relationship of immunoglobulin (Ig) allotype variation and CMV antibody response and immune-modulating genes that effect susceptibility to CMV diseases.




Conclusion

The articles in this Topic provide a comprehensive overview of the state of genetic and omic-based tools to elucidate the genetic architecture underpinning susceptibility to viral infections and the pathogenesis of viral diseases. Although omics-driven viral-host interaction studies are in their infancy, integrated omics-based investigations should reveal host factors that can be exploited for the prevention and effective treatment of viral infections.
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Although asthmatics has been considered to be highly susceptible to respiratory viral infection and most studies have focused on exacerbation of asthma by influenza A virus (IAV) infection, few experimental evidences exist to directly demonstrate that asthmatic mice are actually resistant to IAV infection. Here, we show that asthmatic mice are not highly susceptible to IAV in the early stage of infection and type III interferon (IFN) maintains antiviral immune response in the lung of IAV-infected asthmatic mouse resulting in inhibition of initial viral spread. C57BL/6 mice with allergic asthma were infected with IAV (WS/33: H1N1) and survival rate, body weight, viral titer, histopathological findings of lung and cytokine profiles including IFNs and Th2 cytokines were measured. Notably, asthmatic mice were significantly resistant to IAV and showed lower viral load until 7 days after infection. Furthermore, IAV-infected asthmatic mice exhibited decreased Th2-related inflammation in lung tissue until 7 days. These increased antiviral resistant mechanism and reduced Th2 inflammation were attributable to rapid induction of type III IFNs and blockade of type III IFNs in asthmatic lung led to aggravated IAV infection and to enhance the production of Th2 cytokines. Asthmatic mice showed bi-phasic responses against IAV-caused lung infection such as rapid production of type III IFNs and subsequent induction of type II IFNs. Actually, IAV-infected asthmatic mice become vulnerable to IAV infection after 7 days with noticeable morbidity and severe weight loss. However, intranasal administration of type III IFNs protects completely asthmatic mice from IAV-mediated immunopathology and lung infection until 14 days after infection. Taken together, our study indicates that the rapid induction of type III IFN might be distinctive immunological findings in the respiratory tract of IAV-infected asthmatic mice at the early stage of infection and crucial for suppression of initial viral spread in vivo asthma accompanying with restriction of Th2 cytokine productions.

Keywords: influenza A virus, type III interferon, Th2 cytokines, asthma, acute viral lung infection


INTRODUCTION

Allergic asthma is caused by sensitization to innocuous allergens via airway exposure. This type of asthma is thought to arise from an imbalance in T helper type I (Th1)-Th2 immune regulation, resulting in increased levels of the Th2 cytokines interleukin (IL)-4, IL-5, and IL-13, which have been proven to be important drivers of allergic airway inflammation in asthma (1, 2). Asthma exacerbations are acute attacks of asthma, accompanied by sudden decrease of lung function, most often precipitated by a respiratory viral infection and are responsible for the vast majority of the mortality associated with asthma. Although adequate control of asthma has been achieved, more appropriate controls for respiratory viral infection are needed to reduce acute exacerbation of respiratory symptoms in asthmatics (3, 4).

The innate immune system of the respiratory epithelium serves as the first line of antiviral defense against invading respiratory viruses including influenza A virus (IAV) (5). Traditionally, the antiviral innate immune response has been thought to be exclusively mediated by type I interferons (IFNs) followed by the adaptive immune response (5, 6). However, emerging evidence indicates that type III IFN is likely to be mainly required for immune responses in respiratory tract. In particular, type III IFN has been shown to be dominant IFN which is produced in respiratory tract against respiratory viral infection and provide front-line protection against respiratory virus to suppress initial viral spread in respiratory epithelium (7, 8). Moreover, type III IFN-mediated innate immune response is necessary to protect the lungs from IAV infection beyond antiviral properties of type I IFNs (9).

Impaired innate immune responses have been reported to be potentially responsible for the increased susceptibility to infections in asthmatics. Moreover, dysregulation of antiviral immune responses related to Th2 cytokines has been suggested to explain the higher susceptibility of the asthmatic respiratory epithelium to viral infection (10–12). Strong links between low expression of type III IFNs, severity of allergic asthma, and asthma exacerbations have been described (13). In the absence of detectable viral infection, asthmatic patients with active disease still exhibit an inverse correlation between type III IFN level and the severity of allergic response in the airways (12). However, some studies have also investigated whether asthmatic mice are more resistant to respiratory viral infection and which bystander immune mechanisms are activated during the induction of asthma and contribute to protecting the asthmatics against respiratory viral infection (14, 15).

To address the antiviral resistance of IAV-infected asthmatic mice, we sought to determine first if the asthmatic mice are more susceptible or resistant to IAV infection. We found that the asthmatic mice were not highly susceptible to IAV infection and type III IFNs were preferentially induced in the lung of IAV-infected asthmatic mouse at early stage of infection. Rapid induction of type III IFNs led to accelerated clearance of IAV, accompanied by increased type II IFN secretion. In addition, intranasal administration of type III IFNs provided more potent antiviral resistance to IAV-infected asthmatic mice. This study suggest that a better understanding about the role of type III IFNs in this asthmatic airway need to be achieved to prevent higher viral loads in the asthmatic airway and it can provide new insights into strategies for reducing asthmatic exacerbation from respiratory viral infection.



MATERIALS AND METHODS


Allergen Sensitization and Challenge Protocol

C57BL/6J (B6) mice (Orientalbio, Seoul, Korea) aged 7 weeks (19–23 g) were used for the development of non-asthmatic and asthmatic mice. Asthma was induced by first sensitizing male B6 mice intraperitoneally (i.p.) with OVA in aluminum hydroxide and then challenging intranasally (i.n.) with soluble OVA (OVA/OVA). Phosphate-buffered saline (PBS)-challenged mice (OVA/PBS) (hereafter referred to as non-asthmatic mice) were used as a negative control. B6 mice were sensitized with two intraperitoneal injections on days 0 and 14 of 7.5 μg OVA (Grade V; Sigma, MO, USA) complexed with aluminum hydroxide as adjuvant (Sigma, MO, USA). On days 21, 22, 23, and 24, mice were challenged intranasally with 7.5 g OVA mixed with PBS (OVA/OVA). Control mice received an intraperitoneal injection of OVA at the same concentration and were challenged with PBS alone by intranasal inoculation (OVA/PBS). Airway hyper-responsiveness (AHR) was measured in anesthetized mechanically ventilated B6 mice (Flexivent ventilator, SciReq, Montreal, QC, Canada) at 24 h after the last intranasal OVA exposure. AHR was measured invasively using a body plethysmograph (Buxco Electronics, Inc., Wilmington, NC, USA).



Mice and Virus Inoculation

Influenza A virus (WS/33: H1N1, ATCC, Manassas, VA, USA) was used to induce acute viral lung infection. Virus stocks were grown in Madin–Darby canine kidney cells in virus growth medium according to a standard procedure (16). Briefly, after 48 h of incubation at 37°C, the supernatants were harvested and centrifuged at 5,000 rpm for 30 min to remove cellular debris. Virus stocks were titrated on MDCK cells using a tissue culture infectious dose assay and stored at −80°C. The B6 mice used in the study, like other commercially available strains of inbred mice, carry a dysfunctional Mx1 gene and are not congenic B6 mice with a functional Mx1 gene, which are derived from influenza-resistant mice.

For viral infections, IAV (WS/33, H1N1; 213 pfu in 30 μl PBS) were inoculated into WT mice by intranasal delivery and asthmatic mice (OVA/OVA) were also infected with IAV at 25 days after first sensitization. Mice were euthanized at the end of each experiment with overdose of tiletamine/zolazepam (5 mg) and xylazine (0.23 mg) and after euthanizing, bronchoalveolar lavage (BAL) fluid was obtained from the lungs by lavaging with 1,000 μl 0.5 mM ethylene diamine tetraacetic acid in PBS after cannulation of the trachea. The BAL fluid was used for enzyme-linked immunosorbent assay (ELISA) for measuring secreted protein levels and plaque assay to determine the viral titer. Mouse lung tissue was also harvested for real-time polymerase chain reaction (PCR), microarray, and immunohistochemistry analyses.



Real-Time PCR

Lung tissue was obtained from mice infected with WS/33 (H1N1) on 1, 3, 5, 7, 10, and 14 days postinfection, after which total RNA was isolated using TRIzol (Invitrogen). cDNA was synthesized from 3 μg of RNA with random hexamer primers and Moloney murine leukemia virus reverse transcriptase (Perkin Elmer Life Sciences, Waltham, MA, USA and Roche Applied Science, Indianapolis, IN, USA). Amplification was performed using the TaqMan Universal PCR Master Mix (PE Biosystems, Foster City, CA, USA) according to the manufacturer’s protocol. Briefly, amplification reactions had a total volume of 12 μl and contained 2 μl of cDNA (reverse transcription mixture), oligonucleotide primers (final concentration of 800 nM), and TaqMan hybridization probe (200 nM). Real-time PCR probes were labeled at the 5′ end with carboxyfluorescein (FAM) and at the 3′ end with the quencher carboxytetramethylrhodamine (TAMRA).

To quantify the intracellular levels of viral RNA and host gene expression levels, cellular RNA was used to generate cDNA. IAV level was monitored using quantitative PCR to amplify the PA gene (segment 3) with forward and reverse primers and probe 5′-ggccgactacactctcgatga-3′, 5′-tgtcttatggtgaatagcctggttt-3′, and 5′-agcagggctaggatc-3′, respectively. Primers for mouse IFN-α, IFN-β, IFN-λ2/3, and IFN-γ were purchased from Applied Biosystems (Foster City, CA, USA). Real-time PCR was performed using the PE Biosystems ABI PRISM® 7700 Sequence Detection System. Thermocyling parameters were as follows: 50°C for 2 min, 95°C for 10 min, and then 40 cycles of 95°C for 15 s and 60°C for 1 min. Target mRNA levels were quantified using target-specific primer and probe sets for IAV WS/33 (H1N1), IFN-α, IFN-β, IFN-λ2/3, and IFN-γ. All PCR assays were quantitative and utilized plasmids containing the target gene sequences as standards. All reactions were performed in triplicate, and all real-time PCR data were normalized to the level of the housekeeping gene glyceraldehyde phosphate dehydrogenase (1 × 106 copies) to correct for variation between samples.



Quantification of Secreted Cytokines

The levels of secreted IFN-α (42120-1), IFN-β (42400-1), IFN-λ2/3 (DY1789B), and IFN-γ (DY485) were quantified using a Duoset ELISA kit (R&D Systems; Minneapolis, MN, USA) according to the manufacturer’s instructions for BAL fluid. This kit detects IFN-β, IL-28A, IL-28B, and IFN-γ. The working range of the assay was 62.5–4,000 pg/ml. The levels of secreted IL-4, IL-5, IL-6, and IL-13 were measured using a Luminex multiplex assay (R&D Systems) according to the manufacturer’s instructions.



Inoculation With IFN-λ2/3-Neutralizing and IFN-γ-Neutralizing Antibodies

Specific neutralizing antibodies against IFN-λ2/3 and IFN-γ were used to functionally inhibit IFN-λ and IFN-γ in the mouse respiratory tract. Anti-IFN-λ2/3 (cat number: MAB1789) and anti-IFN-γ (cat number: MAB4851) neutralizing antibodies and isotype-control antibodies (rat IgG) were purchased from R&D Systems.

These antibodies were found to inhibit the secretion of IFN-λ2/3 and IFN-γ by more than 70% in BAL fluid. Neutralizing antibodies (10 μg/30 μl) were mixed with PBS and inoculated by intranasal delivery according to the manufacturer’s instructions (R&D Systems Inc.), concurrent with IAV infection. This procedure did not affect mouse viability. ELISA analysis confirmed that the neutralizing antibodies partially inhibited IFN-λ2/3 and IFN-γ secretion.



Intranasal Delivery of Recombinant IFN-λ2/3

To determine whether IFN-λ2/3 controls acute IAV lung infection in our in vivo model, WT mice (N = 5) were administered recombinant IFN-λ2/3 via the intranasal route in a total volume of 30 μl PBS. The recombinant IFN-λ2/3 was purchased from Invitrogen (Carlsbad, CA, USA). IFN-λ2 and IFN-λ3 were mixed (IFN-λ2: 1 μg, IFN-λ3: 1 μg), and recombinant IFN-λ2/3 was inoculated into mice by intranasal delivery at the same time as IAV infection. IAV-infected mice were treated with mixed recombinant IFN-λ through the nasal cavity.



Immunohistochemistry and Histological Analysis

Lung tissue was fixed in 10% (vol/vol) neutral buffered formalin and embedded in paraffin. Paraffin-embedded tissue slices were stained with hematoxylin/eosin (H&E) or periodic acid Schiff (PAS) solution (Sigma, Deisenhofen, Germany). Histopathological analysis of inflammatory cells in H&E-stained lung sections was performed in a blinded fashion using a semi-quantitative scoring system as previously described (13). Lung sections from at least five mice were examined. Briefly, peribronchiolar inflammation was scored as follows: 0, normal; 1, a few cells; 2, a ring of inflammatory cells one layer deep; 3, a ring of inflammatory cells two to four cells deep; and 4, a ring of inflammatory cells more than four cells deep (maximum score = 8). The histological score for PBS/PBS control mouse lung tissue was 0. At least six separate areas from similar sections within a single mouse were assessed, and at least five mice were assessed. The five best sections were used for evaluation. PMNs were counted by an examiner who was blinded to the experimental group; results are expressed as the number of cells per high power field.



Plaque Assay

Virus samples were serially diluted with PBS. Confluent monolayers of MDCK cells in six-well plates were washed twice with PBS and then infected in duplicate with 250 μl/well of each virus dilution. The plates were incubated at 37°C for 45 min to facilitate virus adsorption. Following adsorption, a 1% agarose overlay in complete MEM supplemented with TPCK trypsin (1 μg/ml) and 1% fetal bovine serum was applied. The plates were incubated at 37°C, after which cells were fixed with 10% formalin at 2 days postinfection.



Flow Cytometry

Single-cell suspensions were stained with the following monoclonal antibodies: Texas Red-anti-CD45 (Invitrogen), fluorescein isothiocyanate-anti-lineage cocktail (anti-CD3, anti-CD11c, anti-CD11b, anti-CD19, anti-CD49b, anti-F4/80, and anti-FcεRIα), Brilliant Violet 421-anti-Siglec-F (BD Biosciences), allophycocyanin (APC)-anti-CD11b, PE/Cy7-anit-CD90.2, and PE-anti-NK1.1 (BioLegend). All samples were blocked with 1 μg Fc block (from 2.4G2 ATCC HB-197) for 15 min before antibody staining at 4°C for 30 min in PBS containing 2% FCS (2% FCS-PBS). Cells were washed twice in 2% FCS-PBS, after which data were collected on a BD LSRFortessa X-20 cytometer (BD Biosciences). Data analysis was performed using FlowJo v10 10.1r1 (FlowJo, LLC, Ashland, OR, USA).



Intracellular Cytokine Staining

For intracellular cytokine staining, single-cell suspensions were incubated in RPMI medium containing 10% FBS with PMA (100 ng/ml), ionomycin (1 μg/ml), and GolgiStop (BD) at 37°C for 4 h. After surface staining, the cells were fixed and permeabilized with a Fixation/Permeabilization Kit (eBioscience). Finally, the cells were stained with PE-anti-T-bet and APC-anti-IFN-γ antibodies (Biolegend). The respective isotype-control antibody was also used for each experiment.



Statistical Analyses

Real-time PCR, plaque assay, and ELISA results are presented as median values (interquartile ranges for 25 and 75%). The statistical significance of differences between two groups was determined by the Mann–Whitney test. Histological scores were also evaluated by a non-parametric test (Wilcoxon rank sum test). All statistical analysis was performed with GraphPad Prism software (version 5; GraphPad Software, La Jolla, CA, USA). p Values <0.05 were considered to be statistically significant.




RESULTS


OVA-Sensitized/Challenged C57BL/6 (B6) Mice Exhibit a Typical Asthmatic Phenotype

To assess the influence of allergic airway inflammation on susceptibility to respiratory viral infection, we developed an OVA-sensitized/challenged allergic asthma mouse model on a B6 genetic background (Figure 1A). Initially, AHR was measured in mice after inoculation of methacholine. Asthmatic mice (OVA/OVA) were observed to have a methacholine-induced increase in total lung resistance (N = 3, Figure 1B). As a complementary approach, H&E- and PAS-stained micrographs of lung sections were obtained from non-asthmatic (OVA/PBS) and asthmatic mice. Histological analysis revealed that the lungs of asthmatic mice were severely inflamed, with extensive inflammatory cell infiltration at the peribronchial areas of the lung. This infiltration was accompanied by significantly increased goblet cell metaplasia (Figure 1C). We found that the number of eosinophils was also increased in total lung tissue of asthmatic mice, and that the numbers of lymphocytes, neutrophils, and eosinophils were significantly increased in the BAL fluid of asthmatic mice (Figures 1D,E). Collectively, these findings demonstrate that an allergic asthma mouse model could be established with B6 mice, and that this model could be used to investigate the susceptibility of asthmatic mice to influenza virus infection.
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FIGURE 1 | The development of allergic asthmatic mouse model. (A) The experimental protocol for development of allergic asthmatic mouse using C57BL/6. Non-asthmatic mice [OVA/phosphate-buffered saline (PBS), N = 5]. (B) Airway hyper-responsiveness was measured as methacholine-induced increases in transpulmonary resistance in mechanically ventilated mice. Data are expressed as mean value of percentage increased from base line of the transpulmonary resistance ± SD values of three mice (white dot: OVA/OVA, black dot: OVA/PBS). (C) Histological assessment of mucus secretion in asthmatic mice. Periodic acid Schiff-stained sections were assessed from five mice. (D) Flow cytometric analysis was done for isolation of eosinophils using anti-CD11c and anti-Siglec-F antibodies. (E) Bronchoalveolar lavage (BAL) fluid differential counts for lymphocytes, neutrophils, and eosinophils expressed as mean ± SD.




Asthmatic Mice Are Not Highly Susceptible to IAV Infection

Previously, we found that IAV-infected non-asthmatic mice exhibited a significant decrease in mean body weight and a decrease in body temperature, with the lowest drop at 7 dpi. They also showed 80% survival until 14 dpi (17). In this study, non-asthmatic mice (N = 5) and asthmatic mice (N = 5) were inoculated with WS/33 (H1N1) to determine the susceptibility of asthmatic mice to IAV lung infection. Then, the body weights and survival rates of non-asthmatic and asthmatic mice were compared until 7 dpi. Non-asthmatic mice showed significant weight loss from 5 dpi, and 20% of the mice died in the first 7 days after IAV infection. However, asthmatic mice did not exhibit significant weight loss or noticeable morbidity until 7 dpi, and all asthmatic mice survived the IAV infection (Figures 2A,B). The levels of IAV mRNA in non-asthmatic and asthmatic mice lung were next analyzed by real-time PCR, and the viral titers in the BAL fluid were measured by plaque assay at 7 dpi. The mean level of IAV mRNA and the mean viral titer were both significantly elevated at 7 dpi (mRNA level: 2.1 × 104, viral titer: 3.3 × 105 pfu/ml) in non-asthmatic mice. By contrast, the levels of IAV mRNA and viral titer were much lower in IAV-infected asthmatic mice (mRNA level: 1.4 × 103, viral titer: 8.1 × 104 pfu/ml, Figures 2C,D). As a complementary approach, lung sections were obtained from non-asthmatic and asthmatic mice at 7 dpi, and H&E-stained micrographs were generated. Histological analysis revealed severe subepithelial consolidation, peribronchial edema, and increased epithelium detachment in non-asthmatic mouse lung sections harvested at 7 dpi. The lungs of asthmatic mice were severely inflamed, with extensive inflammatory cell infiltration at the peribronchial areas without IAV infection. Notably, these histopathological findings were not detectable in the lung sections harvested from IAV-infected asthmatic mice at 7 dpi and the mean histological score was significantly lower in IAV-infected asthmatic mice (8.6 for the non-asthmatic mice vs. 1.8 for the asthmatic mice) (Figure 2E). This finding was accompanied by significantly increased goblet cell metaplasia in asthmatic mice, whereas remarkable reduction of goblet cells was observed in the respiratory epithelium of IAV-infected asthmatic mice at 7 dpi (13.2 in asthmatic mice vs. 4.6 in IAV-infected asthmatic mice, Figure 2F). In addition, AHR was measured after inoculation of methacholine in IAV-infected asthmatic mice at 7 dpi and a methacholine-induced increase in total lung resistance was not observed in IAV-infected asthmatic mice (Figure S1 in Supplementary Material).
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FIGURE 2 | Kinetics of influenza A virus (IAV) infection in non-asthmatic and asthmatic mice. Non-asthmatic (N = 5) and asthmatic mice (N = 5) were infected with 213 pfu IAV WS/33 (H1N1), and body weight (A) and survival rate [(B), N = 20] were assessed until 7 dpi. The IAV mRNA (C) and viral titer (D) in lung tissue and bronchoalveolar lavage (BAL) fluid, respectively, were determined at 7 dpi. Hematoxylin/eosin (H&E)-stained micrographs were also generated from lung sections obtained at 7 dpi (E). Histological assessment for mucus secretion was performed on periodic acid Schiff (PAS)-stained lung sections of asthmatic mice (F). A multiplex assay was performed to quantify the levels of secreted Th2 cytokines (i.e., IL-4, IL-5, and IL-13) in the BAL fluid of non-asthmatic and asthmatic mice (G). Micrographs shown are representative of lung sections from five mice. Polymerase chain reaction, plaque assay, and multiplex assay results are presented as mean ± SD from five independent experiments (*p < 0.05 compared with the levels of non-asthmatic and asthmatic mice at 7 dpi).



A multiplex assay was next performed to quantify the levels of secreted Th2 cytokines, such as IL-4, IL-5, and IL-13, in the BAL fluid of asthmatic mice. While higher secretion of Th2 cytokines was observed at 7 dpi in asthmatic mice without IAV infection (IL-4: 532.3 ± 85.1 pg/ml, IL-5: 964.7 ± 98.5 ng/ml, IL-13: 2,487.5 ± 765.5 ng/ml), cytokine secretion was significantly attenuated in IAV-infected asthmatic mice (IL-4: 64.2 ± 11.5 pg/ml, IL-5: 121.7 ± 32.6 ng/ml, IL-13: 498.5 ± 104.8 ng/ml, Figure 2G). These results indicate that asthmatic mice were not highly susceptible to IAV infection. Moreover, IAV-infected asthmatic mice exhibited minimal induction of Th2 cytokine secretion accompanying decreased asthma-related histopathological findings, including goblet cell hyperplasia.



Asthmatic Mice Maintain Intact IFN-Related Innate Immunity After IAV Infection

To assess whether the increased antiviral resistance of asthmatic mice was due to an increased IFN-related immune response, we investigated the influence of asthma status on induction of IFN from the respiratory tract after IAV infection. Real-time PCR analysis revealed that the mRNA levels of IFN-α4, IFN-β, and IFN-λ2/3 were higher at day 7 after IAV infection in lung tissue from non-asthmatic mice (IFN-α4: 1.2 × 104 ± 3.4 × 103, IFN-β: 2.8 × 104 ± 4.3 × 103, IFN-λ2/3:1.4 × 105 ± 5.2 × 104, Figure 3A) but minimal induction of IFN mRNA, especially IFN-λ2/3, was observed in lung tissue from IAV-infected asthmatic mice (IFN-λ2/3:4.8 × 104 ± 1.4 × 104). Next, ELISA was performed to quantify the levels of secreted IFNs in the BAL fluid after IAV infection. The levels of secreted IFN-β and IFN-λ2/3 were all increased at day 7 after IAV infection in the BAL fluid of non-asthmatic mice (IFN-β: 1,514.5 ± 387.7 pg/ml, IFN-λ2/3: 3,298.6 ± 869.4 pg/ml), but IAV-infected asthmatic mice exhibited impaired secretion of IFN-β and IFN-λ2/3 at 7 dpi (IFN-β: 219.5 ± 47.6 ng/ml, IFN-λ2/3: 683.4 ± 97.7 ng/ml) (Figure 3B). However, significantly higher induction of IFN-γ mRNA (6.4 × 104 ± 1.4 × 104) and protein secretion (1,865.7 ± 731.4 pg/ml) were observed at 7 dpi in the lung tissue and BAL fluid of IAV-infected asthmatic mice compared with non-asthmatic mice (mRNA: 2.4 × 103 ± 5.4 × 102, protein: 286.3 ± 48.7 pg/ml). This finding suggests that the IFN-γ production in IAV-infected asthmatic mice observed at 7 dpi might be critically involved in resistance to IAV infection and decreased secretion of Th2 cytokines in the asthmatic respiratory tract.
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FIGURE 3 | Expression and secretion of various interferons (IFNs) after influenza A virus (IAV) infection of non-asthmatic and asthmatic mice. Non-asthmatic (N = 5) and asthmatic mice (N = 5) were infected with 213 pfu IAV WS/33 (H1N1). The mRNA levels in the lung (A) and levels of secreted IFN-α, IFN-β, IFN-λ2/3, and IFN-γ in bronchoalveolar lavage (BAL) fluid (B) were determined by real-time polymerase chain reaction (PCR) and enzyme-linked immunosorbent assay, respectively, at 7 days after infection. The mRNA levels and levels of secreted IFN-α, IFN-β, IFN-λ2/3, and IFN-γ in the lung (C) and BAL fluid (D) were determined in IAV-infected asthmatic mice until 7 dpi. A multiplex assay was performed to quantify the levels of secreted Th2 cytokines in the BAL fluid of IAV-infected asthmatic mice until 7 dpi (E). Histological assessment was performed using periodic acid Schiff (PAS)-stained lung sections of asthmatic mice (N = 5) (F) harvested at 0 (N = 5), 1 (N = 5), 3 (N = 5), 5 (N = 5), and 7 (N = 5) dpi. Micrographs shown are representative of five mice. PCR, plaque assay, and multiplex assay results are presented as mean ± SD from five independent experiments (*,**p < 0.05 compared with the levels in non-asthmatic and asthmatic mice at 7 dpi, Figures 2B–D *IFN-λ2/3, **IFN-γ).


While neither IFN-β nor IFN-λ2/3 was induced in the respiratory tract of IAV-infected asthmatic mice at 7 days after infection, we next analyzed the levels of these IFNs in asthmatic mice until 7 days after infection to determine if rapid and transient alterations occurred. To this end, asthmatic mice were infected with IAV WS/33 (H1N1) via the intranasal route (213 pfu/30 μl), and the production of IFNs and Th2 cytokines was measured at 0, 1, 3, 5, and 7 dpi.

Real-time PCR and ELISA analyses revealed that induction of IFN-γ mRNA and secretion of IFN-γ did not occur until 5 dpi (3.6 × 104 ± 6.5 × 103 and 2,482.5 ± 587.3 pg/ml, respectively) in IAV-infected asthmatic mice, with the highest levels exhibited at 7 dpi. By contrast, transcription (2.8 × 104 ± 4.6 × 103) and secretion of IFN-λ2/3 (3,002.4 ± 1,284.9 pg/ml) were elevated most significantly at 1 dpi compared with the mRNA levels of IFN-α and -β; these levels gradually decreased until 7 dpi (Figures 3C,D). This rapid production of IFN-λ2/3 was accompanied by significant reduction of IL-4, IL-5, and IL-13 in the BAL fluid of IAV-infected asthmatic mice until 7 dpi (Figure 3E). Goblet cell metaplasia and hyper-secretion of airway mucus appeared to be significantly reduced from 3 dpi; moreover, PAS score of asthmatic mice were lowest at 7 days after IAV infection (PI 0d: 12.7, PI 1d: 7.8, PI 3d: 2.6, PI 5d: 1.4, PI 7d: 1.3, Figure 3F).

These findings show that IFN-λ2/3 and IFN-γ were both markedly induced, and that IFN-λ2/3 induction was driven rapidly after IAV infection in the lungs of IAV-infected asthmatic mice than IFN-γ. This induction appears to reduce Th2 cytokine secretion in asthmatic mice after infection, which might be required for the enhanced resistance of asthmatic mice to IAV replication.



Rapid Induction of IFN-λ Limits IAV Replication in the Lungs of Asthmatic Mice and Controls IFN-γ Secretion From Respiratory Epithelial Cells

We next analyzed whether IFN-λ2/3 and IFN-γ were required to control IAV replication and whether their levels influenced host susceptibility to infection in asthmatic mice. Asthmatic mice (N = 5) were infected with IAV WS/33 (H1N1) via the intranasal route (213 pfu/30 μl) and simultaneously administered neutralizing antibodies (10 μg/30 μl) that functionally inhibit either IFN-λ2/3 or IFN-γ. Histological analysis of IAV-infected asthmatic mouse lung tissue showed that severe inflammation with PMN infiltration at the peribronchial areas was not observed at 7 dpi, and that the histological scores returned to normal levels. However, greater lung damage and greater mean histological scores were observed after administration of IFN-λ2/3- and γ-neutralizing antibodies (IAV infection: 2.6 vs. IAV + IFN-λ2/3-neutralizing antibodies: 12.4, IAV + IFN-γ-neutralizing antibodies: 12.5; Figure 4A). Furthermore, the viral titer in the BAL fluid was significantly higher in IAV-infected asthmatic mice that received IFN-λ2/3-(1.3 × 106 ± 3.8 × 105) and γ-neutralizing antibodies (1.4 × 106 ± 2.6 × 105) compared with IAV-infected asthmatic mice (2.4 × 104 ± 1.6 × 103) (Figure 4B).
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FIGURE 4 | Acute influenza A virus (IAV) infection is aggravated in asthmatic mice administered neutralizing antibodies against interferon (IFN)-λ2/3 and IFN-γ. Asthmatic mice with isotype-control (rat IgG) antibodies were infected with 213 pfu IAV WS/33 (H1N1) (N = 5) and treated with neutralizing antibodies against IFN-λ2/3 (N = 5) or IFN-γ (N = 5). Hematoxylin/eosin (H&E)-stained micrographs were generated from lung sections obtained from IAV-infected asthmatic mice on day 7 (A). Viral titer (B) and secreted IFN level (C,D) were determined by plaque assay and enzyme-linked immunosorbent assay. Histological assessment was performed using periodic acid Schiff (PAS)-stained lung sections of asthmatic mice (N = 5) (E). Viral titer (F) and Th2 cytokine levels (G) were assessed using a plaque assay and a multiplex assay at 0 (N = 5), 1 (N = 5), 3 (N = 5), 5 (N = 5), and 7 (N = 5) dpi. Micrographs shown are representative of lung sections from five mice. Polymerase chain reaction, plaque assay, and multiplex assay results are presented as mean ± SD from five independent experiments (*p < 0.05 compared with the values of mice treated with IgG and neutralizing antibodies).



Influenza A virus infection has been shown to incite a robust IFN-γ response in the lung, promoting the development of adaptive immunity (18). IFN-γ has been proposed to be predominantly produced by activated innate lymphoid cell type I (ILC1) and natural killer (NK) cells (19). Our current findings also showed production of IFN-γ peaked at 7 dpi in the lung tissue and BAL fluid of IAV-infected asthmatic mice and we investigated the target cells that produce IFN-γ in asthmatic mice at 7 dpi. Non-asthmatic and asthmatic mice were infected with IAV WS/33 (H1N1) (213 pfu/30 μl), and lung tissue was harvested for flow cytometry to assess the immune cells producing IFN-γ. The cytometry results showed that the percentages of IFN-γ-producing ILC1 (CD90.2+Lin−Tbet+IFN-γ+) cells (Figure S2A in Supplementary Material) and NK cells (NK1.1+CD3e−IFN-γ+) (Figure S2B in Supplementary Material) were not increased in the lungs of IAV-infected asthmatic mice at 7 dpi (ILC1: 24.7%, NK cell: 50.4%) compared with those of non-asthmatic mice after infection (ILC1: 54.2%, NK cell: 52.6%). However, IFN-γ-positive cells were notably observed at the bronchial epithelium in IAV-infected asthmatic mice (Figure S3 in Supplementary Material). Then, we also investigate the correlation between IFN-λ and -γ in IAV-infected asthmatic mice with administration of IFN-λ2/3- and γ-neutralizing antibodies. The ELISA results showed that IAV-induced IFN-λ secretion was not altered in the BAL fluid of asthmatic mice with IFN-γ-neutralizing Ab, whereas IAV-induced IFN-γ secretion (1,724.5 ± 378.5 pg/ml) was significantly reduced in asthmatic mice that were administered IFN-λ2/3-neutralizing antibodies before IAV infection (669.5 ± 214.6 pg/ml) (Figures 4C,D). In addition, the decreased goblet cell metaplasia and airway mucus secretion observed after IAV infection were not seen until 7 dpi in the lung tissue of IAV-infected asthmatic mice inoculated with IFN-λ2/3-neutralizing antibodies (Figure 4E). This finding was accompanied by higher viral titer until 7 dpi (PI 3d: 3.0 × 106 + 1.3 × 106, PI 5d: 3.1 × 106 + 1.8 × 106, PI 7d: 4.3 × 106 + 1.6 × 105, Figure 4F). A multiplex assay was also performed to quantify the levels of the secreted Th2 cytokines IL-4, IL-5, IL-6, and IL-13, in the BAL fluid of IAV-infected asthmatic mice with functional blocking of IFN-λ2/3. As noted above, secretion of Th2 cytokines was significantly attenuated in IAV-infected asthmatic mice, whereas it was not attenuated in IAV-infected mice that were inoculated with IFN-λ2/3-neutralizing antibodies (Figure 4G).

Overall, these results indicate that neither ILC1 nor NK cells contributed to the increased production of IFN-γ in IAV-infected asthmatic mice. They also indicate that IFN-γ is produced predominantly at the respiratory epithelium in the lungs of IAV-infected asthmatic mice. The rapid induction of IFN-λ2/3 could be related to the robust induction of IFN-γ at 7 days after IAV infection in respiratory epithelium of asthmatic mice; this induction seems to be central for expedite antiviral immune response and for limiting Th2 cytokine secretion after IAV infection.



Asthmatic Mice Become Vulnerable to IAV Infection After 7 Days, but Intranasal Administration of IFN-λ2/3 Effectively Protects Them From IAV

Asthmatic mice (N = 5) were infected with IAV WS/33 (H1N1) via the intranasal route (213 pfu/30 μl), and two gross determinants of virus-induced morbidity, mean body weight and survival rate, were measured until 14 dpi. Different results were observed after 7 dpi and IAV-infected asthmatic mice showed significant weight loss from 9 dpi (Figure 5A). Specifically, noticeable morbidity was also observed in IAV-infected asthmatic mice and all of the mice were dead by 14 days after IAV infection, with a mean body weight about 15 g at the time of death (Figures 5A,B). We found that the expression levels of TNF-α, IL-1β, and Ccl7 were significantly elevated in IAV-infected asthmatic mice at 14 dpi compared with their levels at 7 dpi (Figure 5C). Moreover, IAV-infected asthmatic mice produced significantly less IFN-λ2/3 (PI 7d: 3,892.5 ± 643.8 pg/ml, PI 14d: 273.5 ± 81.7 pg/ml) and IFN-γ (PI 7d: 31,322.6 ± 7,318.4 pg/ml, PI 14d: 2,284.2 ± 378.5 pg/ml) (Figure 5D). Although IFN-λ2/3 production was driven rapidly after IAV infection in the respiratory tract of IAV-infected asthmatic mice, asthmatic mice became vulnerable to IAV infection by 7 days after infection, at which they exhibited severe lung damage.


[image: image1]
FIGURE 5 | Interferon (IFN)-λ2/3 exerts a potent antiviral effect against influenza A virus (IAV) infection in the mouse lung. Non-asthmatic mice (N = 5) and asthmatic mice (N = 5) were infected with 213 pfu IAV WS/33 (H1N1), and body weight (A) and survival rate [(B), N = 20] were assessed until 14 dpi. The mRNA levels of TNF-α, IL-1β, and Ccl7 (C) and the levels of secreted IFN-λ2/3 and IFN-γ (D) in the lung and bronchoalveolar lavage fluid were determined. Asthmatic mice were infected with 213 pfu IAV WS/33 (H1N1) and treated with recombinant IFN-λ2/3 (IFN-λ2: 1 μg and IFN-λ3: 1 μg/30 μl) (N = 5). As a control, the diluent phosphate-buffered saline was used (N = 5). Survival rate [(E), N = 20], hematoxylin/eosin-stained lung histologic findings (F), and viral titer (G) were determined at 14 dpi. Micrographs are representative of lung sections from five mice. Polymerase chain reaction, plaque assay, and enzyme-linked immunosorbent assay results are presented as mean ± SD from five independent experiments (*p < 0.05 compared with the values of mice with recombinant IFN-λ2/3).


To determine whether exogenous compensation of IFN-λ2/3 protects asthmatic mice from IAV infection at 14 dpi, asthmatic mice (N = 5) were administered recombinant IFN-λ2/3 (IFN-λ2: 1 μg, IFN-λ3: 1 μg) via the intranasal route and simultaneously inoculated with IAV WS/33 (H1N1). Interestingly, all IAV-infected asthmatic mice that received intranasal IFN-λ2/3 survived. Moreover, IAV-mediated histopathological lung inflammation was not observed in IFN-λ2/3-treated asthmatic mice, and viral titer was significantly lower in IFN-λ2/3-treated asthmatic mice (IAV: 6.2 × 106, IAV + IFN-λ2/3: 1.7 × 103) (Figures 5E–G). These findings suggest that the enhanced vulnerability to IAV infection of asthmatic mice could be controlled by intranasal administration of IFN-λ2/3 until 14 dpi.




DISCUSSION

This study provides a different view of the antiviral innate immune system in the asthmatic respiratory tract. Specifically, it has been generally accepted that the asthmatic airway is highly vulnerable to respiratory viral infection due to its reduced production of IFNs, which are required for clearance of viral infection and lower induction of IFNs can be involved in robust production of Th2 cytokines (10–12). Here, we showed that IFN-λ2/3 is induced rapidly in asthmatic mice after IAV infection, and that this cytokine is important for maintaining the antiviral immune response against IAV lung infection and for restricting Th2 cytokine secretion in asthmatic mice. These effects were observed within 7 days. Our findings also imply that intranasal administration of IFN-λ2/3 is a potential strategy for controlling the enhanced susceptibility of asthmatic mice to IAV infection from 7 days postchallenge onward.

Asthmatics have been reported to have increased susceptibility to respiratory viral infection including increased severity, longer duration of respiratory symptoms, and acute exacerbation of asthma (20, 21). This increased susceptibility to respiratory viral infection has been shown to be mediated by novel mechanisms including virus-induced secretion of epithelial-derived Th2 cytokines, deficient apoptosis of viral-infected cells, and lower production of IFNs after viral infection at the asthmatic airway epithelium (22, 23). In particular, IFNs are the most important component of the innate immune response and have been shown to be involved in defective innate immune responses to respiratory viral infection. The asthmatic airway epithelium appears to be profoundly deficient in viral-induced production of IFNs; reduced induction of IFNs has been shown to dampen the adaptive immune response (24–26). Although in vivo asthma model does not show exactly same characteristics or phenotypes as human asthma, we thought B6-oriented asthmatic model exhibit the biomedical relevance with human asthma considering histological findings, increased AHR after methacholine inhalation and peribronchial infiltration of inflammatory cells. This model could be used to investigate the susceptibility of asthmatic mice to influenza virus infection. The experiments performed here showed that asthmatic mice exhibited a significantly lower survival rate and greater loss of body weight, accompanied by higher viral titer, from 7 days after IAV lung infection onward. In addition, induction of IFN-λ2/3 and -γ was significantly impaired in asthmatic mouse lung tissue at 14 days after IAV infection. To the best of our knowledge, deficient innate immune responses (including reduced induction of IFNs) are expected in the asthmatic respiratory tract. Additional research aiming to understand the mechanisms driving these deficient innate immune responses is urgently required to reduce the susceptibility to viral infection of asthmatics.

While most studies have focused on exacerbation of asthma by influenza viral lung infection and the higher susceptibility to influenza virus of asthmatics, studies using a novel mouse model of asthma and influenza infection have shown that asthmatic mice are highly susceptible to influenza viral infection compared with non-asthmatic mice. Such studies are necessary for identifying novel targets for the development of effective therapies against viral infection in asthmatics (11–13).

The different hypothesis has been introduced that asthmatic mice are more resistant to influenza virus as a result of a lower viral burden in the lungs than control mice, leading to improvement of their clinical condition (14). This prompt viral clearance in asthmatic mice has been shown to be mediated by increased production of antiviral cytokines, activation of NK cells, and enhanced antigen-specific CD8+ T cell activity after infection. Other immunological mechanisms explaining the viral resistance of asthmatic mice have also been suggested that the increased survival of asthmatic mice was due to increased TGF-β-mediated tolerance to influenza infection-mediated tissue damage, rather than enhanced antiviral immunity (15). We think that it will be of interest to determine whether asthmatic mice might be also resistant to lung infection by IAV, which causes an exacerbation of asthmatic symptoms and higher mortality.

In this study, we found that asthmatic mice were also resistant to IAV infection until 7 days. Specifically, all mice survived, the mean viral titer was significantly lower, and the IAV-induced lung pathologies were reduced. Interestingly, IAV infection led to reduced Th2-related immune responses, including decreased IL-4, IL-5, and IL-13 secretion. Moreover, resolution of extensive asthma-related lung pathologies such as goblet cell hyperplasia was observed consistently in the lungs of IAV-infected asthmatic mice at 7 dpi. Based on these results, we estimate that asthmatic mice were not completely vulnerable to influenza virus infection and particularly asthmatic mice exhibited distinct immune mechanisms for resisting respiratory viral infection and restricting Th2 immunopathology in the respiratory tract.

We focused on the phase at which IFN-λ2/3 is rapidly induced in the lungs of IAV-infected asthmatic mice and IFN-λ2/3 contributes to resistance to IAV infection in asthmatic mice. In allergic airway diseases, IFN-λ cytokines are critical for driving Th1 differentiation in vivo and limiting Th2 and Th17 responses in the airway (7, 10). Our data also show that IFN-λ2/3 in particular was preferentially secreted in the lungs of IAV-infected asthmatic mice from 1 dpi and its level was maintained until 7 days. In addition, secretion of IFN-λ2/3 drives the transcription of IFN-γ, which was accompanied by increased viral clearance in respiratory epithelium and attenuation of Th2 cytokine secretion in IAV-infected asthmatic mice from 1 dpi onward. Interestingly, functional inhibition of IFN-λ2/3 in IAV-infected asthmatic mice aggravated IAV infection. Moreover, the level of Th2 cytokine and the degree of asthma-related lung histopathological findings in vivo were improved after IAV infection. Given these findings, the impairment of IFN-λ2/3 induction in response to viral infection in asthmatics has profound implications relating to the pathogenesis of virus-induced asthma exacerbation. Thus, rapid production of IFN-λ2/3 in the lungs of asthmatic mice in response to IAV infection could constitute the primary antiviral defense and could also restrict the secretion of Th2 cytokines. Previously, we found that the highest mRNA IFN-λ2/3 level and the highest level of secreted IFN-λ2/3 were observed at 10 dpi in the lungs of IAV-infected B6 mice (17, 27). By contrast, IFN-λ2/3 was released in the lungs of asthmatic mice from 1 day after IAV infection and this rapid production and maintenance of IFN-λs until 5 days after infection was accompanied by increase of IFN-γ secretion at 7 dpi. The levels of secreted IFN-β was increased by 3 dpi and the highest level of IFN-β secretion was also observed at 7 dpi in the lung of IAV-infected non-asthmatic mice (17) but IFN-β was minimally induced in the lung of IAV-infected asthmatic mice until 7 dpi. We hypothesize that the pattern of IFN secretion in response to IAV infection was altered in asthmatic mice. Specifically, asthmatic mice exhibited more rapid release of IFN-λ2/3, which is a central mediator of the antiviral immune response. This mechanism could explain the high resistance of asthmatic mice to respiratory viral infection at the early stage of IAV infection.

Although IFN-λ2/3 production was rapidly driven after IAV infection in the respiratory tract of IAV-infected asthmatic mice, asthmatic mice became vulnerable to the effect of IAV infection after 7 dpi and the levels of secreted IFN-β, IFN-λ2/3, and IFN-γ were completely reduced at 14 dpi in the lung of IAV-infected asthmatic mice. However, intranasal delivery of IFN-λ2/3 was shown to almost completely inhibit viral replication in IAV-infected asthmatic mice, as demonstrated by the significantly decreased viral titer in the lungs of mice that received intranasal IFN-λ2/3 compared with that of non-infected mice. In addition, the lungs of mice that received intranasal IFN-λ2/3 exhibited similar histological results to those of non-infected mice. Therefore, strategies involving the compensation or maintenance of IFN-λ are new opportunities for invoking an effective antiviral defense against IAV infection. IFN-λ is thus a promising new target for reducing susceptibility to respiratory viral infection in asthmatics.

In summary, rapid induction of IFN-λ is a distinctive immunologic finding in IAV-infected asthmatic mice and this effect is accompanied by reduced initial viral spread in asthmatic lung. This rapid induction of IFN-λ is crucial for controlling viral load and for maintaining effective antiviral immune mechanisms in asthmatics at early stage of infection. Our study provides compelling evidence that IFN-λ could have therapeutic potential for treating IAV-related respiratory infection in asthmatics.
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FIGURE S1 | Transpulmonary resistance in IAV-infected asthmatic mice. Airway hyper-responsiveness was measured as methacholine-induced increases in transpulmonary resistance in mechanically ventilated mice. Data are expressed as mean value of percentage increased from base line of the transpulmonary resistance ± SD values of three mice (White dot: OVA/OVA, Black dot:OVA/PBS, Black square:IAV-infected OVA/OVA).

FIGURE S2 | Flow cytometric analysis for ILC1 and NK cells. The percentage of IFN-γ produced ILC1 (Tbet+Lineage-IFN-γ+) (A) and NK cells (B) (NK1.1+CD3e-IFN-γ+) were evaluated in the lung tissue of non-asthmatic (OVA/PBS) and asthmatic mice (OVA/OVA) before and after IAV infection.

FIGURE S3 | Immunohistochemistry for IFN-γ in non-asthmatic and asthmatic mice. Immunohistochemical analysis of IFN-γ using DAB chromogen was performed in lung sections from non-asthmatic (OVA/PBS) and asthmatic mice (OVA/OVA) before and after IAV infection. The number of IFN-γ-positive cells was significantly increased in the lung tissue of IAV-infected asthmatic mice and bronchial epithelial cells showed strong expression of IFN-γ (Original magnification x200).
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Activation of the DNA-dependent innate immune pathway plays a pivotal role in the host defense against poxvirus. Cyclic GMP-AMP synthase (cGAS) is a key cytosolic DNA sensor that produces the cyclic dinucleotide cGMP-AMP (cGAMP) upon activation, which triggers stimulator of interferon genes (STING), leading to type I Interferons (IFNs) production and an antiviral response. Ectromelia virus (ECTV) has emerged as a valuable model for investigating the host–Orthopoxvirus relationship. However, the role of cGas–Sting pathway in response to ECTV is not clearly understood. Here, we showed that murine cells (L929 and RAW264.7) mount type I IFN responses to ECTV that are dependent upon cGas, Sting, TANK binding kinase 1 (Tbk1), and interferon regulatory factor 3 (Irf3) signaling. Disruption of cGas or Sting expression in mouse macrophages blocked the type I IFN production and facilitated ECTV replication. Consistently, mice deficient in cGas or Sting exhibited lower type I IFN levels and higher viral loads, and are more susceptible to mousepox. Collectively, our study indicates that the cGas–Sting pathway is critical for sensing of ECTV infection, inducing the type I IFN production, and controlling ECTV replication.
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INTRODUCTION

Innate immune responses to pathogen infection are initiated with the recognition of microbial pathogen-associated molecular patterns (PAMPs) through a limited number of germline-encoded receptors called pattern-recognition receptors (PRRs) (1–3). PAMPs represent conserved molecule motifs within a class of microbes that are recognized by cells of the innate immune system, which include lipopolysaccharides, peptidoglycans, or nucleic acids (RNA and DNA) (2–4). PRRs exist in the plasma or endosomal membranes, cytoplasm, and nucleus of some cell types to sense both extracellular and intracellular infections (5–7). Nucleic acid-sensing PRRs are one of the major subsets of PRRs that sense DNA and RNA (7–9). Some members of these membrane-bound PRRs, such as Toll-like receptors (TLR3, 7, 8, and 9), are located in the endosomes that detect environmental RNA or DNA, while others, such as the DNA sensors AIM2-like receptors (AIM2, IFI16, and IFIX) and cyclic GMP-AMP synthase (cGAS), and the RNA sensors RIG-I-like receptors (RIG-I, MDA5, and LPG2), recognize microbial nucleic acid in the cytosol and/or nucleus (10–13). Following the recognition of microbial RNA or DNA, the PRRs are activated through conformational changes or specific modifications that drive the induction of type I interferon (IFN) and pro-inflammatory cytokines to protect the host from the invading pathogens (14–16).

Currently, an increasing number of studies have suggested that the cGAS–stimulator of interferon genes (STING) pathway of cytosolic DNA sensing plays a major role in the immune defense against microbial pathogens (17). Upon recognition of DNA viruses, retroviruses, and intracellular bacteria, cGAS catalyzes the formation of the second messenger molecule cGMP-AMP (cGAMP), which in turn associates with and activates the STING (17–19). The activation of STING leads to its dimerization, relocalization, and prion-like aggregation, which then associates with TANK binding kinase 1 (TBK1) and causes the recruitment of interferon regulatory factor 3 (IRF3) (5). IRF3 phosphorylates and translocates to the nucleus where the production of type I IFNs is induced (19–21). Furthermore, it has been reported that STING acts as a direct sensor of cyclic dinucleotides such as mammalian 2′3′-cGAMP and prokaryotic 3′3′-cGAMP, c-di-GMP, c-di-AMP, which can also induce the production of type I IFNs (21, 22).

Poxviruses are large, enveloped, double-stranded DNA viruses that replicate entirely in the cytoplasm and cause human and veterinary diseases. The orthopoxvirus (OPV) genus of Poxviridae, including variola virus (VARV), vaccinia virus (VACV), monkeypox virus (MPXV), cowpox virus, and ectromelia virus (ECTV), cause acute infections in their target hosts. Despite the eradication of smallpox through a global vaccination campaign spearheaded by the World Health Organization in the late 1970s, other OPVs have been reported to persist in various animal species following natural or experimental infections (23). Currently, with the emergence of zoonotic MPXV, the outbreaks of VACV infections in dairy cattle and their transmission to humans, and cases of cowpox in humans, there is still great and essential significance as well as interest in the molecular mechanisms of poxvirus infections and/or protection from OPV infections (24, 25). ECTV, a mouse specific pathogen that causes mousepox, is closely related to VARV and has been used as a model for the study of the pathogenesis and immunobiology of OPV infection (26, 27).

Following ECTV infection, type I IFNs were shown to be induced in vitro and in vivo (28, 29). C57BL/6 mice deficient in Ifnar1, which encodes subunit 1 of IFNAR, an IFN α/β receptor, are highly susceptible to ECTV infections (28, 30, 31). Studies performed on murine cells and C57BL/6 mice have demonstrated that the induction of type I IFNs in draining lymph nodes (dLNs) during ECTV infections is because of the recognition of the virus indirectly by the TLR9–MyD88–interferon response factor 7 (IRF7) pathway and directly by the STING–IRF7/nuclear factor kappa B (NF-κB) pathway (32). Mice deficient in TLR9 and its adaptor protein MyD88 show higher viral loads, more serious pathology in the liver and spleen, and increased susceptible to ECTV infection than wild-type (WT) mice (31–34). Moreover, C57BL/6 mice deficient in the transcription factors IRF7 and NF-κB, which are downstream targets of both TLR9–MyD88 and STING, are also highly susceptible to mousepox (32). Notably, STING, as a critical adapter of the cytosolic DNA sensor, is also essential for the resistance to lethal ECTV infections as well as the expression of type I IFNs in the dLNs in vivo (32, 35). However, Dai (DNA-dependent activator of IFN-regulatory factors), a cytosolic DNA sensor upstream of STING, was demonstrated to be less important for resistance to mousepox (32). Therefore, the PRRs upstream of STING that contribute to the recognition of ECTV and resistance to mousepox remain unclear. In addition, cGAS has been recently discovered to be a general cytosolic DNA sensor upstream of STING that recognizes cytoplasmic DNA derived from a large spectrum of DNA viruses, retroviruses, bacteria, fungi, and parasites (4–7). Not surprisingly, VACV as DNA virus has the ability to trigger type I IFN production responses via cGas–Sting pathway (36). However, it is currently not known whether the cGAS is an important innate immune DNA sensor also for ECTV infection.

Here, we examine the contribution of the cGas–Sting pathway to the antiviral response to ECTV in vitro and in vivo. We showed that murine L929 and RAW264.7 cells, but not NIH3T3 cells, mount type I IFN responses against ECTV infection via the cGas–Sting pathway. Disruption of cGas and Sting expression by RNA interference or gene knockout impaired the expression of type I IFNs at the mRNA or protein levels induced by the virus. The induction of type I IFNs were abolished in Tlr9−/−, cGas−/−, Sting−/−, Tbk1−/−, and Irf3−/− macrophages (RAW264.7 and peritoneal macrophages) and had significantly increased viral titers in cGas−/− and Sting−/− RAW264.7 cells, respectively, compared with WT cells. We also demonstrate that ECTV infection triggered the phosphorylation of Tbk1 and Irf3. In vivo, mice deficient in Tlr9, cGas, or Sting blocked the production of type I IFNs and showed higher viral loads and serious pathology in the liver and spleen, and were more susceptible to lethality caused by infections with ECTV as compared with WT mice. Our results confirm that the cGas–Sting pathway is required for resistance to ECTV infections.



MATERIALS AND METHODS


Cells and Virus

Vero (African green monkey kidney cell line), L929 (murine fibroblast cell line), NIH3T3 (murine embryo fibroblast cell line), and HEK293T cells were obtained from the China Center for Type Culture Collection, and were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, Hyclone) supplemented with 10% sterile fetal bovine serum (Gibco), 100 IU of penicillin/mL, and 100 μg/mL of streptomycin, and incubated at 37°C in the presence of 5% CO2. RAW-Lucia ISG (rawl-isg), RAW-Lucia ISG-KO-cGas (rawl-kocgas), RAW-Lucia ISG-KO-Sting (rawl-kostg), RAW-Lucia ISG-KO-Irf3 (rawl-koirf3), and RAW-Lucia ISG-KO-Tbk1 (rawl-kotbk) cells were purchased from the InvivoGen company and were grown in DMEM (Gibco) supplemented with 10% sterile fetal bovine serum (Gibco), 100 μg/mL of Normocin, and 200 μg/mL of Zeocin (InvivoGen).

The WT strain of ECTV was originally isolated from a naturally infected laboratory mouse and then propagated in Vero cells (37). Plaque-purified ECTV was serially passaged, and the virus titer was measured by plaque assays on Vero cells. UV-inactivated ECTV was irradiated under short-wave (254 nm) ultraviolet light for 2 h. The infectivity of UV-inactivated ECTV was confirmed by the inability of the UV light-exposed viruses to produce a cytopathic effect on the monolayers of Vero cells.



Plasmids

The murine cGas gene was amplified and cloned into the pCMV-Tag2b vector with a FLAG tag on the N terminus. Expression plasmids for HA-tagged Sting-wt (S-wt) (puno1ha-mstingwt) and Sting-gt (puno1-msting-gt) were purchased from the InvivoGen company, and their expressions were confirmed with immunoblotting. The IFN-β reporter and pRL-TK control plasmids for the reporter luciferase assays used in the study were described elsewhere (38). All constructs were confirmed using DNA sequencing.



Transfection and Luciferase Reporter Assay

Transient transfection was carried out using the FuGENE® HD transfection reagent (E2311, Promega) following the manufacturer’s instructions. HEK293T cells were seeded in 96-well plates at a density of 1 × 105 cells/well and cultured until the cells reached approximately 70–80% confluency. Next, 10 ng of pRL-TK renilla luciferase reporter plasmid and 100 ng of IFN-β firefly luciferase reporter plasmid were transfected together with 100 ng of the indicated expression plasmids. After a 24-h transfection, cells were stimulated with poly(dA:dT)/LyoVec (2 μg/mL), ISD/LyoVec (1 μg/mL), 2′3′-cGAMP (20 μg/mL), and ECTV (MOI of 1) for 15 h, respectively. Luciferase activity was determined using the Dual-Glo® Luciferase Assay System (E2920, Promega).



RNA Isolation and qRT-PCR

Total RNA was extracted from cellular or tissue (spleen) samples using TRIzol reagent (Invitrogen), and first-strand cDNA was synthesized using the PrimeScript RT reagent kit (RR047A, TaKaRa) following the manufacturer’s instructions. SYBR Green premix (RR820A, TaKaRa) was used for qRT-PCR with a Two Step Real-Time PCR Detection System (Bio-Rad). The primer sequences used for the qPCR were as follows: Ifn-α4, 5′-CCTGTGTGATGCAGGAACC-3′ and 5′-TCACCTCCCAGGCACAGA-3′; Ifn-β, 5′-CAGCTCCAAGAAAGGACGAAC-3′ and 5′-GGCAGTGTAACTCTTCTGCAT-3′; Ifit1, 5′-ACAGCAACCATGGGAGAGAATGCTG-3′ and 5′-ACGTAGGCCAGGAGGTTGTGCAT-3′; β-actin, 5′-GGCTGTATTCCCCTCCATCG-3′ and 5′-CCAGTTGGTAACAATGCCATGT-3′. Data were normalized to the mRNA levels of the housekeeping gene β-actin. Relative gene expression data were analyzed using the 2−ΔΔCt method.



RNA Interference

Chemically synthesized siRNA duplexes were obtained from Gene-Pharma and transfected using the FuGENE® HD transfection reagent (E2311, Promega) according to the manufacturer’s instructions. Briefly, a total of 1.0 × 105 L929 or NIH3T3 cells were seeded onto 12-well plates and transfected at a density of 80% with a final concentration of 100 nM of the indicated siRNAs or si-NC. The siRNA oligonucleotides were as follows: si-Sting, 5′-CGAAAUAACUGCCGCCUCATT-3′; si-cGas1, 5′-GAUUGAGCUACAAGAAUAUTT-3′; si-cGas2, 5′-GAGGAAAUCCGCUGAGUCATT-3′; and si-NC (negative control), 5′-UUCUUCGAACGUGUCACGUTT-3′.



Enzyme-Linked Immunosorbent Assay (ELISA)

RAW264.7 cells and peritoneal macrophages were stimulated with virus or other reagents for the indicated times. Cell culture supernatants and mouse serum were collected, and levels of mouse IFN-β (439407, BioLegend) were measured according to manufacturer’s instructions.



Western Blot Analysis

For the preparation of soluble cell extracts, harvested cells were washed two times with cold phosphate-buffered saline (PBS) and then were lysed in RIPA buffer containing protease and phosphatase inhibitors (P0013, Beyotime Biotechnology, China). The protein concentration of cell lysates was determined by bicinchoninic acid (BCA) assay (QuantiPro BCA Assay Kit, Sigma-Aldrich) according to the manufacturer’s instructions. Equal amount of total protein (25 μg) was resolved by electrophoresis on 12% Bis–Tris polyacrylamide gels (Shanghai Sangon Biotech, China) and transferred to polyvinylidene fluoride membranes (Immobilon-P Transfer membranes, Millipore). Membranes were blocked for 2 h at room temperature in 5% (wt/vol) Tris-buffered saline supplemented with 0.1% Tween 20 (TBST)-diluted bovine serum albumin (BSA, Amresco) buffer. Membranes were incubated with primary antibody diluted in 5% (wt/vol) BSA and 1× TSBT at 4°C overnight. The primary antibodies used include anti-HA (66006-1, Proteintech), anti-FLAG (F3165, Sigma-Aldrich), anti-β-actin (60008-1, Proteintech), anti-cGas (#31659, Cell Signaling Technology), anti-Irf3 (#4302, Cell Signaling Technology), anti-Sting (#13647, Cell Signaling Technology), anti-Tbk1 (#3504, Cell Signaling Technology), anti-phospho-Irf3 (#4947, Cell Signaling Technology), and anti-phospho-Tbk1 (#5483, Cell Signaling Technology). Antibody signals were detected by the enhanced chemiluminescence detection kit (#1705062, Bio-Rad) after incubation with an appropriate secondary antibody conjugated to horseradish peroxidase. All the membranes were imaged using the ChemiDoc XRS+ system (Bio-Rad).



Mice and Animal Experiments

Specific pathogen-free C57BL/6 mice (B6 strain) between 6 and 10 weeks of age were purchased from the Laboratory Animal Center of Lanzhou Veterinary Research Institute (LVRI), Chinese Academy of Agriculture Science (CAAS). The cGas−/− [B6(C)-Mb21d1tm1d(EUCOMM)Hmgu/J], Stinggt/gt (C57BL/6J-Tmem173gt/J), Irf3−/− (B6; 129S6-Irf3tm1Ttg/TtgRbrc), and Tlr9−/− (C57BL/6J-Tlr9M7Btlr/Mmjax) mice were originally purchased from the Jackson Laboratory and were bred at the Laboratory Animal Centre of LVRI, CAAS. Mice aged between 6 and 10 weeks were challenged with 3 × 103 or 1.0 × 106 plaque-forming units (PFU) of virus per mouse by subcutaneous injection into the left footpad. Serum of infected mice was collected at 6, 12, 24, and 48 h post-infection (hpi) and 3, 5, and 7 days post-infection (dpi) for ELISA assay. For the determination of survival, the mice were checked daily. For viral titer, a portion of the spleen or liver was removed aseptically from the mice and frozen at −70°C. The tissues from each mouse were weighted and homogenized in PBS to a 10% (wt/vol) lysate. The lysate was frozen and thawed three times and titrated by the plaque-forming assay.



Generation of Murine Peritoneal Macrophages

Murine peritoneal macrophages were generated as described (39). Briefly, C57BL/6 mice (WT), Tlr9−/−, cGas−/−, Stinggt/gt, and Irf3−/− mice were injected with 1 mL of 3.8% Brewer thioglycollate medium (T9032, Sigma-Aldrich) into the peritoneal cavity for 5 days. Then mice were euthanized by cervical dislocation and pull back the abdominal skin to expose the transparent peritoneal skin. Macrophages were collected by using syringes to inject cold DPBS into the peritoneal cavity of each mouse. The peritoneal fluid was centrifuged for 10 min to remove the supernatant. Cells were resuspended and cultured in 12-well plates at a density of 1 × 106 cells/well. After an 18-h incubation, cells were infected with ECTV (MOI, 5) for 15 or 18 h. Subsequently, the culture media were collected for ELISA, and cells were harvested for western blot analysis.



ECTV Genomic DNA Copy Number and Viral Titer Measurements

Genomic DNA was extracted from the mouse spleen or liver tissues using a viral RNA/DNA extraction kit (9766, TaKaRa) according to manufacturer’s protocol. ECTV genomic DNA copy numbers were determined by qPCR using ECTV P4b gene specific primers: 5′-GTAGAACGACGCCAGAATAAGATA-3′ and 5′-AGAAGATATCAGACGATCCACAATC-3′. A standard curve was established from a cloned DNA fragment of the ECTV P4b gene (40). Cycle threshold (Ct) values obtained by the real-time PCR were plotted on the standard curve to calculate the viral DNA copy number. The titer of ECTV in the cellular and tissue samples was measured by the plaque assay using Vero cells in 12-well plates. Several 10-fold serial dilutions of the samples were added to individual wells of Vero cell monolayers for 2 h. After adsorption, the supernatants were removed, washed three times in PBS, and then the cells were incubated with 1.0% (wt/vol) high-viscosity carboxy-methyl cellulose (Sigma-Aldrich). At 6 dpi, cells were fixed with 4% formalin for 4 h and then stained with 0.5% crystal violet solution for 20 min to visualize plaques.



Histological Analysis

Livers were harvested and fixed with 10% neutral buffered formalin solution and then were embedded in paraffin. The paraffin-embedded specimens were cut into 5-μm sections and then stained with hematoxylin and eosin. Each slide with the samples was photographed with a digital optical microscope (Olympus, Tokyo, Japan).



Statistical Analysis

Data are expressed as means ± SD. Statistical analyses were performed by one-way analysis of variance followed by the Duncan’s multiple range test using the SPSS software (SPSS 18.0 for Windows; SPSS, Chicago, IL, USA). For survival experiments, we used the log-rank (Mantel–Cox). In all figures, ND, not detected; ns, not significant; *P ≤ 0.05; **P ≤ 0.01; and ***P ≤ 0.001.




RESULTS


ECTV-Induced Type I IFN Production in L929 and RAW 264.7 Cells, but Not in NIH3T3 Cells

To verify that an ECTV infection can induce type I IFNs production, three cell lines including NIH3T3, L929, and RAW 264.7 were chosen for determining the expression of type I IFNs during the ECTV infection. We found that ISD or ECTV-induced IFN-β production in L929 and RAW264.7 cells, but not in NIH3T3 cells (Figure S1A in Supplementary Material). To assess the time course of the induction of type I IFNs expression by the ECTV infection, RAW264.7 cells were infected with ECTV at an MOI of 5 and harvested for measuring the levels of IFN-α4 and IFN-β transcript using qRT-PCR at the indicated time points. The expression dynamics of IFN-α4 and IFN-β showed that the mRNA levels of the two cytokines were upregulated and peaked at 18 hpi (Figures S1D,E in Supplementary Material), which was consistent with the protein levels of IFN-β as determined by ELISA (Figure S1F in Supplementary Material). In addition, a dose dependency of type I IFNs induced by ECTV in RAW264.7 cells was also confirmed using increasing doses of virus from an MOI of 0.1–5. As shown in Figures S1B,C in Supplementary Material, the expression levels of IFN-α4 and IFN-β were increased with higher doses of ECTV, which reached the highest level at an MOI of 5. We then used an MOI of 5 for the ECTV infection in the rest of the in vitro infection experiments reported in this paper.



Sting and cGas Are Required for the Induction of IFN-β During the ECTV Infection

In view of the importance of the cGAS–STING pathway in the production of type I IFNs upon infections by DNA virus, we hypothesize that the type I IFN gene expression induced by ECTV might be through cGas and Sting. To investigate the roles of murine cGas and Sting in response to the ECTV infection, we first compared the ability of ECTV to stimulate cGas-induced pathways in human cells. HEK293T cells were transfected with murine cGas or in combination with Sting, and then infected/stimulated with ECTV, poly(dA:dT), ISD, or 2′3′-cGAMP. The protein levels of cGas and Sting overexpressed in HEK293T cells were confirmed by immunoblotting (Figure 1A). As previously mentioned, cGAS and STING are poorly expressed in HEK293T cells (7, 41). As predicted, the increased IFN-β promoter activity was only observed in cGas and Sting co-transfected cells (Figure 1B). Moreover, the induction of the IFN-β promoter showed that all of the three reagents and ECTV have stimulatory potency, and the triggered IFN-β response was entirely Sting-dependent. Consistent with previous studies (42, 43), the magnitude of the IFN-β induction by ISD was higher than others in cGas and Sting co-transfected cells. HEK293T cells were then used to examine the role of Sting in IFN-β expression during the infection. As compared with the co-transfected treatment, HEK293T cells transfected with Sting alone induced at lower levels of IFN-β expression (Figure 1C), suggesting the Sting expression alone cannot entirely drive IFN-β expression.
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FIGURE 1 | Sting and cGas are required for the induction of IFN-β during ectromelia virus (ECTV) infection. (A) Overexpressed cGas, Sting, and β-actin protein levels in HEK293T cells were evaluated by Western blot. HEK293T cells (1 × 105) were seeded in a 96-well plate and then were transfected with pRL-TK Renilla luciferase reporter plasmid (10 ng/well), IFN-β firefly luciferase reporter plasmids (100 ng/well), and together with cGas (100 ng/well), Sting (100 ng/well), cGas + Sting (50 ng per plasmid per well), or vector only (100 ng/well) (B,C). After a 24-h transfection, cells were either stimulated with poly(dA:dT)/LyoVec (2 μg/mL), ISD/LyoVec (1 μg/mL), 2′3′-cGMP-AMP (cGAMP) (20 μg/mL), or infected with ECTV (MOI of 1) for 15 h, respectively. Luciferase activity was determined using the Dual-Glo® Luciferase Assay System. (D) HEK293T cells were transfected with Sting expressing plasmid (50 ng/well), and increasing doses of plasmids expressing cGas (25, 50, and 100 ng/well) combined with decreasing doses of vector (75, 50, and 0 ng/well). (E) HEK293T cells were transfected with increasing doses of plasmids expressing Sting (25, 50, and 100 ng/well) combined with decreasing doses of vector (75, 50, and 0 ng/well). After a 24-h transfection, cells were infected with ECTV at an MOI of 1 for 15 h. Expression of transfected cells with increasing doses cGas or Sting was examined by immunoblot analysis. HEK293T cells were transfected with cyclic GMP-AMP synthase (cGAS) (50 ng) combined with Sting (50 ng) expressing plasmids (F) or Sting (100 ng) expressing plasmids (G), and 24 h later, cells were infected with ECTV and UV-inactivated ECTV at an MOI of 1 for 15 h. Luciferase activity was determined using the Dual-Glo Luciferase Assay System. All the data were averaged from three independent experiments in biological triplicate and represents mean ± SD. Statistical analyses were performed by a t-test (F,G) or one-way analysis of variance followed by the Duncan’s multiple range test (*P ≤ 0.05; **P ≤ 0.01; and ***P ≤ 0.001).


To validate the function of the cGas–Sting pathway in the activation of IFN-β with ECTV, the induction of IFN-β expression by cGas and Sting in a dose-dependent manner was observed during the ECTV infection (Figures 1D,E). In addition, we tested the induction of the IFN-β promoter activated by ECTV or UV-inactivated ECTV in the presence of cGas (50 ng) and/or Sting (50 or 100 ng) (Figures 1F,G). As shown in Figures 1F,G, UV-inactivated ECTV can also induce the expression of IFN-β. As the host range of ECTV is restricted, we next investigated the roles of cGas and Sting in response to ECTV infection in murine cells. NIH3T3 and L929 cells were transfected with expression plasmids or siRNAs for cGas or Sting, and then were infected with ECTV. Overexpression or knockdown of cGas and Sting in these two cell lines were confirmed by immunoblotting as shown in Figure 2 and Figure S2 in Supplementary Material. Overexpression of cGas or S-wt resulted in the increased induction of IFN-α, IFN-β, and Ifit1 mRNA levels in ECTV-infected L929 cells, but which were non-existent in cells transfected with Sting-gt (a point mutation that results in the loss of Sting expression) (Figure 2B). Expectedly, knockdown of either cGas or Sting decreased the induction of IFN-α, IFN-β, and Ifit1 mRNA levels in L929 cells with the ECTV infection (Figure 2D). However, the mRNA levels of the three molecules (IFN-α, IFN-β, and Ifit1) showed no significant changes in NIH3T3 cells, and thus may not have a function in the cGas–Sting pathway in this cell line (Figures S2B,D in Supplementary Material). Therefore, this suggests that the cGAS and STING may be responsible for sensing ECTV infections and inducing type I IFN expression.
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FIGURE 2 | Sting and cGas are required for the induction of IFN-β during ectromelia virus (ECTV) infection in L929 cells. (A) Western blot analysis of overexpressed cGas, Sting, and β-actin protein levels in L929 cells. (B) L929 (2 × 105) cells were seeded in a 12-well plate and then were transfected with cGas, Sting-wt (S-wt), Sting-gt (S-gt), or empty (Vec.) plasmids. Thirty hours after transfection, cells were infected with ECTV (MOI of 5) for 18 h, and then the mRNA levels of IFN-α, IFN-β, and Ifit1 were analyzed by qPCR. (C) Western blot analysis of siRNA knockdown of cGas, Sting, and β-actin protein levels in L929 cells. (D) L929 (2 × 105) cells were seeded in a 12-well plate and then were transfected with siRNAs for cGas (si-C1 and si-C2), Sting (si-S), or si-NC (si-N). Thirty-six hours after transfection, cells were infected with ECTV (MOI of 5) for 18 h, and then the mRNA levels of IFN-α, IFN-β, and Ifit1 were analyzed by qPCR. All the data represent mean ± SD of biological triplicates from at least three independent experiments. Statistical analyses were performed by one-way analysis of variance followed by the Duncan’s multiple range test. Con. means control group, which cells were only infected with ECTV (MOI of 5). In this figure, *P ≤ 0.05 and **P ≤ 0.01.




ECTV Infection Induces the Phosphorylation of Tbk1 and Irf3

It is well known that TBK1 and IRF3 are two important factors of multiple antiviral signaling pathways, including cytosolic DNA sensor signaling such as through the cGAS–STING signaling pathway (44). We performed western blot analysis of ECTV-infected L929, NIH3T3, and RAW264.7 cells, and found that the ECTV infection triggered Tbk1 and Irf3 phosphorylation in RAW264.7 and L929 cells, which reached peaks at 18 hpi (Figures S3A,B in Supplementary Material), whereas it failed to do so in NIH3T3 cells (Figure S3C in Supplementary Material), indicating that ECTV induced the levels of phosphorylation of Tbk1 and Irf3 in L929 and RAW264.7 cells in a cell type-dependent manner (15, 45). In addition, upon stimulation with ISD and 2′3′-cGAMP, the Irf3 and Tbk1 were phosphorylated, and IFN-β was secreted in RAW264.7 cells (Figures 3A,B). Notably, much higher levels of phosphorylation of Tbk1 and Irf3 were stimulated by ISD and 2′3′-cGAMP than by the ECTV infection, indicating that ECTV might express some potent immunomodulators that are involved in the modulation of TBK1 and IRF3 phosphorylation. Alternatively, this may be due to a stronger stimulation with the concentrations of cGAMP or ISD.
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FIGURE 3 | Ectromelia virus (ECTV) infection induces the phosphorylation of Tbk1 and Irf3. RAW264.7 cells (1 × 106) were either stimulated with poly(dA:dT)/LyoVec (2 μg/mL), ISD/LyoVec (1 μg/mL), 2′3′-cGMP-AMP (cGAMP) (20 μg/mL), or infected with ECTV (MOI of 5). The supernatants were collected at 18 h post-infection (hpi) for determining the concentrations of IFN-β by using enzyme-linked immunosorbent assay (ELISA) (A), and cells were collected at 15, 18, and 24 hpi. All the collected cells were used for western blot analysis using anti-phospho-Tbk1, anti-Tbk1, anti-phospho-Irf3, and anti-Irf3 (B). β-Actin was used as a loading control. The ELISA data were averaged from three independent experiments in biological triplicate. The data were analyzed using a one-way analysis of variance followed by the Duncan’s multiple range test. Results of western blot analysis shown are representative of three independent experiments (*P ≤ 0.05).




The cGas–Sting–Tbk1–Irf3 Pathway Drives the Early IFN Response to ECTV

The critical role of Tlr9 for type I IFNs induction in ECTV-infected mice has been recently emphasized (32). Other PRRs, such as DAI, a receptor upstream of Sting, has been ruled out for driving the expression of type I IFNs during ECTV infections (32). As previously described, cGAS acts as a general cytosolic DNA sensor upstream of STING that is responsible for the recognition of several DNA viruses, including VACV, modified vaccinia virus Ankara (MVA), herpes simplex virus 1 (HSV-1), murine gamma-herpesvirus 68 (MHV68), Kaposi’s sarcoma-associated herpesvirus, adenovirus, human papilloma viruses, hepatitis B virus, and human cytomegalovirus (36, 41, 46–50). However, whether the cGas also recognizes ECTV and induces the production of type I IFNs are largely unknown so far. Subsequently, to investigate the contributions of the cGas–Sting–Tbk1–Irf3 pathway for driving the production of type I IFNs during the ECTV infection, cGas−/−, Sting−/−, Tbk1−/−, and Irf3−/− RAW264.7 cells were challenged with ECTV, and the secretion of IFN-β and levels of phosphorylation of IRF3 and TBK1 were detected by ELISA and immunoblotting, respectively. As shown in Figures 4A,B, we found that ECTV-induced IFN-β secretion was reduced by nearly 82% in cGas−/− cells, while the Sting−/− cells nearly abolished the secretion of IFN-β, which suggests the cGas deficiency might be partially complemented by other receptors upstream of STING, such as IFI16 (mouse: Ifi204) and DDX41. Similar to Sting−/− cells, ECTV-induced IFN-β secretion was barely detectable in Tbk1−/− and Irf3−/− cells (Figures 4C,D, respectively). In addition, the phosphorylation levels of IRF3 and TBK1 were not detected in these knockout cells by western blot analysis. As compared with WT cells, Tbk1 and Irf3 phosphorylation were severely impaired in cGas-deficient cells (Figure 4A). Consistently, the phosphorylation of Irf3 and Tbk1 in Sting−/− cells appeared weaker than in the WT cells (Figure 4B). As expected, cells deficient in Tbk1 or Irf3 appeared to have weaker levels of Tbk1 or Irf3 phosphorylation, respectively (Figures 4C,D), indicating other pathways involved in Tbk1 or Irf3 were activated during the ECTV infection.
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FIGURE 4 | The cGas–Sting–Tbk1–Irf3 pathway contributes to the induction of IFN-β in RAW264.7 cells by ectromelia virus (ECTV). cGas−/− (A), Sting−/− (B), Irf3−/− (C), and Tbk1−/− (D) RAW264.7 and wild-type (WT) cells were infected with ECTV at an MOI of 5. Supernatants were collected 18 h post-infection (hpi) for determining the concentrations of IFN-β by using enzyme-linked immunosorbent assay (ELISA), and cells were collected at 15 and 18 hpi for western blot analysis using anti-phospho-Tbk1, anti-Tbk1, anti-phospho-Irf3, and anti-Irf3. β-Actin was used as a loading control. The ELISA data are averaged from three independent experiments in biological triplicate. Results of western blot analysis shown are representative of three independent experiments. The data were analyzed using a t-test on SPSS software (**P ≤ 0.01 and ***P ≤ 0.001).


Furthermore, to confirm these results in primary cells, peritoneal macrophages were generated from WT, Tlr9−/−, cGas−/−, Stinggt/gt, and Irf3−/− mice and the type I IFN induction and phosphorylation of TBK1 or IRF3 upon ECTV infection were evaluated. As shown in Figures 5A,B, the IFN-β secretion was only detected in WT, cGas−/−, and Stinggt/gt cells. As compared with WT cells, ECTV-induced IFN-β secretion was reduced by 70 and 86% in cGas−/−, and Stinggt/gt cells, respectively, while the Tlr9−/− and Irf3−/− cells abolished the secretion of IFN-β. Similarly, the phosphorylation of TBK1 or IRF3 induced by ECTV were severely impaired in all these gene knockout peritoneal macrophages (Figures 5C,D). Taken together, these results definitively show that ECTV infection is capable of activating the cGas–Sting–Tbk1–Irf3 axis and Tlr9, leading to the transcription of type I IFNs.
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FIGURE 5 | Murine peritoneal macrophages response ectromelia virus (ECTV) infection was dependent on Tlr9 and cGas–Sting–Irf3 pathway. Peritoneal macrophages generated from wild-type (WT), cGas−/−, Stinggt/gt, Tlr9−/−, and Irf3−/− mice were non-infected or infected with ECTV at an MOI of 5. Supernatants were collected 18 h post-infection (hpi) for determining the concentrations of IFN-β by using enzyme-linked immunosorbent assay (ELISA) (A,B), and cells were collected at 15 and 18 hpi for western blot analysis using anti-phospho-Tbk1, anti-Tbk1, anti-phospho-Irf3, and anti-Irf3 (C,D). β-Actin was used as a loading control. The ELISA data were averaged from two independent experiments in biological triplicate. Results of western blot analysis shown are representative of two independent experiments. The data were analyzed using a t-test on SPSS software. In this figure, ND, not detected; **P ≤ 0.01 and ***P ≤ 0.001.




Sting and cGas Restrict ECTV Replication in RAW264.7 Cells

It has been previously reported that STING has the ability to control viral replication (15, 51, 52). To address whether the cGas–Sting pathway has the ability to restrict ECTV replication, cGas−/−, Sting−/−, and WT RAW264.7 cells were infected with two doses (MOI of 0.1 and 5) of virus, and viral titers were assessed after 24 and 48 hpi. Significant increases in the amount of viral progeny released were observed in cGas−/− and Sting−/− cells compared with WT cells at all time points. At a low MOI of 0.1, cells deficient in Sting showed more increased viral replication than those lacking cGas, which showed a fourfold and twofold increase in Sting−/− and cGas−/− cells, respectively, as compared with WT cells at 24 hpi (Figure 6A). At 48 hpi, similar results were observed but a higher enhanced replication was observed in knockout cells (20-fold and 5.7-fold in Sting−/− and cGas−/− cells, respectively) (Figure 6A). Moreover, ECTV growth curves were generated at an infection dose of MOI of 5. As compared with a low infection dose, we observed reduced progeny release (3.2-fold and 2.5-fold in Sting−/− and cGas−/− cells, respectively) at 48 hpi (Figure 6B). Collectively, these results demonstrate that cGas and Sting have abilities to restrict ECTV replication in vitro.
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FIGURE 6 | Sting and cGas restrict ectromelia virus (ECTV) replication in RAW264.7 cells. Sting−/−, cGas−/−, and wild-type (WT) cells were infected with ECTV at an MOI of 0.1 (A) or 5 (B). After a 2-h incubation, the supernatants were replaced with fresh medium supplemented with 1% fetal bovine serum, and then the supernatants were collected at the indicated time points for viral titer measurements by using the plaque assay. All the data represent mean ± SD of biological triplicates from at least three independent experiments. The data were analyzed using a one-way analysis of variance followed by the Duncan’s multiple range test (**P ≤ 0.01 and ***P ≤ 0.001).




Sting and cGas Are Critical for Mousepox Resistance In Vivo

Our in vitro studies reveal the cGas-Sting pathway plays an essential role in controlling ECTV infection via inducing the production of type I IFNs. To further investigate whether the cGAS–STING axis was required for resistance to mousepox in vivo, Tlr9−/−, cGas−/−, Stinggt/gt, and WT C57BL/6 mice were infected with a low (3 × 103 PFU per mouse) and high dose (1.0 × 106 PFU per mouse) of ECTV in the footpad, respectively. We found that after infection with a low dose (3 × 103 PFU per mouse) of ECTV, mice deficient in Tlr9 (Tlr9−/−) or Sting (Stinggt/gt) were highly susceptible to mousepox. In agreement with previous studies, death occurred in 100% of Tlr9−/− but only in 72.4% of Stinggt/gt mice (Figure 7A). However, mice lacking cGas (cGas−/−) showed no lethality, similar to WT mice. Consistently, viral genome copy number and viral loads in the livers and spleens of Tlr9−/− and Stinggt/gt mice but not of cGas−/− mice were significantly higher than in WT mice (Figures 7D–G). Moreover, the livers of Tlr9−/− and Stinggt/gt mice showed severe pathology as determined by histology, which were mild in both cGas−/− and WT mice (Figure 7C). More infiltration of inflammatory cells and massive necrosis were observed in the livers of Tlr9−/− and Stinggt/gt mice. We next assayed the mRNA levels of IFN-β in the spleen at 3 dpi as well as the secretion of IFN-β in the serum of infected mice at 6, 12, 24, and 48 hpi and 3, 5, and 7 dpi. Unfortunately, none of the serum samples from all the infected mice were detectable. The expression of IFN-β in the spleens was significantly lower in Tlr9−/− and Stinggt/gt but not in cGas−/− and WT mice (Figure 7B). Nevertheless, Tlr9−/− mice expressed significantly lower levels of IFN-β than Stinggt/gt mice (Figure 7B). Thus, Tlr9−/− and Stinggt/gt mice are both critical for resistance to ECTV infection at a relatively low dose.
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FIGURE 7 | Tlr9 and Sting are critical for resistance to ectromelia virus (ECTV) at a low infection dose. Stinggt/gt, cGas−/−, Tlr9−/−, and wild-type (WT) mice (B6) were infected with 3 × 103 plaque-forming units (PFUs) of ECTV in the left footpad. (A) Mice were monitored twice daily over 30 days for survival. (B) The expression of IFN-β in the spleens of the indicated mice at 3 days post-infection (dpi) was examined by qPCR. (C) Liver sections of the indicated mice at 7 dpi were stained with hematoxylin and eosin. (D–G) The spleen and liver from infected mice were harvested at 7 dpi, and then the viral genome copy numbers (D,E) and viral loads (F,G) were determined by qPCR and plaque assay, respectively. Statistical analyses were performed by one-way analysis of variance followed by the Duncan’s multiple range test. For survival experiments, we used the log-rank (Mantel–Cox). In this figure, ns, not significant; *P ≤ 0.05; **P ≤ 0.01; and ***P ≤ 0.001.


Considering the results obtained from a low dose of infection, we found slightly reduced expression of IFN-β, mild pathology, and higher viral loads in cGas−/− mice than in WT mice; therefore, a lethal dose of virus (1.0 × 106 PFU per mouse) was used for further animal infections. Similar to the low infection dose, Tlr9−/− and Stinggt/gt mice were more susceptible to ECTV infection, but both resulted in 100% mortality. The cGas−/− mice had a lower survival rate (14%) and succumbed to disease more rapidly than WT mice. All Tlr9−/− mice died between 5 and 6 dpi, and viral loads, viral genome copy number, and pathology were therefore only performed in the remaining three groups (Figure 8A). Accordingly, vial genome copy number and viral loads in the livers and spleens of Stinggt/gt and cGas−/− mice were higher than in WT mice (Figures 8D–G). Meanwhile, the Stinggt/gt and cGas−/− mice showed more infiltration of inflammatory cells and more severe bridging necrosis than WT mice as determined by histology (Figure 8C). Furthermore, the expressions of IFN-β in the spleens of Tlr9−/−, Stinggt/gt, and cGas−/− mice were significantly lower than that in WT mice (Figure 8B). Thus, in addition to Tlr9, the cGas–Sting pathway is also essential for survival against ECTV infections.
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FIGURE 8 | Tlr9, Sting, and cGas are critical for resistance to ectromelia virus (ECTV) at a high infection dose. Stinggt/gt, cGas−/−, Tlr9−/−, and wild-type (WT) mice (B6) were infected with 1 × 106 plaque-forming units (PFUs) of ECTV in the left footpad. (A) Mice were monitored twice daily over 30 d for survival. (B) Expression of IFN-β in the spleens of the indicated mice at 3 days post-infection (dpi) was examined by qPCR. (C) Liver sections of the indicated mice at 7 dpi were stained with hematoxylin and eosin. (D–G) The spleen and liver from infected mice were harvested at 7 dpi, and then viral genome copy numbers (D,E) and viral loads (F,G) were determined by qPCR and plaque assay, respectively. Statistical analyses were performed by one-way analysis of variance followed by the Duncan’s multiple range test. For survival experiments, we used the log-rank (Mantel–Cox). In this figure, ns, not significant; *P ≤ 0.05; **P ≤ 0.01; and ***P ≤ 0.001.





DISCUSSION

Recognition of pathogen-derived DNA is a vital strategy by which the innate immune system responds to microbial invasions. Atypical or mislocalized DNA can engage multiple innate immune pathways to trigger the production of type I IFNs and the establishment of the cellular antiviral state (53). TLR9 is a receptor for unmethylated CpG DNA motifs presents in the endosomal membranes of phagocytic cells. Signaling through Tlr9 is induced by ECTV to produce type I IFNs responses in plasmacytoid dendritic cells (pDCs) but not in classical dendritic cells (cDCs) (33). The recognition of ECTV in a Tlr9-dependent manner to produce type I IFNs has been well established in vitro and in vivo (32–34). Experimentally, Tlr9 has been concluded to be the only TLR required for mousepox resistance by ruling out other TLR members (32). Recently, Sting, a critical mediator of the cytosolic DNA-sensing pathway, has been confirmed to have essential roles in the resistance to ECTV infections (32). In addition, the cGAS–STING pathway is emerging as the dominant cytosolic DNA-sensing pathway in infections by DNA viruses (5, 8, 19). Furthermore, it has recently been demonstrated that Dai was not the critical DNA sensor upstream of Sting for the recognition of ECTV infection and the induction of type I IFNs (32). However, the receptor upstream of Sting that senses ECTV to drive the expression of type I IFNs has not yet been identified. Therefore, we hypothesized that the cGas–Sting pathway contributes to the production of type I IFNs in ECTV-infected cells.

Using the in vitro ECTV-infection model, we have demonstrated that ECTV induces type I IFN production in L929 and RAW264.7 cells, but not in NIH3T3 cells. Similarly, ECTV can stimulate the production of IFN-α in pDCs but not in cDCs (33). Consistent with the determination of the phosphorylation of TBK1 and IRF3, ECTV infections triggered the phosphorylation of Tbk1 and Irf3 in L929 and RAW264.7 cells, whereas it fails to do so in NIH3T3 cells. Moreover, overexpression or knockdown levels of cGas and Sting have no significant effect on type I IFN expression levels in ECTV-infected NIH3T3 cells. As described in previous studies, not all cell lines are able to respond to DNA viruses or cytosolic DNA, and the deficiency or poor expression of some key factors involved in the innate immune response results in the failure of type I IFN production (45). Thus, the NIH3T3 cell line is not suitable for the study of innate immune pathways. In addition, the IFN-β luciferase promoter assay revealed that overexpression of cGas and Sting can induce IFN-β promoter activation following an ECTV infection. Accordingly, the cGas or Sting-activating ligands ISD and 2′3′-cGAMP displayed higher stimulatory potency but not poly(dA:dT). As for poly(dA:dT), this ligand has no effect on the induction of type I IFN in the absence or presence of cGas or Sting, and it is possible that the RNA polyIII–RIG-I pathway is involved in a poly(dA:dT) mediated-IFN response (42, 54). ECTV encodes host–response modifiers (HRMs) of both NF-κB and type I IFN pathways (55–58). The mechanism of action of HRMs to inhibit the host immune response is by disrupting receptor–ligand interactions but also acts through impeding cytokine secretion or modulating post-ligation signaling (55, 56). Thus, the lower levels of IFN-β expression induced by ECTV may result from the modification of the type I IFN pathways by ECTV-encoded HRMs. Alternatively, a higher stimulatory potency of ISD and 2′3′-cGAMP is observed because they are “pure” ligands. Moreover, compared with ISD and 2′3′-cGAMP, the lower levels of phosphorylation of Irf3 and Tbk1 induced by ECTV needs to be more fully confirmed in future studies.

The STING has been identified as a pivotal signaling adaptor for the cytosolic DNA sensors and the induction of type I IFN. Besides cGAS, a series of studies have established several other cytosolic DNA sensors utilizing STING as an adaptor, including IFI16 (mouse: Ifi204), DAI, and DDX41 (54, 59, 60). We found nearly 97 and 86% reduced IFN-β induction in ECTV-infected Sting−/− RAW264.7 cells and Stinggt/gt peritoneal macrophages, respectively, whereas IFN-β induction was reduced by 82% in cGas-deficient RAW264.7 cells and 70% in cGas−/− peritoneal macrophages, suggesting other Sting-dependent DNA sensors might also be involved in the IFN-β production. However, Dai has been ruled out as the DNA receptor upstream of Sting for the recognition of ECTV in vivo because no differences were observed in the survival rate and type I IFNs expression between Dai−/− and WT mice (32). We have not yet determined the contributions of Ifi204 and Ddx41 to the induction of type I IFN production in ECTV infections. However, data from modified vaccinia virus Ankara (MVA), an attenuated VACV also belonging to OPV, showed that DDX41 is required for the MVA-induced phosphorylation of TBK1 and IRF3 in macrophages, and no significant differences were observed for MVA-induced type I IFN production in IFI16-deficient cDCs, as compared with WT cells (36). Thus, the exact functions of Ifi204 and Ddx41 or other specific candidate receptors in the resistance to ECTV need to be investigated in the future. Alternatively, an STING-dependent but cGAS-independent pathway was reported in the production of type I IFN and ISGs, which was stimulated by membrane perturbation, including virus–cell fusion, liposome–cell fusion or cell–cell fusion that act as a danger signal (61, 62). Here, the different reduction of IFN-β in Sting-deficient and cGas-deficient macrophages could originate from the capacity of STING to sense the viral particles directly. Therefore, it should be pointed out that an indirect activity of cGas cannot be ruled out for the production of type I IFN through STING-dependent but cGAS-independent pathway in this study.

ECTV causes a lethal infection to mice but displays different pathogenicity among different mouse genotypes (63). It was established that C57BL/6 mice were classified as resistant, with a 50% lethal dose (LD50) > 105 PFU, whereas BALB/c mice are susceptible (LD50 < 10 PFU) to ECTV infection (64). Using two infection doses, 3 × 103 PFU and 106 PFU, data from the survival rates, pathology, and IFN-β induction of infected mice revealed the importance of Tlr9 in the resistance to mousepox, which is consistent with the recent finding that Tlr9 is the only TLR required for resistance to mousepox. By contrast, the role of cGas in the resistance to mousepox is not outstanding at the low dose of infection, but its importance was highlighted at the high dose of infection, which suggests that a weak or no role of cGas–Sting pathway is involved at a low dose of infection. However, mice deficient in Sting are more susceptible to mousepox than cGas-deficient mice, suggesting other Sting-dependent pathways might sense ECTV to drive type I IFN expression. As mentioned earlier, Dai has been ruled out, and Ifi204 and Ddx41 need to be further evaluated. Fortunately, it has been established that the production of IFN-α is mostly through Sting-Irf3 and the production of IFN-β is through Sting–NF-κB (31, 32). We therefore postulate that when the viral particle fuses to the cell membrane, the ECTV genomic DNA are endocytosed and are sensed by TLR9 in the endosomal/lysosomal compartment. On the other hand, the ECTV capsid is broken down in the cytoplasm, triggering leakage of the viral DNA into the cytoplasm and leading to the detection of viral DNA by cGas and other cytosolic DNA sensors, and the expression of type I IFNs through the Sting adapter (Figure 9). In addition, it has been shown that TLR9 contributes to the production of type I IFNs to systemic viral infections, while cytosolic nucleic acid sensors including cGAS, IFI16 (mouse: Ifi204), RIG-I, and MDA5 mediate local immune responses to viral infections (36). Notably, the secretion of IFN-β in the serum of all mice through a subcutaneous infection was undetectable in our study, suggesting the cGas–Sting pathway might be responsible for local type I IFNs production at the early stage of ECTV infections. Furthermore, at the late stage of viral infections, Tlr9 may contribute to the production of type I IFNs in a systemic ECTV infection. Moreover, AIM2 is another cytosolic DNA sensor but activates ASC-caspase-1-dependent inflammasome in response to cytosolic dsDNA, leading to the generation of IL-1β and IL-18 (65, 66). However, AIM2 inflammasome can attenuate cGAS–STING-mediated type I IFNs production in resistance to VACV, HSV-1, VSV, and SeV infections (8). Also, we found that Aim2−/− and caspase-1−/− mice were resistant to ECTV infection compared with the WT mice, which was associated with lower viral loads and milder pathology in the spleens and livers of Aim2−/− and caspase-1−/− mice (unpublished data). Interestingly, a recent published study has reported that Irf7 is necessary for Tlr9–Myd88 and Sting–Irf7/NF-κB pathway the expression of pro-inflammatory cytokines and type I IFNs, respectively, but not Irf3, with ECTV infection in vivo (31, 32). However, we found that Irf3 is required for the ECTV-induced type I IFN production in vitro, but the roles of Irf3/7 in the induction of pro-inflammatory cytokines and type I IFNs are not investigated in vitro and/or in vivo, and would need to be confirmed in future studies. In addition, cGAS triggers innate immune responses through the production of the second messenger cGAMP, which binds and activates the STING, and ultimately leads to induction of type I IFNs by the activation of the TBK1 and IRF3. Then, further studies are needed to elucidate whether the cGAMP is produced upon ECTV infection.


[image: image1]
FIGURE 9 | Proposed model for illustrating the essential roles of DNA sensors in recognition and innate interferons (IFNs) production during ectromelia virus (ECTV) infection. Upon viral entry, some of ECTV virions are processed in the endosome, and viral DNA is firstly detected by Tlr9, which signals through the Myd88–Irf7 axis to promote expression of type I IFNs. Moreover, some of viral DNA is detected by the cytosolic DNA sensor cGas, and cGas catalyzes the formation of cGMP-AMP (cGAMP), which through the Sting–Tbk1–Irf3/7 axis leads to the activation of IFN responses. Other cytosolic DNA sensors, including Ifi204 and Ddx41, potentially recognize viral DNA present in the cytoplasm for the activation of IFN responses. DAI, one of the receptors upstream of Sting, has been ruled out as the critical DNA sensor for the activation of IFN responses during an ECTV infection.


In summary, we present data demonstrating the critical role of the cGas–Sting pathway in ECTV-induced type I IFN production in vitro and in vivo. ECTV was sensed by cGas and induced the production of type I IFN through the Sting–Tbk1–Irf3 axis to restrict the replication of virus. Although the importance of the Tlr9–Myd88 pathway in mousepox resistance has been well established, the cytosolic DNA-sensing pathways, especially the cGas–Sting pathway, also act sequentially to orchestrate resistance to ECTV infection.
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FIGURE S1 | Ectromelia virus (ECTV) induces type I IFN production in L929 and RAW264.7 cells. (A) NIH3T3, L929, and RAW264.7 cells were either stimulated with ISD (at a final concentration of 1 μg/mL) or infected with ECTV at an MOI of 5. Supernatants were collected at 18 h post-infection (hpi). The concentrations of IFN-β in supernatants were determined by enzyme-linked immunosorbent assay (ELISA). RAW264.7 cells (1 × 106) were infected with ECTV at an MOI of 0.1, 0.5, 1, 2, or 5. Subsequently, cells were washed twice with cold phosphate-buffered saline and were collected at 18 hpi. Total RNA was extracted using TRIzol reagent and reverse transcribed into cDNA, which was used to determine the relative mRNA levels of IFN-α (B) and IFN-β (C). RAW264.7 cells (1 × 106) were infected with ECTV at an MOI of 5. Cells and supernatants were separately collected at 0, 4, 8, 12, 15, 18, and 24 hpi. Total RNA was extracted using TRIzol Reagent and reverse transcribed into cDNA, which was determined the relative mRNA levels of IFN-α (D) and IFN-β (E). The concentrations of IFN-β in supernatants were determined by ELISA (F). All results are shown as mean ± SD from four independent experiments. Statistical analyses were performed by one-way analysis of variance followed by the Duncan’s multiple range test. In this figure, ND, not detected.

FIGURE S2 | Sting and cGas are not required for the induction of IFN-β during ectromelia virus (ECTV) infection in NIH3T3 cells. (A) Western blot analysis of overexpressed cGas, Sting, and β-actin protein levels in NIH3T3 cells. (B) NIH3T3 (1 × 105) cells were seeded in a 12-well plate and then were transfected with cGas, Sting-wt (S-wt), Sting-gt (S-gt), or empty (Vec.) plasmids. Thirty hours after transfection, cells were infected with ECTV (MOI of 5) for 18 h, and then the mRNA levels of IFN-α, IFN-β, and Ifit1 were analyzed by qPCR. (C) Western blot analysis of siRNA knockdown of cGas, Sting, and β-actin protein levels in NIH3T3 cells. (D) NIH3T3 (1 × 105) cells were seeded in a 12-well plate and then were transfected with siRNAs for cGas (si-C1 and si-C2), Sting (si-S), or si-NC (si-N). Thirty-six hours after transfection, cells were infected with ECTV (MOI of 5) for 18 h, and then the mRNA levels of IFN-α, IFN-β, and Ifit1 were analyzed by qPCR. All the data represent mean ± SD of biological triplicates from at least three independent experiments. Statistical analyses were performed by one-way analysis of variance followed by the Duncan’s multiple range test. Con. means control group, which cells were only infected with ECTV (MOI of 5).

FIGURE S3 | Ectromelia virus (ECTV) infection induces the phosphorylation of Tbk1 and Irf3 in L929 cells and RAW264.7 cells, but not in NIH3T3 cells. L929 cells (A) and NIH3T3 cells (C) (1 × 106) were uninfected or infected with ECTV at an MOI of 5 and were collected at 4, 8, 12, 15, 18, and 24 h post-infection (hpi). (B) RAW264.7 cells (1 × 106) were uninfected or infected with ECTV at an MOI of 5 and were collected at 3, 6, 12, 18, and 24 hpi. Results shown are representative of three independent experiments.
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Host cells develop the OAS/RNase L [2′–5′–oligoadenylate synthetase (OAS)/ribonuclease L] system to degrade cellular and viral RNA, and/or the OASL/RIG-I (2′–5′–OAS like/retinoic acid inducible protein I) system to enhance RIG-I-mediated IFN induction, thus providing the first line of defense against viral infection. The 2′–5′–OAS-like (OASL) protein may activate the OAS/RNase L system using its typical OAS-like domain (OLD) or mimic the K63-linked pUb to enhance antiviral activity of the OASL/RIG-I system using its two tandem ubiquitin-like domains (UBLs). We first describe that divergent avian (duck and ostrich) OASL inhibit the replication of a broad range of RNA viruses by activating and magnifying the OAS/RNase L pathway in a UBL-dependent manner. This is in sharp contrast to mammalian enzymatic OASL, which activates and magnifies the OAS/RNase L pathway in a UBL-independent manner, similar to 2′–5′–oligoadenylate synthetase 1 (OAS1). We further show that both avian and mammalian OASL can reversibly exchange to activate and magnify the OAS/RNase L and OASL/RIG-I system by introducing only three key residues, suggesting that ancient OASL possess 2–5A [px5′A(2′p5′A)n; x = 1-3; n ≥ 2] activity and has functionally switched to the OASL/RIG-I pathway recently. Our findings indicate the molecular mechanisms involved in the switching of avian and mammalian OASL molecules to activate and enhance the OAS/RNase L and OASL/RIG-I pathways in response to infection by RNA viruses.

Keywords: birds, mammals, OASL, OAS/RNase L pathway, OASL/RIG-I pathway


INTRODUCTION

RNA viruses pose large challenges to human health and animal production with high mutation rates, rapid replication kinetics, and complex evolutionary dynamics (1, 2). To defend against virus infections, the host cellular innate immune system recognizes pathogen-associated molecular patterns with various pattern recognition receptors and activates a rapid antiviral response. After which, host cells secrete interferons (IFNs) to activate and stimulate a cascade of pathways for antiviral factors, including hundreds of IFN-stimulated genes (ISGs) (3, 4). Among ISGs, 2′–5′-oligoadenylate synthetase (OAS) plays a critical role in antiviral immunity by synthesizing 2–5As, which induces RNA degradation by activating a latent RNase (RNase L) pathway (5, 6).

The OAS repertoire is classed into four subfamilies that encode proteins of different isoforms in Metazoa. The small isoform [2′–5′-oligoadenylate synthetase 1 (OAS1)] consists of one copy of the enzymatic OAS domain, whereas the medium (OAS2) and large (OAS3) isoforms have one or two additional non-enzymatic OAS-like domains (OLDs) in the N-terminus. OASL presents an enzymatic (e.g., mouse Oasl2, mOasl2) or non-enzymatic OLD domain (e.g., human OASL, hOASL; mouse Oasl1, mOasl1) in the N-terminus and two tandem ubiquitin-like domains (UBLs) in the C-terminus (7–9). Recent evolutionary analyses suggested that adaptive selections to circumvent viral-encoded inhibitors in the OAS gene family have driven their functional diversity (10, 11). For example, all OAS subfamilies (OAS1-3) synthesize 2–5As to activate RNase L upon binding dsRNA (12, 13). However, OAS1 prefers to bind cytosolic dsRNA with fewer than 20 bp and a 3′-single-stranded pyrimidine motif (5), whereas OAS3 has a strong ability to bind long dsRNA (>50 bp) (12). Such adaptive change is even significant in the OASL subfamily, where the non-enzymatic hOASL mediates RIG-I activation to inhibit virus replication by mimicking polyubiquitin and upregulating the expression of IFNβ, TNFα, and IL-8, whereas the ortholog of hOASL in mouse (the non-enzymatic mOasl1) negatively regulates antiviral immunity by inhibiting the translation of IFN-regulatory factor 7 (IRF7) (14, 15). Moreover, the paralog of hOASL in mouse (mOasl2) synthesizes 2–5As activates RNase L and induces rRNA degradation after detecting dsRNA, similar to OAS1-3 (9).

Compared to mammals, birds have a contractive OAS family, which contains one member (OASL) in most birds belonging to the Carinatae group (e.g., ducks) and two members (OAS1 and OASL) in a few birds belonging to the Ratitae group (e.g., ostriches). Sequence alignment of 22 avian OASL molecules showed that they hold three conserved aspartic acid (D, homologous to D75-D77-D148 in human OAS1) residues, which serve as metal ion ligands and are required to activate the enzymatic activity to synthesize 2–5As (16). However, whether and how birds (especially Carinataes) can recognize divergent RNA viruses to activate the OAS/RNase L system and/or enhance the OASL/RIG-I system using one OAS member (OASL) (where mammals do it with a functionally diverse OAS family), is largely unknown.

Here, we find that avian OASLs activate and enhance the OAS/RNase L pathway to inhibit replication of a positive single-stranded RNA virus, two strains of double-stranded RNA viruses, and four strains of negative single-stranded RNA viruses, which requires both their OLD and UBL domains. This differs from the situation in mammals, where one mammalian OASL (mOasl2) and one mammalian OASL mutant (hOASL-3D) activate and magnify the OAS/RNase L pathway to inhibit viral replication with their OLD domains like OAS1 (Figure 1). Upon introduction of mutations at three D residues homologous to D75-D77-D148 of hOAS1, avian OASL-3D*, and mOasl2-3D* lose the ability to synthesize 2–5As, enhance the RIG-I antiviral activation, and upregulate the expression of many genes downstream of RIG-I in a virus- and UBL-dependent manner, similarly to hOASL (Figure 1). These results indicated that avian and mammalian OASLs could be an effective target for alternative regulation of the OAS/RNase L and OASL/RIG-I pathways during viral infection.
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FIGURE 1 | Domain organizations, purification, and expression in cells of duck, ostrich, human, and mouse OASL proteins and their mutants. (A) Schematic diagram of OASLs, their mutants and truncations. Red, green, and black letter in OLD domain mean amino acids being homologous to D75-D77-D148, R195-K199-K205, and C331-F332-K333 (CFK motif) of human 2′–5′-oligoadenylate synthetase 1, respectively. (B) Western blot analyses of OASLs, their mutants and truncations in DF1 (duck and ostrich) or A549 (human and mouse) cells (up), and His-tagged recombinant proteins (down). Western blot analysis was detected using Flag or c-Myc antibody. GAPDH (1:5,000) was used as a protein loading control. The purified proteins were analyzed by SDS-PAGE.




RESULTS


Duck and Ostrich OASL Proteins Lead to Resistance to Infection by a Broad Range of RNA Viruses

Duck RIG-I can detect influenza A virus and induces an antiviral response in chicken embryonic fibroblasts (DF1) cells, where the RIG-I is absent (17). To determine the role of avian OASL in the immune response, we compared viral replication of a highly pathogenic (A/duck/Hubei/49/05, DK/49) and a weakly pathogenic (A/goose/Hubei/65/05, GS/65) H5N1 virus in DF1 cells expressing duck OASL (DF1dOASL+/+) to the corresponding in duck RIG-I recovery-expression DF1 cells (DF1dRIG-I+/+). Interestingly, DF1dOASL+/+ and DF1dRIG-I+/+ cells showed comparatively lower levels of DK/49 and GS/65 virus titers compared to DF1 cells expressing empty vectors, supporting that duck OASL can efficiently prevent viral infection, similarly to duck RIG-I (Figures 2A,B). We further found that DF1dOASL+/+ cells have a reduced expression of the matrix gene vRNA and mRNA of the DK/49 virus using a strand-specific real-time RT-PCR methods (18), implying that the dOASL may affect virus transport and transcription (Figure S1 in Supplementary Material). We then generated OASL-deficient DF1 cells (DF1OASL−/−) using the CRISPR/Cas9-mediated genome editing method (Figure S2 in Supplementary Material) (19). As expected, DF1dOASL+/+ cells had a significantly lower level of the CK/0513 (A chicken/huabei/0513/2007) H5N1 virus, whereas DF1OASL−/− cells showed a significantly higher level of the CK/0513 virus compared to DF1 cells expressing an empty vector (Figure 2C). Similarly, we found that ostrich OASL (oOASL), representing ancient avian OASLs (20), significantly inhibited the replication of CK/0513 virus in DF1 cells (Figure 2D; Figure S1 in Supplementary Material), supporting that avian OASLs play a critical role in the immune response to influenza A viruses, similarly to some mammalian OASLs.
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FIGURE 2 | Duck and ostrich OASL proteins inhibit a broad range of RNA virus replications and the loss of chicken OASL enhances these RNA virus replications. Cells infected with virus were harvested at the indicated time points and subjected to EID50 assays or TCID50 assays on MDCK, DF1, Vero, or BHK21 cells (two–tailed Student’s t-test, n = 3). The data are expressed as the mean ± SD. *P < 0.05; **P < 0.01. (A,B) DF1dOASL+/+ cells have fewer DK/49 (A) and GS/65 (B) virus. DF1dRIG-I+/+ cells were a positive control for antiviral activity. (C) DF1dOASL+/+ cells exhibited lower level than NC cells, while DF1OASL−/− (chicken OASL-deficient DF1) cells had higher level than wild-type DF1 cells, of CK/0513 virus. NC is chicken DF1 cell expressing empty vector. (D) DF1 cells expressing oOASL exhibited lower level of CK/0513 virus titers. (E–G) DF1dOASL+/+ cells produced fewer, while DF1OASL−/− cells had more replication of NDV (E), IBDV (F), and REOV (G) virus. (H–J) DF1 cells expressing oOASL showed a severe reduction in virus titers of NDV (H), IBDV (I), and REOV (J) virus. (K) IBRS2 cells expressing dOASL had significantly lower FMDV virus titer.


We next investigated the antiviral activity of avian OASLs against diverse viruses. Interestingly, the expression of either dOASL or oOASL in DF1 cells significantly reduced the replication of another negative single-stranded RNA virus (Newcastle disease virus, NDV/La Sota) and two double-stranded RNA viruses (infectious bursal disease virus, IBDV/B87 and respiratory enteric orphan virus, REOV/Z97/C10). In contrast, the absence of OASL in DF1 cells significantly enhanced the viral replication of the above three viruses (Figures 2E–J). Further analysis indicated that dOASL inhibited the replication of a positive single-stranded RNA virus (Foot-and-mouth disease virus, FMDV/O/Mya) in porcine kidney cells (IBRS2) (Figure 2K). However, neither dOASL nor oOASL reduced replication of two strains of double-stranded DNA virus in DF1 cells (fowlpox virus, FPV/CVCC/AV1003) or in porcine kidney epithelial (PK15) cells (pseudorabies virus, PRV/Henan/2014) (Figure S3 in Supplementary Material). Taken together, avian OASL shows antiviral activity against a wide range of RNA viruses but not against DNA viruses.



Duck and Ostrich OASL Proteins Activate and Magnify the OAS/RNase L Pathway to Induce Viral RNA Degradation Similarly to Mouse Oasl2

To investigate whether avian OASL activates the OAS/RNase L pathway to decay viral RNA, we first examined the 2–5A synthesis activities of duck (58 kDa) and ostrich (60 kDa) recombinant OASL proteins through a heat-inactivated 2–5A synthetase reaction. As expected, both dOASL and oOASL produced superimposed elution profiles with more than three peaks using poly(I:C) (pIC) as an activator, supporting that avian OASL synthesizes dimeric (pppApA), trimeric (pppApApA), and longer oligomers like human OAS1 (hOAS1) and mOasl2 (Figure 3A). Among four types of tested divalent cations, Mg2+ and Mn2+ stimulated the 2–5A activity of dOASL at a high level, whereas Zn2+ and Ca2+ stimulated this activity only at a low level (Figure 3B). Furthermore, both low (an average size of 0.2–1 kb) and high (an average size of 1.5–8 kb) weight pIC stimulated the 2–5A activity of dOASL and oOASL at a high level (Figure 3C), while poly(dA:dT) (pAT, a surrogate for dsDNA viruses) stimulated the 2–5A activity of dOASL and oOASL at a low level (Figures 3D,E).
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FIGURE 3 | Duck and ostrich OASL proteins synthesize 2–5A to activate and enhance the OAS/RNase L pathway degrading cellular and viral RNA. The 2–5A synthetase reaction was treated with alkaline phosphatase and separated using a Mono Q column. hOAS1 was a positive control for 2–5A activity. Numbers in the elution profiles of A–E represent adenylate, pppApA, pppA(pA)2, pppA(pA)3, pppA(pA)4, pppA(pA)5, pppA(pA)6, respectively. NC is chicken OASL-deficient DF1 cell expressing empty vector. WT is parent DF1 cell. “RIN” is the RNA integrity number. Gene expressions were calculated relative mRNA level to that of GAPDH and presented as fold change against the corresponding of NC without CK/0513 infection (two-tailed Student’s t-test, n = 3). The data are expressed as the mean ± SD. *P < 0.05; **P < 0.01. (A–E) 2–5As produced by dOASL or oOASL with pIC (A), dOASL with different divalent cations (B), dOASL with HMW or LMW (C), dOASL with pAT (D), oOASL with pAT (E). (F) rRNA cleavage induced by dOASL or oOASL in DF1OASL−/− cells transfected with pIC (5 μg/mL) for 4 h or infected with CK/0513 (multiplicity of infection = 1) for 18 h. (G–I) dOASL and oOASL significantly increased the expression of RNase L (G) and 10 genes (H,I) related to IFN signaling after infection with CK/0513 virus in DF1OASL−/− cells, respectively.


To test whether avian OASL activates RNase L to degrade RNA with their 2–5A products, we examined the rRNA integrity in different DF1 cells using a rRNA cleavage assay after induction with pIC. Expectedly, parental DF1 cells and both dOASL or oOASL recovery-expression DF1OASL−/−cells (transfected with dOASL or oOASL) had a low rRNA integrity number (RIN 6.9–7.4), whereas DF1OASL−/− cells had a high RIN (10.0) (Figure 3F). This was similar to the case in mammals, in which A549 cells (human alveolar basal epithelial cells) expressing mOasl2 had a low RIN (6.0), and parental A549 cells (containing OAS1-3) had a relatively high RIN (7.6) (Figure 4H). Similarly, parental DF1 cells, dOASL and oOASL recovery-expression DF1OASL−/− and A549 cells expressing mOasl2 had a low RIN (8.0, 8.2, 8.0, and 7.3, respectively) after being infected by CK/0513 or PR8 viruses. DF1OASL−/− cells did not induce rRNA degradation and had a high RIN (10.0) (Figures 3F and 4I). In summary, these data support that avian OASLs possess 2–5A synthetase activity and activate the OAS/RNase L pathway to inhibit the replication of a range of RNA viruses.
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FIGURE 4 | Three conserved sites of duck, ostrich, human, and mouse OASL being homologous to D75-D77-D148 of human 2′–5′-oligoadenylate synthetase 1 are a button for switching on/off the OAS/RNase L pathway. The 2–5A synthetase reaction was treated with alkaline phosphatase and separated using a Mono Q column. Gene expression in cells were calculated relative mRNA level to that of GAPDH and presented as fold change against the corresponding of A549 cells expressing empty vector (NC) without PR8 virus infection (two-tailed Student’s t test, n = 3). The data are expressed as the mean ± SD. *P < 0.05; **P < 0.01. (A–C) The elution profiles produced by dOASL-3D* or oOASL-3D* (A), mOasl2 or mOasl2-3D* (B), and hOASL-3D or hOASL proteins (C). (D,E) dOASL-3D* and oOASL-3D* did not inhibit the DK/59 and GS/65 in DF1 cells (D) or CK/0513 (E) virus replication in DF1OASL−/− cells, whose RIG-I is naturally absent. (F,G) hOASL-3D and mOasl2 slightly or significantly inhibited the replication of PR8 [multiplicity of infection (MOI) = 0.001] virus in A549 (F) or HeLa (G) cells. (H,I) rRNA cleavage induced by hOASL-3D and mOasl2 in A549 cells stimulated with pIC (H) (500 ng/mL) or infected with PR8 virus (I) MOI = 1. (J–L) hOASL-3D and mOasl2 significantly increased the expression of RNase L (J) and six genes (K,L) related to IFN signaling upon infection with PR8 virus (MOI = 0.001).


Similar to OASL, RNase L was also known as an ISG (21). Previous studies indicated that exposure of human prostate cancer cells DU145 to physiologic levels of 2–5A (0.1 M) produces a remarkable transcription of ISG (i.e., ISG15) (22). We, therefore, asked whether OASL enhances the activation of OAS/RNase L signaling to prevent viral infection. Interestingly, we found that both dOASL and oOASL significantly increased the expression of RNase L and 10 of 16 genes (IRF1, IRF7, IFNα, IFNβ, IFNAR1, JAK1, STAT1, MX1, PKR, and TNFα) related to IFN signaling in DF1OASL−/− cells induced by the CK/0513 virus (Figures 3G–I). Similarly, mOasl2 significantly enhanced the expression of RNase L and six (IRF3, IFNα, IFNβ, IFIT1, IL8, and TNFα) of 10 tested genes related to IFN signaling in A549 cells after infection by the PR8 virus (Figures 4J–L). These observations supported that enzymatic OASLs enhance OAS/RNase L signaling to degrade viral RNA and magnify IFN signaling to defend against viral infection.



Duck and Ostrich OASL Reversibly Switch off Their 2–5A Activity Similarly to Human OASL and Mouse Oasl2 When Mutations Were Introduced at Three Conserved D Residues

Previous studies have indicated that three D sites (homologous to D75-D77-D148 in hOAS1) that serve as metal ion ligands are required to synthesize 2–5As (23, 24). To test the effects of these three D residues on the binding affinity for the dsRNA and 2–5A activity of OASLs, we introduced mutations at the homologous sites of the above three D residues to generate dOASL, oOASL, mOasl2, and hOASL mutants. Interestingly, the mutations of the three D residues switched off the 2–5A activity of the OASLs, but seem not to affect their binding affinity for pIC (Figure S4 in Supplementary Material). For example, dOASL-3D*, oOASL-3D*, and mOasl2-3D* lost their 2–5A activity, whereas hOASL-3D recovered 2–5A activity (Figures 4A–C). Detailed analysis indicated that after losing the 2–5A activity, neither dOASL-3D* nor oOASL-3D* induced rRNA degradation or upregulated the expression of RNase L or the 16 other genes related to IFN signaling, thus failing to prevent virus infection in DF1 cells and DF1OASL−/− (Figures 4D,E; Figures S5 and S6 in Supplementary Material). However, nonenzymic mOasl2-3D* failed to induce rRNA degradation and upregulate expression of RNase L, but significantly inhibited PR8 virus replication in A549 and HeLa (human cervical carcinoma) cells (Figures 4F–L). Moreover, similarly to mOasl2, the expression of hOASL-3D inhibited the PR8 virus replication in both A549 and HeLa cells, induced rRNA degradation when inoculated with either pIC (500 ng/mL) or the PR8 virus (MOI = 1), and increased the expression of RNase L, IRF3, IFNα, IFNβ, IFIT1, IL8, and TNFα in A549 cells (Figures 4F–K). In summary, these observations suggest that avian and mammalian enzymatic and non-enzymatic OASLs can reversibly change the role in the immune response to viral infection through editing three metal ion ligand sites homologous to D75-D77-D148 in hOAS1.



Unlike the OLDs of Mouse Oasl2 and Human OASL Mutant (OASL-3D), Those of Duck and Ostrich Cannot Efficiently Activate the OAS/RNase L Pathway

To identify domains that are critical for antiviral activity of OASL proteins, we created Flag-tagged truncations of dOASL, oOASL, hOALS-3D, and mOasl2 that lacked one (Δ1UBL) or two UBLs (OLD) (Figure 1). Interestingly, like the above four enzymatic full length OASLs, two avian and two mammalian truncations lacking one UBLs (Δd1UBL, Δo1UBL, Δh1UBL-3D, and Δm1Ubl) could significantly inhibit one or two H5N1 virus replications through binding dsRNA to synthesize 2–5As and induce rRNA degradation, upregulate expression of RNase L and nine (IRF1, IRF7, IFNα, IFNβ, IFNAR1, JAK1, STAT1, MX1, and PKR) or five (IRF3, IFNα, IFNβ, IFIT1 and TNFα) other genes related to IFN signaling in DF1OASL−/− or A549 cells (Figure 5; Figures S7 and S8 in Supplementary Material). Similarly, two mammalian truncations (hOLD-3D and mOld) lacking both UBLs could bind dsRNA to synthesize 2–5As and induce rRNA degradation, upregulate expression of RNase L and four other genes related to IFN signaling (IRF3, IFNα, IFNβ, and IFIT1), efficiently activate and enhance the OAS/RNase L to inhibit PR8 virus replication in A549 cells (Figure 6; Figure S8 in Supplementary Material). In sharp contrast, two avian truncations (dOLD and oOLD) lacking both UBLs neither induce rRNA degradation (Figures 5D,E) nor upregulate expression of RNase L and genes related to IFN signaling (Figure 5F; Figure S7 in Supplementary Material), thus failing to block one or two H5N1 virus replications in the DF1OASL−/− and DF1 cells (Figures 5A–C). Detailed analysis indicated that dOLD and oOLD bound dsRNA, but failed to synthesize longer oligomers of 2–5Aswith pIC as an activator (Figure 5D; Figure S4 in Supplementary Material). Previous studies demonstrated that a tripeptide motif (CFK) within human OAS1 and OAS2 mediates polymerization and affects the synthesis of effective 2–5As (25). We then asked whether mutations in the CFK motif of avian OLD affect their polymerization and further influence their processivity for 2–5A synthesis. We introduced a CFK motif of hOAS1 at a homologous site of dOLD to generate dOLD-CFK*1 and dOLD-CFK*2 substitutions (Figure 1). Unexpectedly, upon Mn2+ stimulation and pIC, neither dOLD-CFK*1 nor dOLD-CFK*2 synthesized trimeric or longer oligomers. In contrast, the mOld-CIT* substitution containing the CFK motif of dOASL, also synthesized trimeric or longer oligomers, like mOld did (Figure S8C in Supplementary Material). These results suggest that avian OLDs diverged substantially from both mammalian OAS1 and mammalian OLDs, thus it cannot restore the 2–5A activity of avian OLDs efficiently through the compensation of a conserved CFK motif.
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FIGURE 5 | Duck and ostrich OASL activate and magnify the OAS/RNase L pathway in a ubiquitin-like domains (UBL)-dependent manner, while human OASL-3D and mouse Oasl2 do it in a UBL-independent manner. Cells infected with virus were collected at indicated time points to perform EID50 assays or TCID50 assays on MDCK cells. NC is DF1, DF1OASL−/−, or A549 cells expressing empty vector. The 2–5A synthetase reaction was treated with alkaline phosphatase and separated using a Mono Q column. “RIN” is the RNA integrity number (n = 3). The data are expressed as the mean ± SD. *P < 0.05; **P < 0.01. (A–C) Truncations of dOASL and oOASL lacking one UBL, but not lacking both UBLs, significantly inhibited DK/49 (A) and GS/65 (B) virus replications in DF1 cells or CK/0513 (C) virus replications in DF1OASL−/− cells. (D) The elution profiles produced by truncations and truncated mutants of four enzymatic OASL lacking one UBL and two UBLs in reaction. (E) rRNA cleavage induced by truncations of dOASL and oOASL in DF1OASL−/− cells transfected with pIC for 4 h or CK/0513 virus (multiplicity of infection = 1) for 18 h. (F) Truncations of dOASL and oOASL lacking one UBL, but not lacking two UBLs, significantly increased the expression of RNase L upon infection with CK/0513 virus in DF1OASL−/− cells.
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FIGURE 6 | Duck and ostrich OASL-3D* interact with RIG-I and enhance the RIG-I signaling in a ubiquitin-like domains (UBL)-dependent manner, similarly to human OASL and mouse Oasl2-3D*. Cells infected with virus were harvested at the indicated time points and subjected to EID50 or TCID50 assays on MDCK cells. NC is DF1OASL−/− or A549 cells expressing empty vector. Gene expressions in cells were calculated relative mRNA level to that of GAPDH and presented as fold change against the corresponding of NC without virus infection (two-tailed Student’s t-test, n = 3). The data are expressed as the mean ± SD. *P < 0.05; **P < 0.01. (A,G,H) hOASL and mOasl2-3D*, but not their truncations, significantly increase expression of six genes downstream of MAVS and inhibit PR8 virus replication in A549 cells after infection at 48 h. (B–F) Like hOASL and mOasl2-3D*, dOASL-3D* and oOASL-3D*, but not their truncations enhance the antiviral effect of dRIG-I and increased expression of nine genes downstream of MAVS in the dRIG-I recovery DF1OASL−/− cells upon CK/0513 infection. (I–K) Full length, mutants, and truncations (except UBL) of dOASL, hOASL, and mOasl2 co-precipitate with dRIG-I before and after infected by CK/0513 or PR8 virus. (L) Yeast two-hybrid analysis shows that dOASL-3D*, but not dOASL and hOASL, directly interacted with dRIG-I and hRIG-I proteins.




Duck and Ostrich UBLs in OASLs, but Not Human OASL Mutant (OASL-3D) and Mouse Oasl2 Ones, Bind dsRNA and Are Required to Activate the OAS/RNase L Pathway

Upon discovering that the UBLs of avian OASLs are essential to exert their antiviral activity, we generated Flag-tagged two-tandem UBL truncations of two avian and mammalian OASLs to investigate their functions in the OAS/RNase L pathway (Figure 1). As expected, the two avian (dUBL and oUBL) and two mammalian (hUBL and mUbl) truncations failed to synthesize 2–5As (data not shown), induce rRNA degradation, and change the expression of RNase L and genes related to IFN signaling when treated with pIC or infection with H5N1 virus (DK/49, GS/65, CK/0513, or PR8), thus failing to inhibit H5N1 virus replication in DF1 and DF1OASL−/− or A549 cells (Figure S9 in Supplementary Material). These results suggest that the tandem UBLs of avian and mammalian OASLs have no antiviral activity and cannot activate the OAS/RNase L pathway.

Previous studies showed that upon binding dsRNA, OAS synthesizes 2–5As, which in turn activates RNase L to trigger antiviral activity (23, 26, 27). As avian OASLs synthesized short oligomers of 2–5A and failed to activate the OAS/RNase L pathway when their two tandem UBL domains were deleted, we asked whether UBLs improve the 2–5A activity of avian OASLs by enhancing their binding affinity to dsRNA. As expected, dOLD had a lower binding affinity for pIC compared to that of the full protein. However, both mOLD and hOLD-3D showed a comparative level of binding affinity for pIC to their full proteins (Figure S4 in Supplementary Material). Further binding affinity analysis demonstrated that the UBLs of dOASL and oOASLs, but not that of hOASL and mOASL2, bound pIC (Figures S4 and S9 in Supplementary Material). Thus, our data show that the UBL of avian OASLs, but not mammalian OASLs, enhance the binding affinity of OASL to dsRNA and are essential to activate the OAS/RNase L pathway.



Duck and Ostrich OASL Mutants (OASL-3D*) Enhance RIG-I Signaling in a Similar Manner to Human OASL and Mouse Oasl2 Mutant (Oasl2-3D*)

Recent studies have shown that hOASL reduced a broad range of virus replications through enhancing the RIG-I activation (14, 28, 29). Similarly, hOASL and mOasl2-3D* failed to activate and magnify the OAS/RNase L system, but significantly inhibited PR8 virus replication in A549 cells (Figure 6A). We, therefore, asked whether both avian and mammalian non-enzymatic OASLs or enzymatic OASL mutants utilize the RIG-I pathway to inhibit viral replication. We generated an additional dOASL mutant (dOASL-3K*) through introducing mutations at three conserved positively charged amino acids (K) in the dsRNA-binding groove (Figure 1) (23). As expected, although binding dsRNA, dOASL-3K* together with the other two avian OASL mutants (dOASL-3D* and oOASL-3D*) lacked 2–5A activities and did not activate RNase L to degrade rRNA, failing to prevent virus infection in DF1 and DF1OASL−/− cells (Figures 4D,E; Figures S5 and S6 in Supplementary Material). Because RIG-I is absent in chickens, this observation is similar to hOASL, which showed no antiviral activity in the absence of RIG-I (17, 29). Interestingly, dOASL-3D* and oOASL-3D*, but not dOASL, oOASL, and dOASL-3K*, significantly enhanced the dRIG-I activation to reduce the CK/0513 virus replication in duck RIG-I recovery-expression DF1OASL−/− cells. This observation is similar to the case in mammals, where one non-enzymatic (hOASL) and one enzymatic OASL mutant (mOasl2-3D*) significantly enhanced the RIG-I activation, while their enzymatic OASL proteins (hOASL-3D and mOasl2) and another non-enzymatic mutant (hOASL-R*K*K*) did not (Figures 6A–C; Figures S10 and S11 in Supplementary Material). Further analysis indicated that all truncations of dOASL-3D*, oOASL-3D*, hOASL, and mOasl2-3D* lacking one or two UBLs failed to reduce the CK/0513 and PR8 virus replication in duck RIG-I recovery-expression DF1OASL−/− or A549 cells (Figures 6A,D).

RIG-I targets MAVS to initiate downstream signaling, thereby inducing the transcription of type I IFNs and ISGs. We next evaluated whether OASL-3D* induced the expression of RIG-I signaling. Expectedly, both dOASL-3D* and oOASL-3D*, but not dOASL, oOASL, and dOASL-3K*, significantly increased the expression of nine genes (IRF1, IFNα, IFNβ, IFNAR1, JAK1, STAT1, MX1, PKR, and TNFα) downstream of MAVS after infecting by CK/0513 virus (Figures 6E,F; Figure S10 in Supplementary Material). Whereas neither avian OASL nor their mutants affected the expression of MAVS, MDA5, and LGP2 in duck RIG-I recovery-expression DF1OASL−/− cells (data not shown). Similarly, two mammalian non-enzymatic OASL proteins (hOASL and mOasl2-3D*), but not their enzymatic OASL proteins, significantly increased the expression of five genes in the RIG-I signaling pathway (IRF3, IFNα, IFNβ, IFIT1, and IL8) in A549 cells infected with the PR8 virus (Figures 6G,H; Figure S11 in Supplementary Material). We further compared the gene expression of the RIG-I pathway in duck RIG-I recovery-expression DF1OASL−/− cells and A549 cells that expressed truncations lacking one or two UBLs of dOASL-3D*, hOASL, or mOasl2-3D*. This effort found that none of them changed the expression of the above tested genes of the RIG-I signaling pathway with or without IAV infection (Figures 6E–H), further supporting that OLD and the two UBLs of avian and mammalian OASLs are essential for magnifying the RIG-I pathway.

We then investigated the interaction between RIG-I and OASL and found that both dOASL and dOASL-3D* co-precipitated with dRIG-I in DF1 cells before and after infection with the CK/0513 virus (Figures 6I,J). Similarly, we observed that hOASL, mOasl2, and their mutants (hOASL-3D and mOasl2-3D*) co-precipitated with human or mouse RIG-I in 293T cells (Figure 6K). Thus, the mutation of the three conserved D residues did not affect the interaction between OASL and RIG-I. Detailed analysis indicated that UBL-deleted OASL (Δh1UBL, hOLD, Δm1Ubl, and mOld) and their corresponding mutants (Δd1UBL-3D*, dOLD-3D*, Δh1UBL-3D, hOLD-3D, Δm1Ubl-3D*, and mOld-3D*) also interacted with RIG-I, whereas the UBL of OASL alone (dUBL, hUBL, and mUBL) did not (Figures 6J,K). This observation, combined with that truncations of avian and mammalian non-enzymatic OASL proteins, did not prevent against virus infection, indicates that the OLD domain of OASL is sufficient to mediate the interaction between OASL and RIG-I but insufficient to enhance RIG-I signaling. We further investigated the module of this interaction using a yeast two-hybrid system. This effort found that among the above OASLs and their mutants from ducks and humans, only dOASL-3D* directly interacted with intact duck and human RIG-I protein (Figure 6L).




DISCUSSION

Here, we first demonstrated that, after stimulation by dsRNA, two divergent avian OASLs (dOASL and oOASL) activated RNase L to induce rRNA degradation using their 2–5A products like mammalian enzymatic OASL (mOasl2) (Figures 3 and 7). We find that three conserved D residues were crucial to adaptively reversible switching between enzymatic and non-enzymatic OASL, where mutants of one mammalian (mOasl2) and two avian enzymatic OASL (dOASL and oOASL) lose their 2–5A activity and mutant of one mammalian non-enzymatic OASL (hOASL-3D) recover its 2–5A activity. We also found that two avian (dOASL and oOASL) and two mammalian (hOASL-3D and mOasl2) enzymatic OASLs significantly increased the expression of RNase L and 10 (IRF1, IRF7, IFNα, IFNβ, IFNAR1, JAK1, STAT1, MX1, PKR, and TNFα) or six (IRF3, IFNα, IFNβ, IFIT1, IL8, and TNFα) genes related to IFN signaling in DF1OASL−/− cells or in A549 cells after infection with the H5N1 (CK/0513 or PR8) virus (Figures 3 and 4). This is consistent with the fact that 2–5A induces the gene expression of several ISGs (P56, P54, IL8, and ISG15) in DU145 prostate cancer cells and HeLa cells (22). Therefore, our observations support to the theory that the ancient OASL of birds and mammals possessed 2–5A activity and executed their antiviral activity through activating and magnifying the OAS/RNase L pathway and enhancing IFN signaling. Moreover, our functional analyses strengthen the idea that species-specific adaptations appear to accelerate the functional divergence of the OASL molecules. For example, avian OASLs developed a UBL-dependent manner to activate and magnify the RNase L system and IFN signaling to block virus replication. In this UBL-dependent model, the OLDs of avian OASLs bind dsRNA and synthesize 2–5As, but cannot activate RNase L to degrade rRNA and inhibit virus replication (Figures 5 and 7). The UBLs of avian OASLs bind dsRNA like their OLDs, and truncations of avian OASLs lacking both UBLs showed weak binding affinity for dsRNA (Figures S4 and S9 in Supplementary Material). These observations, together with the abnormality in the 2–5A synthesis activity of dOLD and oOLD (Figure 5), supported the idea that UBLs of avian OASLs have been optimized to bind dsRNA using their enriched positive amino acids (A, H, and L). This optimization, in return, improved avian OASLs’ polymerization and processivity for 2–5A synthesis and contributed to the activation and magnification of RNase L signaling. We then hypothesized that avian OASLs could bind dsRNA with different lengths and showed antiviral activity to a range of viruses. This hypothesis was supported by our data. Such as, both dOASL and oOASL synthesized 2–5As at high level after induction with either low or high weight pIC and significantly inhibited the replication of two strains of double-stranded (IBDV/B87 and REOV/Z97/C10) and four strains of negative single-stranded (DK/49, GS/65, CK/0513, and NDV/La Sota) RNA viruses (Figures 2 and 3). Additionally, dOASL protected against a strain of positive single-stranded (FMDV/O/Mya) RNA virus infection in IBRS2 cells (Figure 2). For mammalian enzymatic OASLs (hOASL-3D and mOasl2), they activate and magnify the RNase L system and IFN signaling to block virus replication in a UBL-independent manner like hOAS1 (30). In this case, both hOLD-3D and mOld could activate RNase L to decay rRNA with their 2–5A products, magnify the RNase L and IFN signaling, and inhibit the PR8 virus replication (Figure 5). Since the UBLs of hOASL-3D and mOasl2 did not bind dsRNA, they appear to be functionally redundant for the activation and magnification of the OAS/RNase L system (Figure S4 in Supplementary Material).
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FIGURE 7 | Model of avian and mammalian OASL involvement in RNase L and RIG-I signaling. As a sensor, ancient and enzymatic OASL in birds and mammals contain three aspartic acids (D), which are homologous to D75-D77-D148 in hOAS1 and required to synthesize 2–5As, and three key positively charged amino acids (R/K-K/R-K), which are homologous to R195-K199-K205 in human 2′–5′-oligoadenylate synthetase 1 (OAS1). Both avian and mammalian OASLs develop the potential ability to switch the OAS/RNase L and OASL/RIG-I signaling. In natural, avian OASL activates and magnifies the OAS/RNase L pathway to exert antiviral activity in an UBL-dependent manner, where both its OAS-like domain (OLD) and UBL domains bind dsRNA. While some enzymatic mammalian OASLs activate and magnify the OAS/RNase L pathway to exert antiviral activity in an UBL-independent manner, where only their OLD domains bind dsRNA and synthesizes 2–5A like human OAS1. Some non-enzymatic mammalian OASLs lose 2–5A activity, switch to activate, and enhance RIG-I signaling to inhibit the replications of RNA viruses in a UBL-dependent manner when their three conserved D sites are mutated. Such natural switching between the OAS/RNase L and OASL/RIG-I using OASL molecules were recently, thus, both avian and mammalian OASL may reversibly to activate and magnify one of the above signaling when we introduce mutations at three conserved D sites. Five-pointed star (red): D residue; Five-pointed star (blue): D sites serving as metal ion ligands were mutated to A residue, or E81, E83, and T152 site in hOASL; Four-pointed star (black): three key positively charged amino acids; Four-pointed star (green): three key positively charged amino acids (RKK or KKK) were mutated to E. Abbreviations: OLD, OAS-like domain; UBL, ubiquitin-like domain; ARD, ankyrin repeat domain; KEN, kinase-extension-nuclease domain; CARD, caspase activation and recruitment domain; CTD, carboxy-terminal domain; ISRE, interferon-stimulated response element; MAVS, mitochondrial antiviral signaling protein; IRF, IFN-regulatory factor; ssRNA, single-stranded RNA; dsRNA, double-stranded RNA.


Upon detecting viral dsRNA, mammalian enzymatic OASLs activate RNase L to induce the endonucleolytic cleavage of viral and cellular ssRNAs using their 2–5A products (21, 24, 25), while some mammalian non-enzymatic OASLs (such as human OASL) cannot synthesize 2–5A and activate RNase L to degrade viral and cellular ssRNAs, but can mediate RIG-I activation by mimicking polyubiquitin to inhibit virus replication (14, 29). Interestingly, we found that such natural switching between the OAS/RNase L and OASL/RIG-I signaling are reversible and mediated by three crucial D residues in birds and mammals. When mutations were introduced at three conserved D residues homologous to D75-D77-D148 of hOAS1, two avian (dOASL-3D* and oOASL-3D*) and one mammalian (mOasl2-3D*) OASL mutants lost 2–5A activity and changed to enhance the RIG-I signaling-like hOASL did (Figures 4 and 7; Figures S9 and S11 in Supplementary Material). In contrast, one mammalian OASL mutant (hOASL-3D) restored 2–5A activity, activated and magnified the OAS/RNase L pathway like two avian and one mammalian enzymatic OASL did (dOASL, oOASL, and mOsl2) (Figures 3 and 4). However, when mutations were introduced at three conserved K (or R) residues homologous to R195-K199-K205 of hOAS1 in the dsRNA-binding groove (Figure 1) (23, 31), dOASL and hOASL mutants (dOASL-3K* and hOASL-R*K*K*) activated and magnified neither the OAS/RNase L nor the RIG-I pathway (Figures S6 and S10 in Supplementary Material). These observations suggested that three conserved D residues in the OLD of OASL acted as a switch for the adaptive exchange between the OAS/RNase L and RIG-I pathways, while three positively charged K (or R) residues in the dsRNA-binding groove of OASLs are essential to both the OAS/RNase L and RIG-I pathways. Moreover, we found that two tandem UBL domains were required for avian and mammalian non-enzymatic OASLs (dOASL-3D*, oOASL-3D*, hOASL, and mOasl2-3D*) to enhance and magnify the RIG-I pathway, even they interacted with RIG-I in a UBL-independent manner (Figure 6; Figure S10 in Supplementary Material). The UBL of hOASL was reported to mediate its specific interaction with methyl CpG-binding protein 1 (MBD1), which is an ISG and functions as a transcriptional repressor (32). However, manually querying the MBD1 repertoire against the non-redundant database in NCBI and examining avian genome assemblies in Ensembl (release 87) indicated that MBD1 appears to be absent in birds (data not shown). Thus, avian OASLs may not enhance the RNase L, IFN, and RIG-I signaling by binding the MBD1 protein.

Mouse Oasl1 specifically suppresses IRF7 translation by binding to a double stem-loop structure in its 5’UTR, thus negatively regulates IFN during viral infection (15). We found that, unlike mOasl1, dOASL did not suppress IRF7 translation through binding its 5’UTR (Figure S12 in Supplementary Material). This finding is consistent with our observation that avian OASLs slightly or significantly increase the expression of IRF7 and then significantly upregulate the expression of IFNα and IFNβ in DF1OASL−/−cells infected by the CK/0513 virus (Figure 3). Birds, therefore, do not present a negative feedback pathway for the IFN response through OASL like some mammals (i.e., mouse). In the future, our ability to describe the structure of OASL protein using cryo-electron microscopy and to identify target proteins or RNAs through immunoprecipitation combined with high throughput sequencing will extend our knowledge about the role of OASL in the activation and regulation of RNase L and IFN signaling as well as RIG-I signaling.



MATERIALS AND METHODS


Facility and Ethics Statement

Studies of one H1N1 (A/Puerto Rico/8/34, PR8) and three H5N1 viruses (A/duck/Hubei/49/05, DK/49; A/goose/Hubei/65/05, GS/65; A chicken/huabei/0513/2007, CK/0513) were conducted in a biosecurity level 3+ laboratory approved by Chinese Ministry of Agriculture or China Agricultural University. The NDV/La Sota, IBDV/B87, REOV/Z97/C10, FPV/CVCC/AV1003, PRV/Henan/2014, and FMDV/O/Mya viruses were maintained in a biosecurity level 2+ laboratory approved by China Institute of Veterinary Drug Control or Lanzhou Veterinary Research Institute. The age of 10 days (10-day-old) chicken embryos were obtained from Hualan Chen’s lab, and chicken embryos studies were approved by the Review Board of Harbin Veterinary Research Institute, Chinese Academy of Agricultural Sciences.



Cell Culture and Viral Infections

DF1 (Chicken embryonic fibroblasts cells), 293T (human embryonic kidney 293T cells), A549 (human alveolar basal epithelial cells), HeLa (human cervical carcinoma cells), Vero (African green monkey kidney cells), MDCK (Madin-Darby canine kidney cells), BHK21 (baby hamster kidney fibroblast cells), and C2C12 (murine myoblast cells) were purchased from American Type Culture Collection. PK15 (porcine kidney epithelial cells) and IBRS2 (porcine kidney cells) were obtained from the Cell Resource Center, Peking Union Medical College. All the above cells were maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA) in an atmosphere of 5% CO2 at 37°C. Viruses were propagated in 10-day-old chicken embryos. Three samples of cells inoculated with a multiplicity of infection (MOI) of 0.1, 0.01, or 0.001 with one of the above virus after 6, 12, 18, 24, 36, 48, 60, and/or 72 h were collected to monitor virus replication. Titers were calculated by the egg infectious dose (EID50) individuals using the Reed and Muench method (DK/49, GS/65, and NDV), monitored tissue culture infective dose (TCID50) of the cytopathic effect of end-point dilutions (CK/0513, PR8, IBDV, REOV, PRV, and FMDV), or quantified through quantitative PCR with the primer listed in Table S1 in Supplementary Material (FPV).



Construction and Expression of Recombinant Plasmids

The coding sequences of dOASL, dRIG-I, oOASL, and mOasl2 were amplified from whole duck lungs infected with the DK/49 virus, an whole ostrich spleen cDNA library or C2C12 cells according their gene sequences (KC869660.1, XM_009673088, and NM_011854) using the primers in Table S2 in Supplementary Material (33, 34). Truncations and mutants of dOASL, oOASL, hOASL, and mOasl2 were generated using specific PCR and site-directed mutagenesis, respectively (Tables S2–S4 in Supplementary Material). Full-length, truncated and mutant dOASL, dRIG-I, oOASL, hRIG-I, and mRig-i were cloned individually into the piggyBac (containing a Flag-tag) (35), pCMV-Myc, or pCMV-HA vectors (Clontech, Mountain View, CA, USA) (Tables S2–S4 in Supplementary Material) and were transfected to cells using Lipofectamine 3000 (Thermo Fisher, Carlsbad, CA, USA). Gene expression in cells was examined by Western blotting using the anti-Flag, anti-Myc or anti-HA antibody (1:1,000).



Establishment of OASL-Deficient DF1 Cells

DF1 cells were co-transfected with Cas9 nuclease and sgRNA plasmids, subjected to trypsin digestion and limiting dilutions using methods similarly to those applied to human cells (19). Clones with large fragment deletion and biallelic mutations in targeted genes were selected through PCR using gene-specific primers covering the region targeted by sgRNA, and they were subsequently confirmed by sequencing (Tables S5 and S6 in Supplementary Material).



Protein Purification, Detection of 2–5A Activity, and dsRNA-Binding Affinity

Full length, truncated and mutant of OASLs with an affinity His-tag were cloned into the pET-28a(+) vector using the primers in Tables S3 and S4 in Supplementary Material, and transformed into Escherichia coli BL21 Codon Plus RIPL (TransGen, Beijing, China) cells. Bacteria were induced to express OASL protein by the addition of 0.5–1.0 mM isopropyl-β-D-thiogalactoside overnight at 18–25°C and were lysed in 25 mL of buffer A using an AvestinEmulsiFlex C3 (Avestin, Ottawa, ON, Canada). Thereafter, the recombinant proteins were isolated using Ni2+-NTA affinity column chromatography and further purified with a Heparin HiTrap (5 mL) column (GE Healthcare, Uppsala, Sweden). The 2–5A activity of the recombinant proteins was detected using Mono Q purification, similarly to that applied to mOasl1 and mOasl2 (9). Binding affinity of OASL proteins to dsRNA were evaluated using an Octet RED platform (ForteBio, Menlo Park, CA, USA). The affinities were derived by fitting the kinetic data to a 1:1 Langmuir binding model utilizing global fitting algorithms (36). The dissociation constants KD, K on (association rate), and K off (dissociation rate) were determined by fitting the binding chromatogram data with the Octet User Software (version 3.1).



Co-Immunoprecipitation and Immunoprecipitation

Cells were transfected with equal amounts of Flag- and/or Myc-tagged recombinant plasmids (8 μg) or 3 × Flag-tagged recombinant plasmids (15 μg) using Lipofectamine 3000 reagents (Thermo Fisher, Carlsbad, CA, USA) and lysed in IP lysis buffer (Beyotime, Beijing, China) containing a final concentration of 1 mM PMSF (Beyotime, Beijing, China) after transfection for 24 h. The lysate was cleared using protein A + G agarose (Beyotime, Beijing, China) and specific IgG for 3 h at 4°C and then incubated with anti-Flag immunoglobulin (1:1,000; Abcam, Cambridge, MA, USA) and protein A + G agarose overnight at 4°C. After that, the immunoprecipitated proteins were analyzed using SDS-PAGE following silver staining and a liquid chromatography-mass spectrometry (LC-MS, Q-TOF) assay in BGI-Beijing or Western blotting using a mouse monoclonal c-Myc antibody (1:1,000; Clontech, Mountain View, CA, USA).



Yeast Two-Hybrid Analysis

Full-length RIG-I were cloned into the bait vector pGBKT7 to create fusion proteins with the Gal4 DNA-binding domain and OASL proteins were individually cloned into the prey vector pGADT7. Both recombinant bait and prey vectors were transformed into the S. cerevisiae host strain AH109 using the lithium acetate/polyethylene glycol method (Clontech, Mountain View, CA, USA). Positive clones in which the expressed prey protein interacted with the bait protein were selected on minimal double-dropout medium (lacking L and W), assessed on triple selection plates (lacking L, W, and H), and patched onto plates with higher stringency quadruple-dropout medium (without L, W, H, and Adenine). Primers used for the yeast two-hybrid analysis are listed in Table S7 in Supplementary Material.



Quantitative RT-PCR and rRNA Cleavage Assay

Total RNA was isolated from cells using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) or TRIzol (Invitrogen, Rockville, MD, USA) reagent. Then, RNA was DNase-treated (Qiagen, Hilden, Germany) and resolved on RNA chips using an Agilent 2100 BioAnalyzer. RNA integrity was assessed by RIN score (37). cDNA was synthesized with Oligo(dT)18 primer or gene-specific primers using the Promega Improm-II reverse transcriptase (Promega, Madison, WI, USA) and used to examine gene expression using primers in Table S1 in Supplementary Material through normalizing the corresponding expression of the GAPDH reference gene. Gene differential expression between samples was calculated using 2−ΔΔCT method (38).
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Hepatocellular carcinoma (HCC) is the fifth most common cancer in men and the second leading cause of cancer deaths globally. The high prevalence of HCC is due in part to the high prevalence of chronic HBV infection and the high mortality rate is due to the lack of biomarkers for early detection and limited treatment options for late stage HCC. The observed individual variance in development of HCC is attributable to differences in HBV genotype and mutations, host predisposing germline genetic variations, the acquisition of tumor-specific somatic mutations, as well as environmental factors. HBV genotype C and mutations in the preS, basic core promoter (BCP) or HBx regions are associated with an increased risk of HCC. Genome-wide association studies have identified common polymorphisms in KIF1B, HLA-DQ, STAT4, and GRIK1 with altered risk of HBV-related HCC. HBV integration into growth control genes (such as TERT), pro-oncogenic genes, or tumor suppressor genes and the oncogenic activity of truncated HBx promote hepatocarcinogenesis. Somatic mutations in the TERT promoter and classic cancer signaling pathways, including Wnt (CTNNB1), cell cycle regulation (TP53), and epigenetic modification (ARID2 and MLL4) are frequently detected in hepatic tumor tissues. The identification of HBV and host variation associated with tumor initiation and progression has clinical utility for improving early diagnosis and prognosis; whereas the identification of somatic mutations driving tumorigenesis hold promise to inform precision treatment for HCC patients.

Keywords: genotype, hepatitis B virus, hepatocellular carcinoma, mutation, single nucleotide polymorphisms


INTRODUCTION

Hepatocellular carcinoma (HCC) is the fifth most common cancer in men and the second leading cause of cancer deaths worldwide (El-Serag, 2011; Torre et al., 2015). HCC prevalence is highest in East and Southeast Asia and sub-Saharan Africa, but the incidence rates of HCC have increased in the United States and Western Europe over the past few decades (Lee, 2015; Njei et al., 2015). Early diagnosis and surgical resection remain the key to potential curative treatment; however, most HCC patients present with late stage tumors and have poor prognosis. HCC surveillance is mainly based on sonography and alpha-fetoprotein (AFP) measurement, both of which lack sufficient sensitivity and specificity (Yim and Lok, 2006; Bruix et al., 2011).

Hepatitis B virus (HBV) is one of the leading risk factors for HCC, especially in HBV endemic areas. Despite the existence of an effective vaccine, about 257 million people, or 3.5% of the global population, were afflicted with chronic HBV infection in 2015, WHO (2017). The clinical spectrum of chronic HBV infection ranges from asymptomatic carrier status to chronic hepatitis B (CHB), which may evolve to liver cirrhosis and HCC (EASL, 2012). An estimated 8–20% of untreated adults with CHB will develop liver cirrhosis within 5 years (Terrault et al., 2016) and 2–8% of those with cirrhosis develop HCC annually (Yim and Lok, 2006; Bruix et al., 2011; Hung et al., 2017).

Environmental and host risk factors for HCC include childhood acquisition of HBV infection, cirrhosis, aflatoxin B1 exposure, heavy alcohol use, smoking, male sex, advancing age, obesity, type 2 diabetes and an impaired immune response (Bruix et al., 2016). In addition to HBV, hepatitis C virus (HCV) chronic infection is a major cause of HCC, but co-infection by HBV and HCV do not seem to confer greater HCC risk than HBV or HCV monoinfection in a meta-analysis (Cho et al., 2011). Co-infection of HBV and hepatitis delta virus (HDV), occurring in ~5% of those HBV infected, was associated with 3 to 6-fold higher incidence of HCC in longitudinal cohorts (Fattovich et al., 2000; Romeo et al., 2009; Ji et al., 2012; Kushner et al., 2015).

Family clustering and incidence differences among different ancestry groups suggests that inherited genetic factors may contribute to HCC risk (Shen et al., 1991). Common and rare single nucleotide polymorphisms (SNPs) and structural genomic changes may predispose or restrict HCC development. The identification of moderate to high penetrant genetic variants associated with HBV-related HCC might identify HCC susceptible patients that would lead to earlier intervention and better outcomes (Thomas et al., 2009; Brennan et al., 2011; Michailidou et al., 2015). For example, screening for BRCA1 and BRCA2 mutations is routinely used to identify women at risk for breast and ovarian cancer and is routinely used in precision treatment protocols (Brennan et al., 2011; Michailidou et al., 2015).

Somatic mutations occurring in hepatocytes as the consequence of exogenous and endogenous mutagenic factors, are likely involved in HCC initiation and progression, as they are in many other cancers. Identification of cancer diver mutations in HCC are essential for HCC prognostics and for precision therapy targeting perturbed pathways.

Here, we review recent advancements and identify knowledge gaps in HBV-related HCC genetics at three levels: the human host, the virus, and somatic mutations in liver tumors and their associations with clinical outcomes.



HBV

HBV has a partially double-stranded circular DNA genome of ~3.2 kilobase (kb) pairs, comprising four overlapping open reading frames (ORF): preS/S, P, preC/C, and X (Liang, 2009). The PreS/S gene region encodes large (preS1+preS2 +S), middle (preS2+S), and small (S) HBsAg envelope proteins (Figure 1). The P region encodes the polymerase/reverse transcriptase, which is involved in genome replication. The preC/C codes the nucleocapsid hepatitis B core antigen (HBcAg) or the hepatitis B e antigen (HBeAg) translated from initiated codons at the core or precore regions, respectively. HBcAg and HBeAg are biomarkers for HBV active infection or infectivity. The X ORF encodes a nonstructural protein (HBx) with multiple functions in viral replication and oncogenic activity (Liang, 2009).
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FIGURE 1. Viral and host genetic factors involved in the development of HBV-induced HCC. HBV infection, if not resolved, may develop to chronic hepatitis and progress to liver cirrhosis and subsequently HCC. Molecular mechanisms of HBV-related HCC involve (1) chronic inflammation and regeneration of hepatocytes; (2) accumulation of genetic alterations that confer cell growth advantage; (3) integration of HBV DNA into the host genome and activation of host genes controlling cell proliferation; (4) genomic instability; and (5) direct promotion of cell proliferation by viral proteins (mainly HBx). The development of HCC is the consequence of the interaction of environmental factors (e.g., aflatoxin), HBV viral factors (genotypes, HBV DNA levels and HBV mutants) and host genetic susceptible variants (e.g., HLA-DP variants affecting HBV clearance), along with somatic mutations (TP53, TERT, gene deletion/amplification) disrupting cell growth control. HBV genotype C and mutations in the preS, basic core promoter or HBx gene are associated with an increased risk of HCC.




Molecular Mechanisms of HBV-Related HCC

There are at least three prevailing mechanisms proposed for the development of HBV-related HCC (Kremsdorf et al., 2006; Block et al., 2007; Hai et al., 2014; Figure 1). First, chronic inflammation and regeneration of hepatocytes during chronic HBV infection may lead to the accumulation of genetic alterations that confer cell growth advantage. Second, the integration of HBV DNA into the host genome may activate the host genes controlling cell proliferation and cause genomic instability. Finally, HBV proteins, mainly HBx, may promote cell proliferation (Kremsdorf et al., 2006; Block et al., 2007; Hai et al., 2014). It is also likely that all three mechanisms contribute to HCC development.



HBV Viral Load

The general consensus is that persistent high-level HBV replication poses greater risk of developing liver cirrhosis and HCC (Sanchez-Tapias et al., 2002; Chen et al., 2006a,b, 2007; Fattovich et al., 2008). A large prospective study, which followed 3653 HBsAg positive participants enrolled in the Taiwanese Reveal-HBV cohort for over a decade, found that HBV DNA levels at study entry were positively correlated with incidence of HCC in a dose-dependent manner. Individuals with HBV levels greater than 1 million copies /mL were 10-fold more likely to develop HCC than those with less than 300 copies/mL (Chen et al., 2006b). Serum HBV DNA viral load is also associated HCC tumor recurrence (Hung et al., 2008; Wu et al., 2009). A viral load of greater than 10,000 copies/mL (2000 IU/mL) was independently associated with HBV-related HCC recurrence in patients who underwent liver resection (Hung et al., 2008). Antiviral therapy in these patients decreased tumor recurrence (Li et al., 2010).



HBV Genotype

Ten HBV genotypes (A to J) that diverge by >8% of their nucleotide sequences have been identified globally. HBV genotypes distribute within distinct geographic regions and ethnic populations(Lin and Kao, 2015). Phylogenetic analysis of HBV genotypes indicate that global distribution of HBV genotypes corresponds with the major prehistoric and modern human migration patterns, after HBV established infection in humans around 33,000 years ago (Paraskevis et al., 2013). Different genotypes prevail in the two regions with the highest HBV and HCC prevalence: genotypes B and C are prevalent in East Asia where vertical transmission is predominant, whereas genotypes A and D are prevalent in sub-Saharan Africa where horizontal transmission is more common. HBV genotypes A and D are the main genotypes in low HBV prevalence regions including Europe and North America (Lin and Kao, 2015).

The risk of HCC appears to differ by HBV subtypes. In East Asia, HBV genotype C is associated with higher risk of HCC compared to genotype B (Chan et al., 2004; Yu et al., 2005; Yang et al., 2008; Tseng et al., 2012; Vutien et al., 2013; Lin and Kao, 2015; Raffetti et al., 2016). Serum HBV viral load is significantly higher in patients with HBV genotype C than in those infected with genotype B (Chu et al., 2002; Chan et al., 2004; Yu et al., 2005; Lin and Kao, 2015). The increased risk of HCC might be the consequence of longer exposure to high levels of HBV in patients with genotype C (Kao et al., 2004; Ni et al., 2004). In contrast, HCC risk for genotype D and A appear to be similar, although there are reports that patients with HBV genotype A experience longer sustained remissions (Sanchez-Tapias et al., 2002) and are more responsive to interferon alpha (IFN- α) treatment compared to those infected with HBV genotype D (Erhardt et al., 2005). There are at least 5 co-circulating HBV genotypes in Alaska Native people, which offers rare opportunity for direct comparisons of HCC risk among genotypes. A longitudinal cohort of Alaska Natives followed for over 30 years reported that carriers of genotypes A (OR 4), C (OR 16), and F (OR 14) are at higher risk compared with genotypes B or D (Livingston et al., 2007; Ching et al., 2016). A study of 1,000 Alaska Native children and young adults followed for over 23 years found that HBV genotype F1 was associated with the highest risk for HCC (Gounder et al., 2016). These studies support a strong role for HBV genotypes in predicting HCC risk. In comparison, HCV genotype 3 was also associated with higher risk of HCC compared to other HCV genotypes (van der Meer et al., 2012; Kanwal et al., 2014).



HBV Mutations

HBV DNA replication errors occur at a much higher rate than for other DNA viruses because HBV reverse transcriptase lacks a proofreading function (Chotiyaputta and Lok, 2009). The estimated nucleotide substitution rate was 2.2 × 10−6 substitutions/site/year, which is higher than other DNA viruses but lower than RNA viruses (Paraskevis et al., 2013). Mutations in the HBV genome commonly associated with HCC are summarized in Table 1, with the preC/C and basic core promoter (BCP) regions harboring the most frequent mutations.



Table 1. The association of HBV mutants with HCC risk.
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Pres/S Region Mutants

PreS mutations, especially the preS1 deletion, preS2 deletion, and preS2 start codon mutations, may induce an unbalanced production of envelope proteins that accumulate in the endoplasmic reticulum (ER) of the hepatocytes, leading to ER stress, oxidative DNA damage and genomic instability (Pollicino et al., 2014). These cytotoxic effects cause liver cell damage and regeneration (Pollicino et al., 2014). A meta-analysis of 9 cross-sectional studies including 388 HCC cases demonstrated that any one of the preS mutants (C1653T, T1753V, and A1762T/G1764A) was associated with a 3.8-fold increased risk of HCC (Liu et al., 2009), consistent with the result from a recent meta-analysis of prospective studies comprising 360 cases (RR 3.8) (Yang et al., 2015). PreS/S deletions and the Pre S2 start codon mutation had a RR 4.0 and 2.6, respectively (Yang et al., 2015). Specifically, C2964A, C3116T, and C7A were independently associated with an increased risk of HCC (Yin et al., 2010).

Mutations introducing stop codons in the S genomic region have been proposed to enhance tumor development by encoding truncated proteins with transcriptional transactivation activity (Pollicino et al., 2014). The premature stop codon mutations at position 172 or 182 in the S genomic region are associated with higher risk for liver cirrhosis and HCC (Lai et al., 2009; Pollicino et al., 2014).



Prec/C Region Mutants

Mounting evidence supports the importance of the naturally occurring basal core promoter (BCP) double mutation, A1762T/G1764A, as a risk factor for HCC (Fang et al., 2008; Yang et al., 2008, 2015; Yang Z. et al., 2016). In a meta-analysis of 15 prospective studies comprising 1336 HCC cases, individuals with the double mutation had a 3-fold higher risk of developing HCC (Yang et al., 2015). In a more recent meta-analysis that included 3729 HCC cases, double mutation carriers had a 5-fold higher HCC risk (Yang Z. et al., 2016). Other prospective long-term follow-up studies found that the incidence of HCC in double mutation carriers was 4 to 5-fold higher (Fang et al., 2008; Yang et al., 2008). The presence of the BCP double mutation reduces HBeAg production and viral load before anti-HBe seroconversion (Buckwold et al., 1996; Fang et al., 2009), suggesting that its oncogenic mechanism is not directly attributable to viral replication level. However, the preC stop codon G1896A, which prevents the production of HBeAg, does not appear to affect HCC risk as demonstrated in a recent meta-analysis with 600 HCC cases (Yang et al., 2015).



Polymerase/Reverse Transcriptase Region Mutants

Anti-HBV nucleos(t)ide analogs (NAs) are effective in lowering HBV DNA levels through their inhibition of HBV polymerase/reverse transcriptase (Terrault et al., 2016). However, the emergence of and the selection for resistance mutations in the polymerase/reverse transcriptase region confer a virial survival advantage and is a major barrier to the success of NAs treatment. In a longitudinal study of lamivudine (LMV)-resistant CHB patients, emergence of the rtA181T/sW172X mutant in LMV-resistant patients increased the risk of HCC (Lai et al., 2009; Yeh et al., 2011). NIH3T3 cells expressing this mutant showed greater oncogenic potential in nude mice (Lai and Yeh, 2008; Lai et al., 2009). It is an open question whether resistance to other nucelos(t)ide analogs also increases the risk of HCC.



X Region Mutants

HBx protein is a transcriptional activator of various host cellular genes involved in growth control, DNA repair, and epigenetic modification (Xu et al., 2014). It activates the Ras/Raf/mitogen-activated protein (MAP) kinase pathway, which is involved in hepatocarcinogenesis, and interacts with the tumor protein 53 gene (TP53), interfering with its function as a tumor suppressor (Di Bisceglie, 2009).

Certain point mutations in the HBx gene, in particular, the K130M and V131I double substitutions, are more frequent in patients with liver cirrhosis and/or HCC than in patients with chronic hepatitis B (Baptista et al., 1999). Due to the partial overlap of BCP with Hbx, the same nucleotide substitutions result in both HBx K130M and V131I and pre-core BCP A1762T/G1764A changes. Increasing number of HBx mutations is correlated with increased risk of HCC. The double xK130M+xV131I and triple xK130M+xV131I+ xV5M mutations are associated with a 4-5-fold increased the risk of HCC (Lee et al., 2011). Substitutions at position 10, 30, 38, 88, 94, and 144 have also been reported to be associated with HCC (Muroyama et al., 2006; Lee et al., 2011; Wang et al., 2012; Shi et al., 2016; Table 1). Even though the precise mechanism remains to be elucidated, HBx plays a central role in hepatocarcinogenesis and could be an attractive therapeutic target for HCC suppression.

In summary, major HBV viral factors associated with increased risk of HCC include genotype C and F, higher HBV-DNA levels, mutations in the preS/S region, the double mutation A1762T/G1764A in the basic core promoter, and the double or triple mutation K130M, V131I xV5M in the HBx gene. Different genotypes of the virus (which are due to the accumulation of viral mutations over time) have differing propensities for the development of HCC. Epidemiological association data and some functional evidence suggest the likely causal role of viral mutations, particularly for genotype differences. However, the temporal and causal relationship of HBV mutations with HCC remains to be firmly established, as most results were obtained from case-control and cross-sectional studies and rarely from prospective longitudinal HBV cohorts. HBV mutations may also increase risk of HCC indirectly by the acquisition of mutations that leads to immune escape and increased viral replication. Higher HBV burden would contribute to chronic inflammation promoting the destruction and regeneration of HBV infected hepatocytes mediated by host cytotoxic T lymphocyte (CTL) immune response and increasing the opportunity for replication errors during cell mitosis (Block et al., 2007). The emergence and accumulation of genetic and epigenetic alterations with cell growth advantage eventually lead to hepatocarcinogenesis (Block et al., 2007). The exact molecular mechanisms by which HBV mutations promote hepatocarcinogenesis warrants further investigation.




HOST GENETIC VARIATION AND HBV-RELATED HCC

Although the incidence of HCC among HBV carriers is much higher (223-fold) than among non-carriers (Beasley et al., 1981), only a fraction of patients with chronic HBV infection develop HCC. Results from twin studies, family clustering studies and incidence differences between continental ancestry groups suggest that host genetic factors contribute to HCC susceptibility (Shen et al., 1991). Genome-wide association studies (GWAS) provide an agnostic (hypothesis-free) method to identify susceptibility and resistance loci for HBV-related HCC. The ability to securely identify genetic susceptibility loci associated with HCC is critically dependent on sample size for sufficient power to detect associations with small to moderate effect sizes in GWAS. This is due to the need to correct for multiple testing that tends to inflate false positive signals; therefore, the human genetics community has determined that a genome-wide significance threshold of p < 5 × 10−8 and independent replication association is required to firmly establish a genotype-phenotype association. The top associations between host genetic variants with HCC are summarized in Table 2. Only associations in the HLA class II region have been found to replicate in at least two studies. These studies, performed primarily in East Asians, suggest that no common, moderate to high penetrant alleles contribute to HCC development.



Table 2. Associations of host genetic variants with HBV-related HCC from GWASs and replication studies.
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The HCC association of intergenic SNPs near HLA-DQA1 and HLA-DQA2, and HLA-DQB1, encoding the alpha and beta chains of the HLA-DQ protein, were identified by GWAS in two large studies (Li et al., 2012; Jiang et al., 2013). HLA class II proteins, comprising HLA-DP, DQ, and DR proteins, play a central role in extracellular antigen presentation to CD4 T cells stimulating B cell that lead to antibody production against foreign pathogens, including HBV and HCV.

Outside of the HLA region, genetic associations with HBV-related HCC have been reported for several genes. A two-stage GWAS composed of five cohorts from East Asian identified the intronic rs17401966 SNP in the KIF1B gene (OR = 0.61) with genome-wide significance in a meta-analysis (Zhang et al., 2010). KIF1B encodes a kinesin superfamily member involved in the transport of organelles and vesicles. Both germline and somatic loss-of-function mutations in the KIF1B isoform have been detected in multiple cancers (Zhang et al., 2010). However, this association failed to replicate in multiple independent studies, several of which were well-powered (Table 2; Hu et al., 2012; Li et al., 2012; Sawai et al., 2012; Jiang et al., 2013; Sopipong et al., 2013). The latest meta-analysis of 12 cohorts found statistical significance only when the original 5 cohorts reporting positive associations were included, but when these 5 cohorts were removed the association was abrogated (Su et al., 2017). Further validation and functional studies are warranted to support or not a role of KIF1b variation in HCC.

Other candidate genes implicated by GWAS include STAT4, and GRIK1 (Table 2; Li et al., 2012; Jiang et al., 2013). STAT4 is a transcription factor involved in development of Th1 cells and production of IFN-γ, a cytokine with antiviral and antitumor activities. STAT4 rs7574865 is an expression quantitative trait locus (eQTL) with dosage effect in HCC tissues (Jiang et al., 2013). Glutamate receptor GRIK1, is involved in cancer development (Li et al., 2012), though its functional role in HCC has not been experimentally demonstrated. These associations have not yet been replicated or validated by functional assessment. Recently, a functional genomic approach revealed a c-Myc binding SNP that regulates a putative tumor suppressor gene EPB41 and was associated with predisposition to HCC (Yang et al., 2016b).

A 2011 experts′ commentary highlighted the need for further GWAS studies of HCC with larger subject enrollment, clearly delineated phenotypes, and replication (Budhu and Wang, 2011). The lack of replication for HCC GWAS studies is most likely due to relatively small sample sizes of the study although genetic and phenotypic heterogeneity may have also contributed. True causal variants should have similar effects across all populations while marker SNPs may have different effects in different ancestry or ethnic populations. These differences in effect size or statistical significance in haplotype structure among different populations, the inclusion of trans-ethnic or continental racial populations can be used to refine position of the causal locus by fine-mapping (Franceschini et al., 2012). The newer population specific genotyping arrays, in combination with larger case-control groups representing diverse populations, should reveal additional germline variants that contribute to the observed variance in HBV-HCC susceptibility. Finally, whole genome or exome sequencing might also identify causal rare variants associated with HBV-HCC. These studies should identify critical pathophysiological pathways for HBV-related liver cirrhosis and HCC.



INTERACTION OF HOST GENES AND HBV: HBV DNA INTEGRATION, SOMATIC MUTATIONS AND EPIGENETIC MODIFICATION IN HCC ONCOGENESIS

Environmental factors, HBV genotypes and genetic variation, and host genetic variation are involved in the development and progression of HCC. The interplay between these factors might lead to the initiation of HCC (Figure 1).


HBV Integration and HCC

HBV DNA integration into the host genome is one of the proposed molecular mechanisms of hepatocarcinogenesis. HBV-DNA integration occurs during both the acute and chronic stages and integrated HBV-DNA is detectable in 75-90% of HCC tissues (Murakami et al., 2005; Zhao et al., 2016). HBV integration events may cause direct gene disruption, HBV promoter-driven transcription of host genes, viral-host transcript fusion and induce genome instability (Tao et al., 2011; Jiang et al., 2012; Sung et al., 2012), which may lead to activation of proto-oncogenes or inactivation of tumor suppressor genes. Oncogenic activity of the cellular and viral genes resulting from the HBV integration confers a selective growth advantage to cells with accumulation of genetic defects, leading to hepatocarcinogenesis (Tao et al., 2011; Jiang et al., 2012; Sung et al., 2012).

Advanced genome-wide sequencing technology has enabled non-biased genome scans of HBV integration sites in HCCs (Table 3; Murakami et al., 2005; Ding et al., 2012; Toh et al., 2013; Lau et al., 2014). HBV integration sites are randomly distributed across the whole genome with a handful of hotspots (Sung et al., 2012). Some investigators found preferential integration in chromosome 10 and 17 (Ding et al., 2012; Toh et al., 2013; Zhao et al., 2016). HBV appears to preferentially integrate near coding genes that are transcriptionally active (Ding et al., 2012; Sung et al., 2012; Toh et al., 2013), as was observed for HIV integration (Maldarelli et al., 2014).



Table 3. HBV integration into host genes in HCC tissues from next generation sequencing studies.
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Recurrent HBV integration sites have been detected in many cancer-related genes. The highest frequency of HBV integration is detected in the telomerase reverse transcriptase (TERT) gene (Paterlini-Brechot et al., 2003; Murakami et al., 2005; Ding et al., 2012; Fujimoto et al., 2012; Sung et al., 2012; Li et al., 2013; Toh et al., 2013; Lau et al., 2014; Kawai-Kitahata et al., 2016). Integration in the proximity of TERT is correlated with TERT gene expression (Sung et al., 2012; Zhao et al., 2016); reactivation of TERT likely confers early clonal advantage during chronic HBV infection. Whole-genome sequencing identified clonal expansion of HBV integration in the TERT locus in HCC tumors but not in adjacent non-tumor tissue DNA, suggesting its role in liver carcinogenesis (Fujimoto et al., 2012). Additional commonly identified recurrent target genes for HBV integration in HCC liver tissue are listed in Table 3, including MLL4 and CCNE1 (Saigo et al., 2008; Ding et al., 2012; Jiang et al., 2012; Sung et al., 2012; Li et al., 2013) among others (Murakami et al., 2005; Tao et al., 2011; Ding et al., 2012; Jiang et al., 2012; Sung et al., 2012; Toh et al., 2013). Individuals with a high number of integration sites have unfavorable HCC survival (Murakami et al., 2005; Ding et al., 2012; Toh et al., 2013; Lau et al., 2014; Zhao et al., 2016).

The integrated HBV genome itself may be oncogenic (Ding et al., 2012; Fujimoto et al., 2012; Jiang et al., 2012; Li et al., 2013; Toh et al., 2013). Upon integration, the 3′-end of the HBx is often deleted, resulting in C-terminal truncated HBx (ct-HBx) protein, which contributes to HCC initiation and progression (Tu et al., 2001; Ma et al., 2008; Sze et al., 2013; Yin et al., 2013; Wang et al., 2014; Zhu et al., 2015; Li et al., 2016). The truncated HBx protein is reported to promote the transforming ability of hepatocytes (Tu et al., 2001), induce C-Jun/MMP10 activation to increase cellular proliferation (Ma et al., 2008; Sze et al., 2013), as well as enhance hepatoma cell invasion and metastasis (Sze et al., 2013; Li et al., 2016). Ct- HBx is present significantly more in tumors compared to adjacent non-tumorous tissues in several studies (Yin et al., 2013; Wang et al., 2014; Zhu et al., 2015; Li et al., 2016) and Ct-HBx expression in HCC tissue correlates with decreased patient survival (Yin et al., 2013).

Quantification of HBV integration sites may have prognostic value in predicting HCC survival. In a genome-wide survey of 88 HCC patients, increasing number of HBV integrations was correlated with HCC occurrence at younger age and shorter survival (Sung et al., 2012). A viral-human chimeric HBx-LINE1 RNA hybrid, detected in 23% of HCC tumors, was also predictive of poorer survival (Lau et al., 2014).



Somatic Mutations and Copy Number Alteration in HCC

Most somatic mutations are harmless passenger mutations accumulated in the process of tumor growth, which occur at random and confer no selective advantage for tumor cells. Driver mutations confer selective growth advantage and cause transformation of a normal cell to a cancer cell, which are clinically relevant. Recurrent coding changes in multiple tumor cases may identify putative cancer driver mutations (Bozic et al., 2010). Recent whole-genome and whole-exome deep sequencing of tumor and non-tumor tissues have revealed the importance of somatic mutations and structural variations in tumor development across cancer types and has led to more efficacious treatment modalities based on molecular changes or genomic classification rather than target organs of cancer (e.g., BRAF V600E, KIT, EGFR, ERBB2) (Swanton et al., 2016).

Recurrent somatic mutations in HCC have been identified in several known cancer-related genes and pathways. These include genes required for telomere maintenance, the Wnt signaling pathway, which regulates cell proliferation, cell cycle regulation, epigenetic modification, and the PI3K/Akt/mTOR, Ras/Raf/MAP, oxidative stress, and JAK/STAT pathways (Li et al., 2011; Woo et al., 2011; Fujimoto et al., 2012; Guichard et al., 2012; Huang et al., 2012; Cleary et al., 2013; Kan et al., 2013; Nault et al., 2013; Ahn et al., 2014; Meng et al., 2014; Totoki et al., 2014; Schulze et al., 2015; Kawai-Kitahata et al., 2016; Yao S. et al., 2016). The perturbed genes identified in HCC tumor genomes are listed in Table 4. Copy number alterations result from chromosomal focal amplifications of some oncogenes and less frequently from homozygous deletions of tumor suppressors (Sawey et al., 2011; Guichard et al., 2012; Wang et al., 2013; Totoki et al., 2014; Schulze et al., 2015). Recurrent focal amplifications have been observed for TERT, MET, and others (Sawey et al., 2011; Guichard et al., 2012; Wang et al., 2013; Totoki et al., 2014; Schulze et al., 2015), while recurrent homozygous deletions have been reported for CDKN2A, ARID1A, and others (Table 4; Guichard et al., 2012; Wang et al., 2013; Totoki et al., 2014; Schulze et al., 2015).



Table 4. Recurrent somatic mutations in HCC tissues.
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Recurrent Somatic Mutations

Telomere Maintenance

The TERT gene encodes a catalytic subunit of telomerase that maintains genomic integrity. TERT expression is repressed in somatic cells, but not in proliferative cells in self-renewing tissues and cancers. Somatic mutations in the TERT promoter are found across multiple cancer types. Immortality associated with cancer cells has been attributed to telomerase over-expression. TERT promoter mutations create a potential binding site for E-twenty-six/ternary complex factors (ETS/TCF) transcription factors and are associated with increased promoter activity, increased expression of TERT and increased telomerase activity (Heidenreich et al., 2014; Bell et al., 2015; Borah et al., 2015).

TERT promoter mutations are the most frequent somatic genetic alterations observed in HCC, with an overall prevalence of approximately 60%, with ranges from 30 to 40% for HBV-related HCC to 60 to 80% for HCV-related HCC (Nault et al., 2013; Totoki et al., 2014; Fujimoto et al., 2015; Schulze et al., 2015; Kawai-Kitahata et al., 2016; Yang et al., 2016a). HCC with HCV infection and alcohol intake more often harbor TERT promoter mutations than those with HBV infection (Nault et al., 2013). The lower rate of TERT promoter mutations in HBV-related HCC could be partially explained by the frequent insertion of HBV DNA in the TERT promoter serving as additional mechanism inducing telomerase transcription (Nault et al., 2013).

Somatic TERT promoter mutations may represent an early event in liver carcinogenesis in a setting of cirrhosis leading to malignant transformation (Nault et al., 2013, 2014). Mutations in the TERT promoter but not in classical liver cancer driver genes such as CTNNB1 and TP53 can be found in cirrhotic preneoplasia (Nault et al., 2013). TERT promoter mutations have been identified in 6% of low-grade dysplastic nodules, 19% of high-grade dysplastic nodules, 61% of early hepatocellular carcinomas, and 42% of small and progressed HCC, correlating with step-wise development of hepatocarcinogenesis. TERT promoter mutations may have utility as a marker for high risk of malignant transformation in cirrhotic tissue (Nault et al., 2014). TERT promoter mutations were more frequent in those with lower AFP serum levels, usually in small tumors (Nault et al., 2013; Yang et al., 2016a). Thus, detection of TERT promoter mutations may aid in diagnosis of atypical or early HCC cases with lower serum AFP levels.

Wnt/β-Catenin Pathway

Catenin beta 1 (CTNNB1), a key signaling transducer in the Wnt pathway, regulates cellular proliferation and differentiation. CTNNB1 is the most frequently mutated oncogene in HCCs (10–50%) (Satoh et al., 2000; Li et al., 2011; Fujimoto et al., 2012; Guichard et al., 2012; Cleary et al., 2013; Kan et al., 2013; Ahn et al., 2014; Totoki et al., 2014; Schulze et al., 2015; Kawai-Kitahata et al., 2016; Rebouissou et al., 2016; Yao S. et al., 2016). Most mutated residues are in or near phosphorylation sites and prevent phosphorylation-dependent ubiquitination, resulting in abnormal accumulation of β-catenin protein that in turn causes abnormal expression of cell proliferation genes (Klaus and Birchmeier, 2008). Like TERT promoter mutations, CTNNB1 mutation frequency varies in HCC cases by etiological factors, with ranges from 10 to 16% in HBV-related HCC, 20 to 40% in HCV-related HCC, and 30 to 50% in alcoholic HCC (Li et al., 2011; Ahn et al., 2014; Kawai-Kitahata et al., 2016; Rebouissou et al., 2016). CTNNB1 mutations were associated with lower AFP levels (Rebouissou et al., 2016), indicating detection of CTNNB1 mutations may also have diagnostic value for HCC with atypical presentation.

AXIN1 is the second most frequently mutated gene in the Wnt pathway (occurring in 2–20% of HCC cases) (Satoh et al., 2000; Guichard et al., 2012; Kan et al., 2013; Ahn et al., 2014; Totoki et al., 2014; Schulze et al., 2015; Kawai-Kitahata et al., 2016). Axin may be an effective therapeutic target for suppressing growth of HCC tumors (Satoh et al., 2000).

p53/Cell Cycle Control Pathway

As a tumor suppressor and transcription factor, TP53 can both activate and repress gene expression to initiate cell-cycle arrest, apoptosis, and senescence in response to cellular stresses, including DNA damage, oncogene activation, and hypoxia, to maintain the integrity of the genome (Lee, 2015). TP53 mutations occurred in approximately 10% to 50% of HCC cases (Li et al., 2011; Woo et al., 2011; Fujimoto et al., 2012; Guichard et al., 2012; Huang et al., 2012; Cleary et al., 2013; Kan et al., 2013; Nault et al., 2013; Ahn et al., 2014; Meng et al., 2014; Totoki et al., 2014; Schulze et al., 2015; Kawai-Kitahata et al., 2016; Yao S. et al., 2016). The mutation spectrum of TP53 varies depending on etiological and environmental factors. The TP53 R249S hotspot mutation is particularly associated with aflatoxin B1 exposure, which interacts synergistically with HBV infection to promote hepatocarcinogenesis (Kew, 2003; Hussain et al., 2007). TP53 mutations occurred more frequently in HBV-related HCC (~30 to 70%) than in non-HBV HCC (Li et al., 2011; Ahn et al., 2014; Kawai-Kitahata et al., 2016). TP53 mutation is also associated with tumor histological grade. HCCs with a high histological grade have a higher TP53 mutation rate (40%) than those with a low histological grades (10%) (Ahn et al., 2014).

Abrogation of the IRF2 (encoding interferon regulatory factor 2), occurring in ~2–5% of HCCs, also leads to impaired TP53 function (Guichard et al., 2012).

Somatic mutations in HCC tumors have also been observed in other cell cycle genes, including the tumor suppressor genes RB1 (~3–10%) (Kan et al., 2013; Ahn et al., 2014; Totoki et al., 2014; Yao S. et al., 2016) and CDKN2A (2~8%) (Guichard et al., 2012; Ahn et al., 2014; Totoki et al., 2014; Schulze et al., 2015; Kawai-Kitahata et al., 2016).

Epigenetic Modification

Alterations of chromatin regulator genes are recurrently observed in HCC cases. Of 27 HCC tumors with WGS, 52% had somatic mutations or indels in at least one chromatin regulator genes (e.g., ARID1A, ARID1B, ARID2, MLL, and MLL3; Fujimoto et al., 2012). ARID1A and ARID2 are chromatin remodeling factors, which regulate DNA accessibility to transcription, DNA replication, and repair machineries. ARID2 mutations were significantly enriched in HCV-associated HCC (18%) compared with HBV-related HCC (2%) (Li et al., 2011). MLL, MLL2, MLL3, and MLL4 genes encode H3K4 methyltransferases that regulate methylation, acetylation and remodeling of nucleosomes. The mutation rates at these genes are presented in (Table 4; Li et al., 2011; Fujimoto et al., 2012, 2015; Guichard et al., 2012; Huang et al., 2012; Cleary et al., 2013; Ahn et al., 2014; Totoki et al., 2014; Schulze et al., 2015; Kawai-Kitahata et al., 2016; Yao S. et al., 2016). Less common mutations (< 10%) were detected in genes involved in PI3K/Akt/mTOR and Ras/Raf/MAP pathways, stress oxidative pathway (Guichard et al., 2012; Cleary et al., 2013; Totoki et al., 2014; Schulze et al., 2015; Kawai-Kitahata et al., 2016) and JAK/STAT pathway (Kan et al., 2013; Nault et al., 2013; Ahn et al., 2014; Totoki et al., 2014) (Table 4).

Relationships Between Mutated Genes

Certain subsets of altered genes share the same pathways or interact, contributing to the complexity and heterogeneity of hepatocarcinogenesis. Activated mutations of CTNNB1 are significantly associated with mutations in the TERT promoter (Nault et al., 2013; Totoki et al., 2014). It has been proposed that TERT might be a direct target of CTNNB1 (Hoffmeyer et al., 2012; Zhang et al., 2012). Alterations in RPS6KA3 are frequently associated with AXIN1 mutations, suggesting cooperation between RPS6KA3 inactivation and Wnt/β-catenin activation in tumorigenesis (Guichard et al., 2012). On the other hand, a number of mutations appear to be mutually exclusive and rarely appear together in the same tumor, such as CTNNB1 mutations with TP53 mutations (Guichard et al., 2012; Ahn et al., 2014) and AXIN1 mutations with CTNNB1 mutations (Satoh et al., 2000). ARID1A/ARID2 mutations are negatively associated with mutations in TP53 (Lee, 2015). The consequences of network interactions between driver mutations may offer deeper insight into tumorigenesis.




HCC GENETICS AND PRECISION MEDICINE


Somatic Mutations and Therapeutic Targets of HCC

Targeted therapy based on genomic alterations is a core tenet of precision treatment. Exome sequencing analysis of 243 liver tumors found that 28% of patients harbor at least one alteration potentially targetable by an FDA-approved drug, and 86% harbored a mutation targetable by a drug studied in phase I to phase III clinical trials (Schulze et al., 2015). β-catenin reduction in CTNNB1-mutated HCCs in a murine model led to complete tumor response, showing a clear benefit of therapeutic targeting of this molecule (Delgado et al., 2015). Adenovirus mediated gene transfer of wild-type AXIN1 induced apoptosis in hepatocellular cancer cells that had accumulated β-catenin as a consequence of mutations in APC, CTNNB1, or AXIN1 genes, suggesting that AXIN1 may be an effective therapeutic molecule for suppressing HCC growth (Satoh et al., 2000).



Somatic Mutations and HCC Prognosis

Somatic mutations of driver genes may be predictive of HCC prognosis. In a study of over 300 HCC Chinese patients, TP53 hotspot mutations (R249S and V157F were strongly associated with decreased overall survival, indicating that these mutations can be used as prognostic markers in HCC in patients at risk for high aflatoxin exposures (Woo et al., 2011). Mechanistically, a synergistic interaction of aflatoxin B1 induced TP53 mutations together with HBV chronic inflammation may advance the development of HCC. In a multivariate analysis of 231 Korean HCC patients, the RB1 somatic mutation was the only independent prognostic factor for reduced cancer-specific survival and accelerated recurrence (Ahn et al., 2014). In a cohort of resected HCCs, CDKN2A inactivation was associated with poor prognosis (Schulze et al., 2015). These predictive and prognostic molecular markers may have clinical utility for personalized treatment plans.




CONCLUSION, CHALLENGES AND FUTURE DIRECTIONS

The development of HCC is multifactorial with viral, host and environmental factors contributing to chronic inflammation, cirrhosis and ultimately, hepatocarcinogenesis (Figure 1). Interplay between host germline variants, persistent high HBV viral load, viral genotypes and mutations, HBV integration into host chromosomes, the oncogenic potential of the HBx protein, and the occurrence of somatic cancer driver mutations may contribute independently or jointly to the oncogenesis of HBV-related HCC (Figure 1). We hope that eventually genetic profiling of the virus and host will identify the individuals who are at higher risk of HCC and those who will benefit most from HCC treatment options. Since early HCC is largely asymptomatic and biopsies are rarely performed; there is a paucity of pre-tumor and early-stage tumor tissue available, a major impediment for genetic interrogation. This is in contrast to breast, colon, and prostate cancers where biopsies are standard of care for patients with abnormal findings during routine screening. Validated genetic biomarkers would have utility for early diagnosis, molecular classification of tumors, and prognostics as well as identify new targets for drug interventions. With the advent of ever larger HCC cohorts, denser, population-specific genotyping arrays, and next generation whole exome/genome sequencing of HCC family clusters, it may be possible to provide earlier diagnosis of HCC and to develop bespoke treatment for persons with HCC to improve outcomes.
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Bw4 homozygosity in human leukocyte antigen class B alleles has been associated with a delayed acquired immunodeficiency syndrome (AIDS) development and better control of human immunodeficiency virus type 1 (HIV-1) viral load (VL) than Bw6 homozygosity. Efficient CD8 T cell and natural killer (NK) cell functions have been described to restrain HIV-1 replication. However, the role of KIR3DL1 expression on these cells was not assessed in Bw4-homozygous participants infected with HIV-1 CRF01_A/E subtype, currently the most prevalent subtype in China. Here, we found that the frequency of KIR3DL1-expressing CD8 T cells of individuals homozygous for Bw6 [1.53% (0–4.56%)] was associated with a higher VL set point (Spearman rs = 0.59, P = 0.019), but this frequency of KIR3DL1+CD8+ T cells [1.37% (0.04–6.14%)] was inversely correlated with CD4 T-cell count in individuals homozygous for Bw4 (rs = −0.59, P = 0.011). Moreover, CD69 and Ki67 were more frequently expressed in KIR3DL1−CD8+ T cells in individuals homozygous for Bw4 than Bw6 (P = 0.046 for CD69; P = 0.044 for Ki67), although these molecules were less frequently expressed in KIR3DL1+CD8+ T cells than in KIR3DL1−CD8+ T cells in both groups (all P < 0.05). KIR3DL1−CD8+ T cells have stronger p24-specific CD8+ T-cell responses secreting IFN-γ and CD107a than KIR3DL1+CD8+ T cells in both groups (all P < 0.05). Thus, KIR3DL1 expression on CD8 T cells were associated with the loss of multiple functions. Interestingly, CD69+NK cells lacking KIR3DL1 expression were inversely correlated with HIV-1 VL set point in Bw4-homozygous individuals (rs = −0.52, P = 0.035). Therefore, KIR3DL1−CD8+ T cells with strong early activation and proliferation may, together with KIR3DL1−CD69+NK cells, play a protective role during acute/early HIV infection in individuals homozygous for Bw4. These findings highlight the superior functions of KIR3DL1−CD8+ T cells and KIR3DL1−CD69+NK cells being a potential factor contributing to delayed disease progression in the early stages of HIV-1 infection.

Keywords: human immunodeficiency virus type 1, immunity, KIR3DL1 receptor, acute/early infection, Bw4 homozygotes


INTRODUCTION

CD8 T cells and natural killer (NK) cells contribute to the host immune response to human immunodeficiency virus (HIV) infection, but the functions of these cells can be repressed by the inhibitory molecules on their surface. The principal NK cell receptors are natural cytotoxicity receptors, C-type lectin-like receptors, and killer cell immunoglobulin-like receptors (KIRs). Of these molecules, natural cytotoxicity receptors are the most specific NK cell marker. C-type lectin-like receptors and KIRs are also expressed on CD8 T lymphocytes (1–3). The KIR3DL1 receptor, a member of the KIR family, interacts with its ligand to transmit inhibitory signals that suppress the NK cell-mediated lysis of target cells via cytoplasmic immunoreceptor tyrosine-based inhibitory motifs (ITIMs). KIR3DL1 recognizes the Bw4 motif on human leukocyte antigen (HLA) class B molecules, which may be classified as Bw4 or Bw6 allotypes, according to the serological epitopes spanning residues 77–83 on the α1-helix of the HLA-I molecule (4).

The CD8 T cells that can be activated to induce anti-HIV-1-specific responses are restricted by HLA antigens, including HLA-B alleles in particular, which play a much greater role in mediating antiviral cytotoxic T-lymphocyte (CTL) responses than HLA-A and HLA-C alleles (5, 6). The HLA-B*27 and -B*57 alleles, both of which carry the Bw4 motif, are associated with low HIV-1 viremia and slower progression to acquired immunodeficiency syndrome (AIDS). HLA-B*44 and -B*51 have not consistently been shown to play a protective role in HIV-1 infection, and the HLA-B*05, -B*13, -B*17, -B*37, and -B*38 alleles and some other non-protective HLA antigens, also express the Bw4 public motif. Other alleles, such as HLA-B*07, -B*08, -B*14, -B*35, -B*40, -B*41, -B*53, -B*56, carry the Bw6 motif. The HLA-B*08, -B*35, -B*53, -B*55, and -B*56 alleles are associated with rapid progression to AIDS (7). HLA-Bw4 homozygosity is associated with a lower risk of HIV transmission (8), better control of HIV-1 viremia and protection against AIDS (9, 10) whereas HLA-Bw6 homozygosity accelerates HIV-1 disease progression (11, 12), but the precise mechanisms underlying this protection remain unknown.

KIRs, some inhibitory and others activating, are expressed on the surface of a subpopulation of CD8 T cells with a memory and effector phenotype (13). KIR expression is relatively stable on NK cells, and the frequency of KIR-positive CD8 T cells increases with age, mostly due to the accumulation of terminally differentiated T cells (14). KIR-positive CD8 T cells are particularly abundant in participants with HIV-1 (15) or cytomegalovirus (CMV) (16) infection. By contrast, very few HIV-specific, CMV-specific CD8 T cells (17–19) in HIV-1-infected or healthy individuals express KIR receptors, including KIR3DL1. It has, therefore, been suggested that KIR3DL1-positive CD8 T cells function poorly in HIV-1-infected individuals displaying homozygosity for Bw4. By contrast, Bw4 homozygosity may strengthen the functions of KIR3DL1-negative CD8 T cells, resulting in enhanced immune surveillance and playing a predominant role in protection against HIV-1 infection. Besides, KIR3DL1-expressing NK cells can play its role through the ligand of Bw4 motif via a known process of NK cell licensing, but it was not uncertain whether NK cells especially KIR3DL1-negative NK cells activity from HLA-Bw4 homozygous individuals were helpful for restraining HIV-1 replication compared with HLA-Bw6 homozygous carriers.

In this study, we observed, in the Beijing PRIMO prospective acute HIV-1 infection cohort, early activation, proliferation capacity, and the HIV-1-specific responses of KIR3DL1-positive CD8 T cells were significantly weaker than those of KIR3DL1-negative CD8 T cells in individuals homozygous for Bw4. More interestingly, KIR3DL1-negative NK cell activation capacity was negatively related to the viral load (VL) set point and the number of HIV-1-specific KIR3DL1−CD8+ T cells responses in individuals homozygous for Bw4 during acute/early HIV-1 infection. These findings improve our understanding of KIR-mediated control and CD8 T/NK-cell response mechanisms in primary HIV infection.



MATERIALS AND METHODS


Study Subjects

The study subjects were recruited from the Beijing PRIMO clinical cohort, a prospective study cohort of HIV-1-negative men who have sex with men (MSM) designed to identify cases of acute HIV-1 infection at Beijing You’an Hospital, Beijing, China, which has been running since October 2006. The enrolled participants were monitored every 2 months for HIV antibodies, HIV RNA levels, and clinical signs of acute/early infection, as previously described (20). The progression of early HIV-1 infection can be depicted as six discrete stages, as proposed by Fiebig et al. (21). In total, 17 of 24 participants homozygous for Bw4 and 17 of 40 participants homozygous for Bw6 were between the Fiebig stage VI and 6 months after infection, all in acute/early stages of HIV infection, and without antiretroviral therapy (ART), were enrolled in this study. These 34 participants were infected with a circulating recombinant form CRF01_A/E subtype based on pol sequence (22–24), currently the most prevalent subtype in China, as shown by our results for the Beijing PRIMO cohort (23, 25, 26). The opportunistic infections, tuberculosis, autoimmune diseases, or HBV/HCV co-infection were excluded and this exclusion criteria was displayed in the flow chart (Figure S1 in Supplementary Material). These enrolled participants were followed up for 3 years. During follow-up, we recorded whether CD4 T-cell count fell below 350/μl for three consecutive measurements, the first date of measurement being fixed as the time at which CD4 count dropped below 350/μl. CD4 T-cell count did not subsequently rise above 350/μl before the initiation of ART or remained below 350/μl after the initiation of ART (10). Blood samples were collected, and peripheral blood mononuclear cells (PBMCs) and plasma were isolated and cryopreserved. We enrolled 33 age-matched HIV-1-negative individuals from the MSM population with high-risk behaviors as controls.



HLA Class I Allele Genotyping

Genotypes including those for HLA-A, HLA-B, and HLA-C were determined by sequence-specific primer (SSP)-PCR (at the Weatherall Institute of Molecular Medicine, John Radcliffe Hospital, Oxford University, Oxford, UK). Genomic DNA was extracted from PBMCs with the QIAamp DNA Blood MiniKit (Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions. The Bw4 and Bw6 motifs of the HLA-B alleles were identified by SSP-PCR, as previously described (10).



Cell Staining and Flow Cytometry Analysis

Cryopreserved PBMCs were thawed in RPMI 1640 medium (Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (Hyclone), 50 IU/ml penicillin–streptomycin (Hyclone), and 2 mM L-glutamine (Hyclone). They were then stained with fluorescence-conjugated human monoclonal antibodies (mAbs) including APC-CD3 (clone HIT3a; BioLegend, San Diego, CA, USA), PE-CD8 (clone IM0452U; Beckman Coulter, Brea, CA, USA), APC-Cy7-CD69 (clone FN50; BioLegend), Percp-Cy5.5-KIR3DL1 (clone DX9; BioLegend), FITC-CCR7 (clone G043H7; BioLegend), and Pacific blue-CD45RA (clone HI100; BioLegend). The PBMCs were then fixed and permeabilized (Cat. No: 00-5523-00; eBiosciences, San Diego, CA, USA) and were subjected to intracellular staining with PE-Cy7-Ki67 antibodies (cloneKi-67; BioLegend). NK cells were stained with a panel of NK cell-specific antibodies including PE-Cy7-CD3 (clone HIT3a; BioLegend), FITC-CD16 (clone 3G8; BioLegend), PE-CD56 (clone HCD56; BioLegend), and Percp-Cy5.5-KIR3DL1 (clone DX9; BioLegend), APC-Cy7-CD69 (clone FN50; BioLegend). The isotype control mAbs were purchased from the corresponding companies. Cytometer setup and tracking calibration particles were used to ensure that fluorescence intensity measurements were consistent in all experiments. Flow cytometry Comp-Beads kits (BD Bioscience, San Jose, CA, USA) were used for compensation. Gating on forward scatter and side scatter light was used to exclude cell debris from the analysis; forward height and forward area were used to exclude doublet cells, and dead cells were excluded by staining with Live/Dead fixable viability stain 510 (BD Biosciences, San Jose, CA, USA). At least 200,000 PBMCs were acquired with a BD CantoII flow cytometer, as previously described (27, 28), and the data were analyzed with Flowjo Software version 10.0 (Treestar, Ashland, OR, USA). The strategies for the analysis of flow cytometry data are detailed in Figure 1.


[image: image1]
FIGURE 1 | The gating strategy for flow cytometric analysis of KIR3DL1 expressing on CD8 T cells and NK cells. Among all events, forward angle and SSC light gating were gated on lymphocytes and were used to exclude cell debris from the analysis. Forward height and forward area were used to exclude doublet cells, and cells were labeled with Live/Dead fixable viability stain 510, and dead cells were excluded. Then CD3+CD8+ T cells, KIR3DL1+CD8+ T cells, CD8+ T cell subsets (TNAIVE, TCM, TEM, and TEMRA), and KIR3DL1 expressing on different CD8+ T cell subsets were gated; CD3− cells, CD16+CD56+ NK cells, and KIR3DL1-expressing on NK cells were also analyzed simultaneously. The final analysis was performed with FlowJo software, which generated a graphical output. FSC, forward scatter; SSC, side scatter; NK, natural killer.




Intracellular Cytokine Staining and Cell Degranulation Staining Assays

Thawed and incubated overnight PBMCs from participants infected with subtype CRF01_A/E virus were stimulated with 2 μg/ml pooled CRF01_A/E p24 peptides, 1 μg/ml purified antibodies against CD28/CD49d (Cat. No. 347690; BD Biosciences, San Jose, CA, USA) and PE-anti-CD107a antibody (clone H4A3; BioLegend). After 1 h, 3 μg/ml brefeldin A and 2 μM monensin agents (eBioscience™ 1,000×) were added to the cells, which were incubated for 5 h. Control cells were stimulated with 1 μg/ml purified anti-CD28/CD49d antibody in the absence of peptide. Positive control cells were stimulated with 20 ng/ml phorbol 12-myristate 13-acetate (Sigma-Aldrich, St. Louis, MO, USA) and 1 μg/ml ionomycin (Sigma), and cultured for 6 h at 37°C. The PBMCs were then stained with PE-Cy7-CD3 (clone HIT3a; BioLegend), FITC-CD8 (clone IM0451U; Beckman), APC-CD69 (clone FN50; BioLegend), and Percp-Cy5.5-KIR3DL1 (clone DX9; BioLegend) antibodies for 20 min at room temperature. The PBMCs were fixed and permeabilized with BD FACS™ permeabilizing solution (Cat. No. 340457), and intracellular staining was performed for interferon gamma (IFN-γ) (Brilliant Violet 421™-conjugated; Cat. No. 502532; BioLegend) for 30 min at 4°C. The cells were then analyzed in a BD CantoII flow cytometer as described above.



Detection of IFN-γ-Producing Cells in Enzyme-Linked Immunosorbent Spot (ELISPOT) Assays

Frozen PBMCs from participants infected with HIV-1 subtype CRF01_A/E were thawed and incubated overnight at 37°C under an atmosphere containing 5% CO2. PBMCs were pulsed with 2 μg/ml CRF01_A/E p24 peptides (same as above) for 18–24 h. The peptides used were 18 amino acids long and overlapped by 10 amino acids (Table S1 in Supplementary Material). 5 μg/ml phytohemagglutinin was used as experimental positive control and 2 μg/ml EBV/Flu/CMV (EFC) peptides were used as quality control (29); negative control was used with RPMI 1640 medium. HIV-1-specific CD8 T-cell responses were measured by quantifying IFN-γ release with an ELISPOT assay (30), using the anti-IFN-γ mAb 1-D1K (Mabtech AB, Nacka, Sweden), the biotinylated anti-IFN-γ mAb 7-B6-1 (Mabtech AB), and streptavidin-alkaline phosphatase conjugate (Mabtech AB). IFN-γ-producing cells were counted with an ELISPOT reader (Antai Yongxin Medical Technology, Beijing, China), and the results are expressed as the number of spot-forming cells per million PBMCs. ELISPOT results were shown in Figure S2 in Supplementary Material. Results were considered positive only if there were more than 50 spot-forming cells/million PBMCs and if there were at least three times as many spot-forming cells than in the negative control as reported in our previous study (31).



CD4 T-Cell Count and VL Measurement

Routine blood CD4 T-cell counts (cells/μl) were measured by four-color flow cytometry with human CD45+, CD3+, CD4+, and CD8+ cell markers (BD Biosciences), on peripheral whole-blood samples from each patient, in FACS lysing solution (BD Biosciences), according to the manufacturer’s instructions. Plasma HIV-1 VL (copies/ml of plasma) was quantified by real-time PCR (Abbott Molecular Inc., Des Plaines, IL, USA). This assay has a sensitivity of 40 copies/ml of plasma for viral RNA detection. The VL set point at the very early stage of HIV-1 infection was calculated and reported in our previous study (20).



Statistical Analysis

Data are expressed as mean ± SD. Statistical analysis was performed with GraphPad Prism software version 5.03 (GraphPad Software, San Diego, CA, USA). Differences were analyzed in Student’s t-tests (unpaired t-test for unpaired variables and paired t-test for paired variables) or non-parametric Mann–Whitney U tests for non-parametric samples. Spearman’s rank correlation coefficient, denoted as rs, is a statistical value that measures the monotonic relationship between two variables. Differences were considered statistically significant if P < 0.05 in two-tailed tests. The detailed statistical analysis is described in the figure legends.




RESULTS


Demographics of Individuals in the Acute/Early Phase of HIV-1 Infection

Bw4 homozygosity has been reported to be associated with the control of HIV-1 viremia and protection against AIDS, and with a less marked decline in CD4 T-cell counts in HIV-1-infected individuals (9). We investigated the early effects of KIR3DL1 expression on CD8 T cells in individuals homozygous for the Bw4 or Bw6 genotype included during the acute/early phase of HIV-1 infection. The demographic features of these individuals are described in Table 1. VL set point was significantly lower in individuals homozygous for Bw4 than in individuals homozygous for Bw6 (P = 0.002, Table 1), whereas CD4 T-cell count appeared to trend higher in individuals homozygous for Bw4, although it was not statistically significant (P = 0.083, Table 1). Furthermore, CD4 T-cell count fell below 350/μl during the first 3 years of HIV-1 infection more frequently in individuals homozygous for Bw6 than in individuals homozygous for Bw4 (P = 0.013). KIR3DL1 expression and the functions of KIR3DL1+CD8+ and KIR3DL1−CD8+ T cells were investigated, to explore the effects of KIR3DL1 expression on CD8 T cells in the presence and absence of Bw4 homozygosity.


TABLE 1 | Demographics of HIV-1-infected individuals.

[image: image1]




Higher Percentage of KIR3DL1 Expression on CD8 TEMRA Cells Was Correlated With HIV-1 VL Set Point in Bw6-Homozygous Individuals

Figure 1 displayed the flow cytometric gating strategies for the analysis of KIR3DL1 expression on different CD8 T cells and NK cells. In HIV-1-infected individuals, the percentages of KIR3DL1+CD8+ T cells and KIR3DL1+NK cells were 1.49% (0–6.14%) and 12.64% (0–60.6%), respectively, versus 2.03% (0–6.74%) and 14.96% (0–30.18%) in individuals negative for HIV-1 antibody, and this difference was not statistically significant, as shown in Figure 2A. The percentage of CD8 TEM (CD45RA−CCR7−, effector memory) cells was significantly higher than that of CD8 TEMRA cells (CD45RA+CCR7−, terminally differentiated effector memory) in HIV-1-infected individuals (Figure 2B). KIR3DL1 was expressed principally on the cells of the CD8 TEMRA subset, and also on those of the CD8 TEM subset, as shown in Figure 2C. The percentage of KIR3DL1+CD8+ TEM cells in the total CD8 T-cell population was much lower than that of KIR3DL1+CD8+ TEMRA cells (P < 0.05), in both HIV-1-positive and HIV-1-negative individuals (Figure 2D). Furthermore, the frequency of KIR3DL1+CD8+ T cells in Bw4-homozygous individuals was similar to that in Bw6-homozygous individuals [1.37% (0.04–6.14%) versus 1.53% (0–4.56%)]. The percentage of KIR3DL1+NK cells was 12.5% (3.15–37.67%) in individuals homozygous for Bw4 and 12.76% (0–60.60%) in individuals homozygous for Bw6, as shown in Figure 2E. KIR3DL1 expression on NK and CD8 T cells was independent of homozygosity for Bw4 or Bw6 in HLA-B alleles (Figure 2E). The percentage of CD8 TEM cells was higher than that of CD8 TEMRA cells in both individuals homozygous for Bw4 and those homozygous for Bw6 (Figure 2F). KIR3DL1 was more frequently expressed on CD8 TEMRA cells than on CD8 TEM cells and was independent of HLA-B locus-specific Bw4 or Bw6 motifs (Figure 2G). In individuals homozygous for Bw6, KIR3DL1+CD8+ TEMRA cells had a higher frequency than KIR3DL1+CD8+ TEM cells among total CD8 T cells (P = 0.027, Figure 2H). In addition, the percentage of KIR3DL1+CD8+ TEMRA cells among total CD8 T cells was higher in HIV-1-infected individuals homozygous for Bw6 than in those homozygous for Bw4 (P = 0.041, Figure 2H).


[image: image1]
FIGURE 2 | KIR3DL1 expression on natural killer (NK) cells, total CD8 T cells, and CD8 T-cell subsets. Differences in KIR3DL1 expression on total CD8 T cells or NK cells (A), CD8 TEM (CD45RA−CCR7−) and CD8 TEMRA (CD45RA+CCR7−) subsets from total CD8 T cells (B,C), and KIR3DL1+ TEM and KIR3DL1+ TEMRA from total CD8 T cells between human immunodeficiency virus type 1 (HIV-1)-positive patients at the acute/early stage and HIV-1-negative individuals (D). KIR3DL1 expression on CD8 T cells or NK cells (E), CD8 TEM and CD8 TEMRA subsets (F,G), and KIR3DL1+ TEM and KIR3DL1+ TEMRA from total CD8 T cells (H) in HIV-1-infected patients homozygous for Bw4 or Bw6. Data are expressed as mean ± SD. The significance of differences was analyzed in unpaired t-tests, with P < 0.05 considered significant. Bw4/4: Bw4 homozygotes (red); Bw6/6: Bw6 homozygotes (blue).


KIR3DL1+CD8+ T-cell percentage and VL set point were positively correlated in Bw6-homozygous individuals (rs = 0.59, P = 0.019, Figure 3A), but not in Bw4-homozygous individuals (rs = 0.12, P = 0.646, Figure 3A). Conversely, the inverse association between KIR3DL1+CD8+ T-cell levels and CD4 T-cell count was observed only in individuals homozygous for Bw4 (rs = −0.59, P = 0.011, Figure 3B). In individuals homozygous for Bw6, the percentage of CD8 TEMRA cells expressing KIR3DL1 was positively correlated with VL set point (rs = 0.77, P = 0.0008, Figure 3C), but not with CD4 T-cell count (Figure 3D).
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FIGURE 3 | Correlation between KIR3DL1 expression on CD8 T cells with human immunodeficiency virus type 1 (HIV-1) viral load (VL) set point and CD4 T-cell count in individuals with different HLA-B serological genotypes. Correlation of KIR3DL1 expression on CD8 T cells with HIV-1 VL set point (A) and CD4 T-cell count (B), of the percentage of CD8 TEMRA cells expressing KIR3DL1 with HIV-1 VL set point (C) and CD4 T-cell count (D), and of KIR3DL1+ TEMRA levels as a proportion of total CD8 T cells with HIV-1 VL set point (E) and CD4 T-cell count (F). Correlations between two variables were analyzed in non-parametric Spearman’s rank correlation tests, with P < 0.05 considered significant.


In addition, a positive association between the percentage of KIR3DL1+TEMRA cells among total CD8 T cells and HIV-1 VL set point was observed in individuals homozygous for Bw6 (rs = 0.65, P = 0.008, Figure 3E), whereas a trend toward a negative relationship between KIR3DL1+TEMRA levels and CD4 T-cell count was observed in individuals homozygous for Bw4 (rs = −0.44, P = 0.074, Figure 3F).



Higher Frequencies of KIR3DL1−CD69+CD8+ T Cells and KIR3DL1−Ki67+CD8+ T Cells Were Associated With Homozygosity for Bw4 in HLA-B Alleles

Following infection with HIV-1, immune cells, including CD8 T cells, are activated to fight this pathogen. CD69 is one of the earliest T-cell activation markers detected, due to its rapid appearance on the surface of the plasma membrane after stimulation (32). Figure 4A displayed the flow cytometric profiles of KIR3DL1 and CD69 expression on CD8 T cells. In this study, the levels of CD69 expression on CD8 T cells during acute/early HIV-1 infection were significantly higher in Bw4-homozygous individuals than in Bw6-homozygous individuals (P = 0.033, Figure 4B). When individuals encounter the HIV-1, their immune cell populations, including CD8 T cells, expand to protect the host against viral infection after activation. Ki67 antigen is required for cell proliferation and used as an excellent marker of cell proliferation (33). The proliferative capacity of CD8 T cells was significantly higher in HIV-1-infected individuals homozygous for the Bw4 allele than in those homozygous for Bw6 (P = 0.021, Figure 4C). However, the levels of CD69+CD8+ T cells or Ki67+CD8+ T cells were not associated with HIV-1 VL set point or CD4 T-cell count (data not shown).
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FIGURE 4 | Early activation and proliferation of CD8 T cells in individuals with different HLA-B serological genotypes. (A) Gating strategy for flow cytometric analysis of CD69 and Ki67 expression on CD8 T cells; (B) early activation capacity of CD8 T cells; (C) proliferation capacity of CD8 T cells; (D) proportion of KIR3DL1+CD69+ cells and KIR3DL1−CD69+ cells in total CD8 T cells; (E) proportion of KIR3DL1+Ki67+ cells and KIR3DL1−Ki67+ cells in total CD8 T cells. Relationship between the early activation and proliferation capacity of total CD8 T cells (F) and KIR3DL1−CD8+ T cells (G). Comparisons between two groups were performed with unpaired Student’s t-tests, and correlations between two variables were analyzed in Spearman’s rank correlation tests, with P < 0.05 considered significant.


In addition, the frequency of KIR3DL1+CD69+CD8+ T cells was much lower than that of KIR3DL1−CD69+CD8+ T cells in HIV-1-infected individuals, regardless of Bw4 or Bw6 homozygosity (all P < 0.0001, Figure 4D). Nevertheless, the proportion of KIR3DL1−CD69+CD8+ T cells in HIV-1-infected individuals homozygous for Bw4 was significantly higher than that in individuals homozygous for Bw6 (P = 0.046, Figure 4D). The percentage of KIR3DL1+Ki67+CD8+ T cells was significantly lower than that of KIR3DL1−Ki67+CD8+ T cells in both individuals homozygous for Bw4 and in those homozygous for Bw6 (all P < 0.05, Figure 4E). By contrast, the proportion of KIR3DL1−Ki67+CD8+ T cells was significantly higher in individuals homozygous for Bw4 than in those homozygous for Bw6 (P = 0.044, Figure 4E). Thus, a minority of KIR3DL1+CD8+ T cells and the majority of KIR3DL1−CD8+ T cells constituted the expanded CD8 T-cell population, and this specificity was not associated with Bw4 or Bw6 homozygosity. Here, the levels of KIR3DL1−CD69+CD8+ T cells or KIR3DL1−Ki67+CD8+ T cells were not associated with HIV-1 VL set point or CD4 T-cell count (data not shown). Furthermore, the numbers of CD69+CD8+ T cells and KIR3DL1−CD69+CD8+ T cells were positively correlated with the percentages of Ki67+CD8+ T cells (rs = 0.60, P = 0.012, Figure 4F) and KIR3DL1−Ki67+CD8+ T cells (rs = 0.51, P = 0.036, Figure 4G), respectively, in individuals homozygous for Bw4.



HIV-1-Specific CD8+ T-Cell Responses Were Stronger for KIR3DL1−CD8+ T Cells

We studied HIV-1-specific cytokine secretion and the degranulation of CD8 T cells in acute/early HIV-1 infection, by stimulating PBMCs with the p24 peptides pool and measuring the amounts of IFN-γ and CD107a produced by CD8 T cells (Figure 5). The flow cytometry gating strategy for the analysis of IFN-γ and CD107a secretions by CD8 T cells was displayed in Figure 5A. The levels of HIV-1-specific CD8 T cells secreting IFN-γ and CD107a were similar in individuals homozygous for Bw4 and those homozygous for Bw6. The frequencies of KIR3DL1+IFN-γ+ cells and KIR3DL1+CD107a+ cells as a proportion of total CD8 T cells were lower than those of KIR3DL1−IFN-γ+ cells and KIR3DL1−CD107a+ cells, respectively, in HIV-1-infected individuals, regardless of homozygosity for Bw4 or Bw6 (all P < 0.05, Figures 5B,C). Furthermore, the fluorescence intensity obtained for IFN-γ secretion by KIR3DL1+CD8+ T cells was significantly lower than that for secretion by KIR3DL1−CD8+ T cells in these two groups of individuals (all P < 0.0001, Figure 5D). Likewise, the fluorescence intensity obtained for CD107a degranulation by KIR3DL1+CD8+ T cells was also significantly lower than that for KIR3DL1−CD8+ T cells (P = 0.0012 for Bw4 homozygotes; P < 0.0001 for Bw6 homozygotes, Figure 5E) for these two genotypes of individuals. These data suggest that KIR3DL1−CD8+ T cells play a predominant role in HIV-1-specific CD8 T-cell cytokine secretion and degranulation in acute/early HIV-1 infection, independent of Bw4 homozygosity.
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FIGURE 5 | Median fluorescence intensity and levels of human immunodeficiency virus type 1 (HIV-1)-specific IFN-γ and CD107a produced by CD8 T cells, in Bw4 and Bw6 homozygotes. (A) Gating strategy for flow cytometric analysis of IFN-γ and CD107a expressing in CD8 T cells; (B) frequency of KIR3DL1+IFN-γ+ cells and KIR3DL1−IFN-γ+ cells among total CD8 T cells stimulated with HIV-1 p24 peptides; (C) frequency of KIR3DL1+CD107a+ and KIR3DL1−CD107a+ cells among total CD8 T cells stimulated with HIV-1 p24 peptides. The difference in median fluorescence intensity for the HIV-1-specific IFN-γ (D) and CD107a (E) released by KIR3DL1+CD8+ and KIR3DL1−CD8+ T cells. The Bw4/4 and Bw6/6 motifs are shown in red and blue, respectively. Paired Student’s t-tests were used to compare groups, with P < 0.05 considered significant.




The Levels of HIV-1-Specific KIR3DL1−CD8+ T Cells Secreting IFN-γ Were Inversely Correlated With the Early Activation of KIR3DL1−CD8+ T Cells

CD8 T cells are activated by HIV-1, leading to their production of cytokines, such as IFN-γ, to suppress virus replication. In this study, the levels of HIV-1-specific CD8 T cells secreting IFN-γ were inversely correlated with the early activation of CD8 T cells in individuals homozygous for Bw4 (rs = −0.81, P = 0.0007, Figure S3A in Supplementary Material), but not in those homozygous for Bw6 (rs = −0.23, P = 0.385, Figure S3A in Supplementary Material). Interestingly, the number of HIV-1-specific KIR3DL1−IFN-γ+CD8+ T cells in Bw4-homozygous individuals was also inversely correlated with the frequency of KIR3DL1−CD69+CD8+ T cells (rs = −0.54, P = 0.050, Figure S3B in Supplementary Material). These findings suggest that higher levels of CD69 expression on CD8 T cells are correlated with lower levels of HIV-1-specific IFN-γ release by CD8 T cells in Bw4 homozygotes. This was further confirmed by the observation that very few HIV-1-specific CD8+ T cells expressed CD69 (Figure S3C in Supplementary Material). By contrast, CD69−CD8+ T cells could be induced specifically by HIV-1 to produce specific IFN-γ and CD107a (Figure S3C in Supplementary Material).



Similar Strength and Breadth of p24-Specific CD8 T Cell Responses Were Induced in Bw4- and Bw6-Homozygous Individuals

As the levels of HIV-1-specific CD8 T cells secreting IFN-γ in Bw4-homozygous individuals were similar to those in Bw6-homozygous individuals, we investigated whether the strength and breadth of HIV-1-specific CD8 T-cell responses induced by individual p24 peptides were similar in the two groups of individuals. The median magnitude of the p24-specific CD8 T-cell responses elicited in individuals homozygous for Bw4 was 375 (0–3,135) SFCs/106 PBMCs, a value similar to the 1,065 (0–3,890) SFCs/106 PBMCs in Bw6-homozygous individuals (P = 0.183, Figure 6A). Furthermore, the breadth of the CD8 T-cell responses induced by individual p24 peptides in Bw4-homozygous individuals was 1 (range, 0–4), a value tending toward significance to that obtained for Bw6-homozygous individuals (2; range: 0–5; P = 0.067, Figure 6B). The difference in p24 peptide mapping between individuals homozygous for Bw4 and those homozygous for Bw6 is shown in Figure 6C. The ELISPOT assays confirmed the similar magnitude and breadth of the HIV-1-specific CD8 T-cell responses elicited by individual p24 peptides in individuals homozygous for Bw4 and individuals homozygous for Bw6 in the acute/early stage of HIV-1 infection.
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FIGURE 6 | Comparison of human immunodeficiency virus type 1 (HIV-1)-specific CD8 T-cell responses. Comparison of the magnitude (A) and the breadth (B) of the p24-specific CD8 T-cell responses induced in patients homozygous for Bw4 or Bw6; (C) Differences in peptide mapping for patients homozygous for Bw4 (red) and Bw6 (blue). The location of individual peptide was shown in Table S1 in Supplementary Material. The number beside the bar indicates the number of patients responding to the peptide concerned. Unpaired, non-parametric Mann–Whitney U tests were used to compare groups, with P < 0.05 considered significant.




KIR3DL1−NK Cell Activation and HIV-1-Specific KIR3DL1−CD8 T-Cell Responses Were Inversely Correlated With HIV-1 VL Set Point in Bw4-Homozygous Individuals

As no advantageous effect of the p24-specific CD8 T-cell responses induced in Bw4-homozygous individuals was observed (Figures 5 and 6), we hypothesized that the inhibition of viral replication in these individuals might be due to an increase in NK cell activity. The compound expression profiles of KIR3DL1 and CD69 molecules on NK cells showed that CD69 predominantly expressed on KIR3DL1−NK cells (Figure 7A). The early activation levels for both total NK cells and KIR3DL1−NK cells did not differ between Bw4- and Bw6-homozygous individuals (P > 0.05, Figure 7B). However, the activation capacity of total NK cells (rs = −0.53, P = 0.030, Figure 7C) and KIR3DL1−NK cells (rs = −0.52, P = 0.035, Figure 7D) was, respectively, inversely related to HIV-1 VL set point in Bw4-homozygous individuals, but not in Bw6-homozygous individuals. Interestingly, this NK cell activation capacity was also negatively related to the levels of HIV-1 VL at 3 years after infection in Bw4-homozygous individuals (rs = −0.63, P = 0.016 for total NK cells; rs = −0.54, P = 0.047 for KIR3DL1−NK cells; Figure 7E), but not in Bw6-homozygous individuals (data not shown). These results suggest that NK cell, principally KIR3DL1−NK cell activation may decrease HIV-1 VL in Bw4-homozygous individuals.
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FIGURE 7 | Inverse correlation between KIR3DL1− natural killer (NK) cell activation or human immunodeficiency virus type 1 (HIV-1)-specific KIR3DL1−CD8 T-cell responses and viral load (VL) set point in Bw4-homozygous individuals. (A) Gating strategy for flow cytometric analysis of CD69 and KIR3DL1 expressing on NK cells; (B) comparison of the proportion of CD69+NK and KIR3DL1−CD69+NK cells between HIV-1-infected individuals homozygous for Bw4 (red) and Bw6 (blue). Inverse correlation between the frequency of CD69+NK cells (C), KIR3DL1−CD69+NK cells (D) and HIV-1 VL set point, and even HIV-1 VL at 3 years after infection (E) in Bw4-homozygous individuals; negative correlation of the frequency of HIV-1-specific KIR3DL1−CD107a+CD8+ T cells with HIV-1 VL set point (F) and HIV-1 VL at 3 years after infection (G) in Bw4-homozygous participants; correlation between the KIR3DL1−NK cells activation capacity and the frequency of HIV-1-specific KIR3DL1−CD107a+CD8+ T cells (H); inverse correlation between the frequency of CD69+NK cells and the amounts of HIV-1-specific IFN-γ+CD8+ T cells (I), between the frequency of KIR3DL1−CD69+NK cells and the amounts of HIV-1-specific KIR3DL1−IFN-γ+CD8+ T cells (J) were shown. Comparisons between two groups were performed with unpaired Student’s t-tests and correlations between two variables were assessed in non-parametric Spearman’s rank correlation tests, with P < 0.05 considered significant.


In addition, the numbers of HIV-1-specific KIR3DL1−CD107a+CD8+ T cells was inversely associated with the VL set point (rs = −0.49, P = 0.048, Figure 7F) and even the levels of VL at 3 years after infection (rs = −0.62, P = 0.023, Figure 7G) in individuals homozygous for Bw4, but not for Bw6. These results suggest that KIR3DL1−CD107a+CD8+ T cells and activated KIR3DL1−NK cells simultaneously inhibited HIV-1 viral replication in Bw4-homozygous individuals, but the KIR3DL1−NK cell activation levels had no correlation with the numbers of HIV-1-specific KIR3DL1−CD107a+CD8+ T cells (rs = −0.41, P = 0.128, Figure 7H) in Bw4-homozygous individuals.

Interestingly, total NK cell activation capacity was negatively related to the numbers of HIV-1-specific IFN-γ+CD8+ T cells (rs = −0.68, P = 0.004, Figure 7I) in Bw4-homozygous individuals. Likewise, this inverse relationship was exhibited between KIR3DL1−NK cell activation capacity and the amounts of HIV-1-specific KIR3DL1−IFN-γ+CD8+ T cells (rs = −0.66, P = 0.005, Figure 7J). Thus, strong KIR3DL1−NK cell activation capacity, which is related to the control of HIV-1 disease progression, was associated with the weak HIV-1-specific CD8 T-cell responses in Bw4-homozygous individuals from our Beijing PRIMO Cohort.




DISCUSSION

In this study, KIR3DL1-positive CD8 T cells, was not related to the percentage of NK cells expressing KIR3DL1, in either HIV-1-positive or HIV-1-negative individuals, indicating the presence of different pathways regulating KIR3DL1 expression on NK and CD8 T cells. KIR3DL1-positive CD8 T cells did not increase in acute/early HIV-1 infection (Figure 2), whereas the KIRs-positive CD8 T cells, including KIR3DL1, has been shown to increase in untreated individuals with chronic HIV-1 infection (17). The higher proportion of KIR3DL1-expressing CD8 TEMRA cells in Bw6-homozygous individuals than in Bw4-homozygous individuals suggested that the weak antiviral activity observed in individuals homozygous for Bw6 was due to 76.5 (71.5–92.6%) of KIR3DL1+CD8+ T cells expressing CD57 (19), a marker of cell immunosenescence.

Indeed, the early activation and proliferation of KIR3DL1+CD8+ T cells were very weak, and the levels of HIV-1-specific KIR3DL1-expressing CD8 T cells secreting IFN-γ and expressing CD107a were very low, regardless of whether the individuals was homozygous for Bw4 or Bw6 (Figures 4 and 5). Similarly, several studies have demonstrated that most HIV-1-specific CD8 T cells lack KIR expression (17, 19). Together, these results suggest that the KIR3DL1+CD8+ T cells do not play a crucial role in controlling HIV-1 infection and these CD8 T cells are not responsible for the beneficial effects observed in Bw4 homozygotes.

HLA-B Bw4-homozygous individuals displayed stronger CD8 T-cell early activation and proliferation, particularly for KIR3DL1−CD8+ T cells, than Bw6 homozygotes (Figure 4), suggesting that the favorable effects of Bw4 homozygosity are associated with KIR3DL1-negative CD8 T cells. Surprisingly, the intracellular cytokine staining and ELISPOT assays showed that the HIV-1-specific CD8 T-cell responses induced in HLA-B Bw4-homozygous individuals were no stronger than those induced in Bw6-homozygous individuals (Figure 6). As shown in Figure 6C and Table S1 in Supplementary Material, several peptides were recognized by both Bw4 and Bw6-homozygous individuals, but others were only recognized and induced stronger responses in individuals homozygous for Bw4 (gag233–250, which contained the CTL epitope TSTLQEQIAW restricted by B*57 and B*58) or Bw6 (gag177–194, which contained the CTL epitope TPQDLNMMLN restricted by B*07 and B*42). Nonetheless, the overall p24-specific responses did not differ between these two groups (Figure 6C). Our findings were inconsistent with other studies reporting the elicitation of strong HIV-1-specific CD8 T-cell responses in HLA-B*57 and/or-B*27 individuals (34, 35). It would have been desirable to compare the HIV-1-specific responses induced on Bw4-homozygous individuals harboring HLA-B*27 and/or -B*57 individuals to those homozygous for Bw6 in this study. Unfortunately, only three individuals carried HLA-B*27 and/or -B*57 alleles (Table 1). Indeed, HLA-B*57 is rare in the Chinese population (10, 12). Another reason may relate to the HLA-B*27 allele, which has been reported to prevent disease progression only for late-stage disease and was not linked to a strong CD8 T-cell antiviral response (36, 37). The individuals enrolled in this study were in the acute/early stage of HIV-1 infection. Moreover, in this study, isolated CD8+ T cells induced about 95% of the p24-specific T-cell responses (Figure 6; Table S1 in Supplementary Material), but isolated CD4+ T cells induced very little of the p24-specific T-cell responses recognized against the 18 amino acids length peptides pool (data not shown) in ELISPOT assay. Given the magnitude and breadth of HIV-1-specific CD8 T-cell responses was not stronger in Bw4-homozygous individuals than in Bw6-homozygous individuals, so the polyfunctionality, functional avidity, and cross-reactivity to epitope variants (38, 39) of HIV-1-specific CD8 T-cell responses requires further investigation to account for the advantageous effect of Bw4 homozygosity in HLA-B alleles.

Interestingly, the effector responses of HIV-1-specific CD8 T cells particularly KIR3DL1−CD8+ T cells secreting IFN-γ were not increased in Bw4-homozygous individuals, but this effector responses were inversely correlated with early activation (Figure S2 in Supplementary Material). Indeed, early activated CD8 T cells produce very little IFN-γ and CD107a specifically in response to HIV-1, but CD69-positive CD8 cells in tissue can secrete other chemokines, such as transforming growth factor-β and IL-10 (32, 40, 41), to regulate immune responses. Besides, CD69 is involved in early events of lymphocyte activation, and plays a functional role in the redirected lysis mediated by activated NK cells, and we found that the level of CD69 expression on NK cells in Bw4-homozygous individuals was inversely correlated with HIV-1 VL set point (Figure 7). HIV-1 VL set point reflects the equilibrium between HIV-1 replication level and efficacy of immunologic response and has long been used as a prognostic marker of disease progression (42, 43). The early activation of NK cells particularly KIR3DL1−NK cells therefore appeared to be beneficial for HIV-1 viremia control especially in individuals homozygous for Bw4. An inverse relationship was observed between KIR3DL1−NK cell activation and HIV-1-specific KIR3DL1−CD8 T-cell responses, especially the production of IFN-γ (Figure 6), consistent with the findings of Tomescu’s study (44). Strong NK cell responses are associated with protective KIR3DL1*h/*y receptor and HLA-I allele (such as HLA-B*57), independently of the lack of increase in HIV-1 gag-specific T-cell responses in HIV-1-infected elite controllers. Waggoner et al. described a role for NK cells in the inverse modulation of antiviral CD8 T cells (45). Our findings indicate that KIR3DL1−NK activation was inversely related to HIV-1-specific KIR3DL1−CD8+ T-cell responses in Bw4-homozygous individuals, suggesting higher levels of activated KIR3DL1−NK cells might decrease the levels of HIV-1-specific KIR3DL1−CD8+ T cell responses, but all these cells were potent in controlling HIV-1 infection.

Kim et al. reported that KIR3DL1+NK cells in HLA-Bw4 homozygous healthy individuals were more responsive to autologous target cells than in HLA-Bw6 homozygous healthy donors (46), while the functionality of KIR3DL1+NK cells did not differ in HLA-Bw4 carriers and HLA-Bw6 homozygous individuals in HIV-1 infection (47). No differences in NK cell functionality of mediating anti-HIV ADCC responses was observed between KIR3DL1+NK cells and KIR3DL1−NK cells in HLA-Bw4 individuals infected with HIV-1 (47), though KIR3DL1+NK cells from HLA-Bw4 healthy controls were more functional than KIR3DL1−NK cells (46). These data suggested the functionality of KIR3DL1+NK cells could be attenuated due to HIV-1 infection in HLA-Bw4 homozygous individuals. NK cells from HIV-1-uninfected Bw6-homozygous individuals inhibited HIV-1 replication in infected autologous CD4 cells less potently than those from protective KIR/HLA genotypes including KIR3DL1*h/*y and B*57 combined genotypes (48), which secreted higher levels of CC-chemokines (CCL-3 and CCL-4). Based on these reports and the outcomes of the vast majority of activated NK cells were KIR3DL1-negative NK cells, and the negative relationship between KIR3DL1−NK cell activation and VL set point in Bw4-homozygous individuals, we speculate that KIR3DL1−NK cells may be more active in HIV-1-infected individuals homozygous for the Bw4 allele, although no increase in HIV-1-specific CD8 T-cell responses was observed in this study. In addition, the higher frequency of early activated and proliferated CD8 T cells, and particularly of KIR3DL1-negative CD8 T cells in Bw4-homozygous individuals, would have greater antiviral potential during acute/early HIV-1 infection.

In general, KIR3DL1 expression on CD8 T cells was associated with the loss of multiple functions, including the limitation of viral replication and the slowing of CD4 decline, early activation, proliferation, HIV-1-specific cytokine secretion, and degranulation in vitro. KIR3DL1−CD8+ T cells and KIR3DL1−NK cells in individuals homozygous for Bw4 were related to inhibiting HIV-1 infection as summarized in Figure 8, but the underlying mechanisms are not fully clear. Thus, further studies are required to determine whether other inhibitory KIRs and other immune inhibitory receptors containing the ITIMs such as PD-1 and TIGIT (49, 50) are involved in regulating KIR3DL1−CD8+ T-cell and KIR3DL1−NK cell functions. Furthermore, only 34 participants infected with HIV-1 CRF01_A/E subtype were enrolled in this current study, because CRF01_A/E subtype is the most dominant strain in most regions of China. Thus, it will be worthwhile for further studies to investigate the mechanisms of advantageous effects of Bw4 homozygosity based on other HIV-1 subtypes, and a larger number of individuals with HLA-B Bw4 homozygotes will be also required.
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FIGURE 8 | Model for KIR3DL1−CD8+ T cell and KIR3DL1− natural killer (NK) cell controlling human immunodeficiency virus type 1 (HIV-1) infection in individuals with distinct HLA-B serological genotypes. HIV-1-specific KIR3DL1−CD107a+CD8+ T cells and KIR3DL1−CD69+NK cells were associated with inhibiting HIV-1 replication in Bw4-homozygous individuals, but not efficient in Bw6-homozygous individuals. The levels of HIV-1-specific KIR3DL1−IFN-γ+CD8+ T cells were similar in both individuals homozygous for Bw4 and Bw6, may be associated with partial control of HIV-1 infection. Moreover, the proliferative capacity of KIR3DL1−Ki67+CD8+ T and the early activation of KIR3DL1−CD69+CD8+ T cells, which can potential control of HIV-1 infection, were significantly higher in HIV-1-infected individuals homozygous for the Bw4 than in those homozygous for Bw6. Nevertheless, the frequency and function of KIR3DL1-expressing CD8+ T/NK cells was much lower than that of KIR3DL1-negative CD8+ T/NK cells in HIV-1-infected individuals, regardless of Bw4 or Bw6 homozygosity. Thus, KIR3DL1-expressing CD8+ T/NK cells, which associated with the loss of multiple functions, may do not play a crucial role in controlling HIV-1 infection in the early stages of HIV-1 infection.


Taken together, our findings demonstrate for the first time that the KIR3DL1−CD8 T/NK cell functions of Bw4 homozygotes are associated with the control of early HIV-1 replication in the absence of antiretroviral treatment. These results open up new insights into the design of an effective vaccine against HIV.
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FIGURE S1 | Flow chart of human immunodeficiency virus type 1 (HIV-1) participants at enrollment. Screening and follow-up of participants in the acute/early phase of HIV-1 infection. In total, 17 of 24 participants homozygous for Bw4 and 17 of 40 participants homozygous for Bw6 were enrolled in this study. These 34 participants without antiretroviral therapy were infected with a CRF01_A/E subtype based on pol sequence and between the Fiebig stage VI and 6 months after infection. The opportunistic infections, tuberculosis, autoimmune diseases, or HBV/HCV co-infection were excluded.

FIGURE S2 | ELISOPT assays. Representative experiments showing peripheral blood mononuclear cells from eight individuals infected with human immunodeficiency virus type 1 subtype CRF01_A/E were stimulated with CRF01_A/E p24 peptides pool. Phytohemagglutinin (PHA) was used as experimental positive control and EBV/Flu/CMV (EFC) peptides were used as quality control; negative control was used with RPMI 1640 medium.

FIGURE S3 | Relationship between the early activation capacity of CD8 T cells and the levels of human immunodeficiency virus type 1 (HIV-1)-specific IFN-γ or CD107a released by CD8 T cells. Inverse relationship between early activation capacity and levels of HIV-1-specific IFN-γ-secreting total CD8 T cells (A), and (B) KIR3DL1-negative CD8 T cells; (C) gating strategy for flow cytometric analysis of CD69, IFN-γ and CD107a combined expressing on CD8 T cells after stimulation with p24 peptides. Graphs are shown for gating on the CD8 T-cell population. Correlation between two variables was analyzed with Spearman’s rank correlation tests, with P < 0.05 considered significant.
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Innate antiviral immunity establishes first line of defense against invading pathogens through sensing their molecular structures such as viral RNA. This antiviral potential of innate immunity is mainly attributed to a myriad of IFN-stimulated genes (ISGs). Amongst well-characterized ISGs, we have previously shown that antiviral potential of chicken IFN-induced proteins with tetratricopeptides repeats 5 (chIFIT5) is determined by its interaction potential with 5′ppp containing viral RNA. Here, we generated transgenic chickens using avian sarcoma-leukosis virus (RCAS)-based gene transfer system that constitutively and stably express chIFIT5. The transgenic chickens infected with clinical dose (EID50 104 for HPAIV and 105 EID50 for vNDV) of high pathogenicity avian influenza virus (HPAIV; H5N1) or velogenic strain of Newcastle disease virus (vNDV; Genotype VII) showed marked resistance against infections. While transgenic chickens failed to sustain a lethal dose of these viruses (EID50 105 for HPAIV and 106 EID50 for vNDV), a delayed and lower level of clinical disease and mortality, reduced virus shedding and tissue damage was observed compared to non-transgenic control chickens. These observations suggest that stable expression of chIFIT5 alone is potentially insufficient in providing sterile protection against these highly virulent viruses; however, it is sufficient to ameliorate the clinical outcome of these RNA viruses. These findings propose the potential of innate immune genes in conferring genetic resistance in chickens against highly pathogenic and zoonotic viral pathogens causing sever disease in both animals and humans.
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INTRODUCTION

Virus recognition by germ-line-encoded intracellular receptors underlines the potency of innate immune responses in restricting virus infections and disease progressions (1, 2). These intracellular receptors discriminate the host (self) nucleic acid from the virus (non-self) nucleic acid by the presence of molecular signatures in the viral genomic material. One of the well-characterized signatures of innate immune induction is the presence of triphosphate group (5′-ppp) in viral RNA which is absent in any RNA species of the host (3). Beside canonical cellular receptors including Toll-like receptors, retinoic-acid-inducible protein 1 (RIG-I)-like receptors, and nucleotide oligomerization domain-like receptors, recently a novel class of IFN-effectors, known as IFN-induced proteins with tetratricopeptides repeats (IFITs) which has been identified to directly engage with 5′-ppp viral RNA (4, 5).

Amongst viral RNA-recognizing cellular factors, IFITs proteins are the most transcribed and translated family of virus- and IFN-regulated proteins (6–8). These proteins are evolutionary conserved with at least four well-characterized paralogs in humans; IFIT1 (ISG56), IFIT2 (ISG54), IFIT3 (ISG60), and IFIT5 (also known as ISG58) (7–9). These IFNs and virus-responsive proteins are implicated in the regulation of several physiological (protein translation and cell proliferation) and pathological (inhibition of viruses) processes in mammals (7, 10). Among these functions, the implication of IFIT proteins in establishing host resistance against viruses has been well documented (4, 10, 11). Different biological, biochemical, and structural approaches have mapped the nature of RNA that is recognized by IFIT proteins including 5′-ppp, AU-rich elements, and initiator tRNAs (4, 9, 11, 12). Additional evidences suggested that IFIT5 proteins can perform their antiviral activities by two possible ways; sequestration of viral RNA translation and initiation of innate immune responses (9, 13). Both these activities augment the antiviral potential of IFIT5 against RNA viruses such as orthomyxoviruses (e.g., avian influenza viruses, AIV) and paramyxoviruses (e.g., Newcastle disease virus, NDV).

Highly pathogenic IAV (HPAIV) and velogenic NDV (vNDV) are causing devastating economical and welfare impacts on the poultry, and HPAIV are posing significant human health implications, around the globe (14, 15). Majority of negative sense single stranded RNA viruses, including HPIAV and vNDV, produce 5′-ppp containing RNA during the course of virus replication (16–18). Interaction of 5′ppp RNA and cellular receptors (e.g., IFIT5) leads to the induction of cytokines and may underline the antiviral state of the host with variable clinical or pathological outcomes. Understanding host factors that contribute in the pathobiology of viruses in their natural hosts may help to devise effective intervention strategies and to define the genetic markers of disease resistance. In the present study, we investigated the in vivo impact of chicken IFIT5 (chIFIT5) against HPAIV and vNDV-induced infections in transgenic chickens generated by the RCAS-based retroviral gene transfer system.



MATERIALS AND METHODS


Viruses and Virus Titration Assays (EID50)

HPAIV H5N1 (strain A/chicken/Egypt_128s_2012) and vNDV (strain NDV-B7-RLQP-CH-EG-12 were kindly provided by Prof Hussein Ahmed (Virology Department, Faculty of Veterinary Medicine, Cairo University, Egypt). Both viruses were propagated in 9 days old specific pathogen free (SPF) chicken eggs. Infective allantoic fluid from the inoculated eggs was diluted in brain-heart infusion buffer (BHIB) and the median egg infectious doses 50 (EID50) were determined in SPF eggs using the Reed and Muench method (19).



Construction of Transgene Expressing RCAS Reverse Genetic Systems

The ORF of chicken IFIT5 was amplified from RNA extracted from the NDV-infected primary chicken embryo fibroblasts (CEFs), was sequence verified, codon optimized and chemically synthesized in-fusion with V5-tag, and sub-cloned into an improved version of RCASBP(A)-ΔF1 (kindly provided by Stephen H. Hughes, National Cancer Institute, MD, USA) via the ClaI and MulI restriction sites which replace the src gene while maintaining the splice accepter signals. The resultant constructs were named as RCASBP(A)-chIFIT5. Similarly, a GFP encoding RCASBP(A), referred as RCASBP(A)-eGFP, was generated by introducing the coding sequence of the GFP in between the ClaI and MulI sites. The inserted gene orientation and sequence validity were confirmed by DNA sequencing.



Rescue of RCAS Viruses and Validation of Transgene Expression

To rescue recombinant RCASBP(A) viruses, a total of 2.5 × 105 DF-1 cells were seeded in 25 cm2 flasks and maintained at 37°C, 5% (vol/vol) CO2 for 24 h (~80% confluent). Cells were washed with PBS and transfected with 2.5 μg of each of the RCASBP(A)-eGFP, and RCASBP(A)-chIFIT5 plasmids using Lipofectamine 2000 in OptiMEM with a pre-determined optimized ratio of 1:6 (Invitrogen, Carlsbad, CA, USA). Media were changed 6 h post transfection and the cells were maintained in DMEM supplemented with 10% FCS and 1% penicillin/streptomycin for 48 h. Expression of the reporter gene (GFP) was monitored using fluorescence microscopy whereas replication efficiencies of chIFIT5 expressing retroviruses were assessed by staining the structural protein of RCASBP(A) and V5 tag. The GFP/gag expression-confirmed cell cultures were split into 25 cm2 flasks and were passaged again into 75 cm2 flasks after 3 days. Finally, cells were expanded into 150 cm2 flasks until the desired number (106 cells/egg) was achieved.



Confocal Microscopy

Chicken cells were transfected with individual or combined plasmids for indicated time points using Lipofectamine 2000 (Invitrogen) at a ratio of 1:3 or were infected with lentiviruses, retroviruses or NDV-GFP for indicated time points. These cells were then fixed for 1 h in 4% paraformaldehyde and permeabilised using 0.1% Triton-X100 before incubation with primary antibodies raised against V5 tag, or gag protein of retroviruses. Additionally, depending upon the experimental needs, different fluorescent markers (RFP, GFP) were used. Afterwards, cells were incubated with corresponding secondary antibodies at 37°C for 2 h. After brief staining with 4′, 6-diamidino-2-phenylindole (DAP1) (nuclear), slides were visualized using a Leica SP5 confocal laser-scanning microscope.



Animals

SPF eggs were acquired from a local supplier in co-operation with Virology Department, Faculty of Veterinary Medicine, Cairo University, and the Central Lab for Evaluation of Veterinary Biologics Abbassia, Egypt. Transgenic chickens were generated as described below and each group of birds was housed separately at containment level 4 isolators. Food and water were provided ad libitum, and general animal care was provided by the animal house staff as required for each groups.



Generation of Transgenic Chickens

Mosaic-transgenic chicken embryos were generated by inoculation of 1 million RCASBP(A)-chIFIT5-infected DF-1 cells or non-infectious DF-1 cells using 24G needs at day 2 post-embryonation in SPF chicken eggs. Embryos were fixed for 2 h post-inoculation before incubation at 37°C with 60–80% humidity in rotating incubator (twice daily). Transgenic embryos were allowed to hatch naturally at 21 days of incubation or were manually hatched on 22 days of embryonation.



Challenge Experimental Design

Experiment 1: Virus Dose Optimization

To effectively monitor the dose of viruses that can either induce clinical signs or mortality, a total of 10 SPF chicks (12 days old) were individual challenged with a dose of 104, 105, 106 EID50 of HPAIV-H5N1. Similarly, vNDV was used to challenge 10 SPF chicks with a dose of 104, 105, 106 EID50 in isolation units under biosafety level 4 conditions, and disease was monitored in all groups for 11 days for the appearance of clinical signs, weight gain, feed intake and mortalities in all groups. Birds were monitored for the presence of clinical sign and symptoms twice daily which were recorded as clinical scores 1 (no clinical signs), 2 (mild clinical signs), 3 (severe clinical signs), or 4 (dead/mortalities), as described previously (20, 21). At day 11 post-infection, the remaining animals were humanly euthanized.

Experiment 2: Transgenic Chickens and Virus Challenge

A total of 11 RCASBP(A)-chIFIT5 transgenic chicks (chIFIT5-HPAIV/vNDV +ve), 20 mock-inoculated chicks (mock-HPAIV/vNDV +ve) were either challenged with 104 EID50 HPAIV or 105 EID50 vNDV (clinical doses) on 12 days of age (1st day virus infection). Correspondingly, 10 chicks were kept as a naïve control group that were neither inoculated with retroviruses nor challenged with HPAIV or vNDV (mock-HPAIV/vNDV –ve). Before second challenge, a naïve group (Naïve-HPAIV/vNDV +ve) containing 4 chicks for HPAIV group and 3 chicks for NDV group was introduced. Except mock-HPAIV/vNDV –ve, individual birds in all groups were challenged with 106 EID50 of HPAIV and vNDV. Disease was monitored for next 10 days for the appearance of clinical signs, weight gain, feed intake and mortalities in all groups. Birds were monitored for the presence of symptoms twice daily, and clinical signs were recorded as clinical scores 1 (no clinical signs), 2 (mild clinical signs), 3 (severe clinical signs), 4 (dead), as was described previously (20). Three birds from chIFIT5-HPAIV/vNDV +ve and two chicks from mock-HPAIV/vNDV +ve were sacrificed for comparison between transgenic and wild type birds. The experiment was terminated at day 17 post-challenge and all remaining animals were euthanized.



Confirmation of Transgene Expression

Total RNA was extracted from trachea, which were collected from transgenic and non-transgenic chickens using TRIzol reagents (Invitrogen, Carlsbad, CA, USA). A total of 200 ng of RNA was used in PCR reactions using SuperScript® III Platinum® SYBR® Green One-Step qRT-PCR Kit (Invitrogen, Carlsbad, CA, USA) as we demonstrated earlier (5). The abundance of specific chIFIT5 mRNA was compared to the 28S rRNA in the Applied Biosystems Prism 7500 system. The reaction was carried out using the thermo profile reported earlier (5).



Expression of Innate Immune Genes

In order to determine the expression of innate immune genes, total RNA was extracted as described above using TRIzol reagents (Invitrogen, Carlsbad, CA, USA). A total of 200 ng of RNA was used in PCR reactions using SuperScript® III Platinum® SYBR® Green One-Step qRT-PCR Kit (Invitrogen, Carlsbad, CA, USA). The abundances of specific innate immune gene mRNA in trachea from transgenic (n = 05) and non-transgenic (n = 05) from both virus (HPAIV and vNDV) and mock-infected birds were compared to corresponding 28S rRNA and the average fold changes were determined (Supplementary Table 1). The reaction was carried out in ABI 7500 light cycler using the thermo profile described earlier (5). Primers for innate immune genes are provided in Supplementary Material.



Processing of Swab Samples

Cloacal and oropharyngeal swabs were collected in 1 mL of 15% BHIB with antibiotics (10,000 IU/mL Penicillin G + 100 μg/mL Gentamycin + 20 μg/mL Amphotericin B) and were kept on ice, and then filtered through a 0.2 μm filter. The filtered material was stored at −80°C until all samples were collected, and then were subjected to HA as described previously (22).



Histopathology

Selected tissues including trachea, brain, spleen, kidney and liver were collected and fixed by immersion in 10% neutral buffered formalin at room temperature for 48 h followed by processing and embedding in paraffin wax. Tissue sections of 5 μm were stained with Haematoxylin & Eosin and examined for microscopic lesions under light microscope.



Statistical Analysis

Pairwise comparisons of treated and control groups were performed using Student's t-test. Kaplan-Meier analysis was performed to calculate the survival rates. All statistical tests were conducted in the GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA).



Ethics Statement

All animal studies and procedures were carried out in strict accordance with the guidance and regulations of European and United Kingdom Home Office regulations. As part of this process, the work has undergone scrutiny and approval by the Animal Welfare and Ethical Review Body (AWERB) at The Pirbright Institute, UK.



Results

Effective and Constitutive Expression of Transgene Using RCAS Vector System

We have recently demonstrated that chicken IFIT5 is a crucial host restriction factor and can effectively subvert the replication of negative sense single stranded RNA viruses in vitro and in ovo (5). We next sought to investigate the potential of this antiviral protein in interfering virus replication in vivo and to propose a genetic marker of resistance against RNA viruses in poultry. For this purpose, efforts were made to generate transgenic chickens stably expressing chIFIT5, and to determine the antiviral potential of chIFIT5. For this purpose, we applied avian retroviruses (avian leukosis virus, ALV) vector-based expression system to assess impact of chIFIT5 gene against virus challenges in developing chicks. Specifically, the replication-competent and avian-origin RCAS (replication competent ALV long terminal repeats with a splice acceptor) system was applied to generate mosaic transgenic chicken (20, 23). The transgenes (GFP and chIFIT5) were expressed by the splice acceptor (SA) signal of the src viral oncogene, which were inserted between the unique polylinker sites as depicted in Figure 1A.
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FIGURE 1. Generation and rescue of recombinant retroviruses expressing marker gene (GFP), and chIFIT5. (A) A schema for the generation of recombinant RCAS viruses in which src gene was replaced with either GFP, or chIFIT5. (B) Retroviruses were rescued in DF-1 cells and stained for retroviral structural gag protein and V5-taged fused to the chIFIT5, indicating the specific replication-competency of these retroviruses. (C) Immunofluorescence staining of the transgene in chicken fibroblasts expanded from individual clones expressing RCAS-mediated GFP and IFIT5 indicating stable and substantial expression of these proteins.



Initially, a reporter virus construct (RCASBP(A)-eGFP) was generated to monitor in vitro rescuing and progression of the virus. In addition, we constructed RCASBP(A)-chIFIT5 recombinant virus to generate mosaic-transgenic chicken embryos that are constitutively expressing chIFIT5. Both viruses were rescued in chicken embryo fibroblasts (DF-1) and replication was assessed by monitoring viral structural protein (gag) and transgene; GFP and V5-tagged chIFIT5, simultaneously (Figure 1B). Cell clones expressing RCAS-mediated GFP and chIFIT5 were individually and clonally expanded to obtain require stock density for transgenic embryo generation. Immunofluorescence staining of the transgene in chicken fibroblasts (Figure 1C) indicate stable and substantial expression of these proteins. These validated infectious chicken fibroblasts were used to generate transgenic chicken embryos.

Clinical and Lethal Dose Assessment for HPAIV and vNDV

HPAIV and vNDV strains cause severe infections and the clinical outcome of infection depends upon several factors including nature of the virus and genetics of the host (24). Based on the surface glycoprotein genes (haemagglutinin (HA) and fusion (F) genes), influenza and NDV can be divided into different subtypes, pathotypes, clades (Figure 2A) and genotypes (Figure 2B), respectively. Viruses belonging to H5-subtype that possess polybasic residues at the hemagglutinin protein cleavage site are reported to be highly pathogenic for both chickens and human (15), whereas Genotype VII strains of NDV are most prevalent and one of the major pathogen for clinical ND infections in chickens, around the globe (14).
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FIGURE 2. Strain selection and clinical and lethal doses assessment for HPAIV and vNDV. (A) Bioinformatics analysis of representative strains of H5N1 and (B) velogenic strains of NDV. Strains used in this study are colored gray. (C) Twelve days old SPF-chickens were challenged with the EID50 of 104, 105, and 106 HPAIV or (D) vNDV and the disease was monitored until 11 days post-infection. Color gradient represent the severity of clinical signs.



Owing to direct correlation of virus dose with the severity of the clinical infections, we first determined the titre of HPAIV and vNDV inoculum, which induce clinical disease in chickens. Groups of ten SPF-chickens (12 days old) were challenged with different dosses (104, 105, or 106 EID50) of HPAIV or vNDV and clinical disease scores were recorded until 11 days post-infection. Based on the level of disease severity, 104 EID50 inoculum of H5N1 HPAIV induced clinical signs and was therefore considered as clinical dose. However, rapid death (lethal dose) was observed in birds inoculated with 106 EID50 dose of H5N1 HPAIV (Figure 2C). For vNDV, most clinical signs were observed when 105 EID50 virus particles (clinical dose) were used whereas a substantial mortality was observed in chickens, which were inoculated with 106 EID50 virus dose (lethal dose) (Figure 2D). Prototype strains of H5N1 clade 2.2.1.2 (A/chicken/Egypt_128s_2012) and vNDV genotype VIId (NDV-B7-RLQP-CH-EG-12) with optimized doses 104 EID50 and 105 EID50 were used as inoculum to challenge transgenic chickens to demonstrate antiviral potential of IFIT5.

Improved Survivability of Transgenic Chickens Expressing chIFIT5 Following Infection With HPAIV and vNDV

Mosaic transgenic chickens were generated by inoculating 2-day-old embryonated SPF eggs with recombinant RCAS virus-infected CEF expressing chIFIT5 (as shown in Figure 1C) or were inoculated with non-infectious CEF. Chicks hatched from infected embryonated eggs were reared in isolators until 12 days of age before challenge with clinical dose of HPAIV or vNDV at 12 days of age followed by lethal dose on 20 days of chick's age (8 days post first infection) (Figure 3A). Onset of clinical disease and health parameters were assessed until the end of experiment in IFIT5-expressing virus-challenged (chIFIT5-HPAIV/vNDV +ve), mock-inoculated and virus-challenged (mock-HPAIV/vNDV +ve) and mock-inoculated and non-virus-challenged groups (mock-HPAIV/vNDV –ve). Additionally, in order to delineate priming effect of clinical dose of the virus on the lethal dose, a naïve SPF group of chicken was included and challenged with lethal dose only.
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FIGURE 3. Generation of transgenic chickens and impact of chIFIT5 on physiological parameters of chicken. (A) Schema representing the time of transgenesis and challenge experiment. (B) Comparison of the body mass of chIFIT5 expressing transgenic chicken and control chicken. (C) Wait gain in transgenic and control chickens post-hatching and pre-challenge. (D) Survival curve of chickens against clinical dose of HPAIV, (E) vNDV, (F) lethal dose of HPAIV and (G) vNDV.



While no detrimental effect of the chIFIT5 expression was observed on the embryonic development, hatchability of RCAS-chIFIT5 transgenic eggs was compromised compared to mock groups in two independently performed experiments. A total of 3 manually hatched and 6 naturally hatched chicks in RCAS-chIFIT5 group were weak and unhealthy, unable to drink, dehydrated and shown visceral gout, and all were humanly euthanized due to welfare reasons before the clinical challenge (12 days of hatching). No further macroscopic lesions or pathologies were noticed on necropsy investigation of these euthanized birds (data not shown). Interestingly, all RCAS-chIFIT5 transgenic chicks were hatched with substantially reduced body weight (Figure 3B). Except chicks (n = 6) that were died at 2nd, 7th or 9th day of hatching, RCAS-chIFIT5 transgenic chicks progressively regained the body weight and shown comparable weight with mock controls before first virus challenge at day 12 post hatch (Figure 3C).

A total of 30% mock-inoculated chicks were succumbed to HPAIV infection within 4 days of infection. However, RCAS-chIFIT5 transgenic chicks were fully protected with the clinical dose of HPAIV (chIFIT5-HPAIV +ve) as was observed in negative control (Mock-HPAIV –ve) (Figure 3D). Correspondingly, overexpression of IFIT5 protected all birds whereas 90% mock-inoculated chickens showed no apparent clinical disease when inoculated with clinical dose of vNDV (Figure 3E). In comparison, the group challenged with lethal dose of HPAIV showed rapid and sever disease signs and were humanly euthanized. Suggesting lethal dose of HPAI override endogenous levels of host innate responses including overexpression of IFIT5 (Figure 3F). Albeit corresponding mortality was observed in chicks challenged with lethal dose of vNDV, the lethality of the virus was meliorated for 4 days in RCAS-chIFIT5 transgenic chicks (Figure 3G). In order to exclude the possibility of priming effect of clinical dose on the protective efficacy of IFIT5 against lethal dose, naïve chicks of same age were challenged with corresponding lethal doses of HPAIV and vNDV (Naïve-HPAIV/vNDV +ve). As expected, 100% HPIAV and 66% vNDV challenged naïve chicks showed sever clinical signs and were culled or suddenly died due to infection within three days of challenge (Figures 3F,G). Taken together, the results demonstrate the functional role of IFIT5 to progressively protect chicks from clinical doses of both RNA viruses; however, overexpression of IFIT5 is insufficient as a stand-alone antiviral host factor that could completely protect chickens from the lethal dose of HPAIV and vNDV.

Transgenic Chickens Expressing chIFIT5 Showed Protection From Clinical Disease Signs When Challenged With Sub-Lethal Dose of HPAIV and vNDV

Intriguingly, IFIT5 fully protected transgenic chicks from morbid clinical signs when exposed to sub-lethal dose (104 EID50) of HPAIV (Figure 4). In contrast, mock group (Mock-HPAIV +ve) showed sever clinical signs as early as third day following inoculation with clinical virus dose (104 EID50). The clinical signs were further exacerbated when birds were follow-on exposed to lethal dose of HPAIV. While chicks in negative control (Mock-HPAIV –ve) remained healthy and corresponding challenged group shown the most clinical signs, overexpression of IFIT5 has substantially reduced the appearance of the clinical outcomes of HPAIV infections. These effects were markedly observed in vNDV infected RCAS-chIFIT5 transgenic chicks. Not only that IFIT5 expressing chicks were protected from the clinical challenge but substantially from the lethal challenge (Figure 4). Importantly, the clinical signs, which appeared in the RCAS-chIFIT5 transgenic chicks, were delayed by at least by 10 days (Figure 5). These results highlight the possible roles of IFIT5 in meliorating the clinical outcome of two highly pathogenic viruses in the poultry, influenza and NDV.
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FIGURE 4. Clinical signs of individual chicken in different groups pre- and post-clinical and lethal challenge induced by the HPAIV.
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FIGURE 5. Clinical signs of individual chicken in different groups pre- and post-clinical and lethal challenge induced by the vNDV.



Confirmation of Transgene Expression and Reduced Virus Shedding in IFIT5-Expressing Transgenic Chickens Challenged With HPAIV and vNDV

In order to demonstrate the successful expression of chIFIT5 in transgenic chickens, we exploited the codon-optimized version of RCAS-mediated chIFIT5 gene (5). A quantitative PCR that specifically detect codon-optimized chIFIT5 was established to demonstrate the expression of chIFIT5 as transgene and to differentiate the transgene from endogenously expressed chIFIT5. Using this assay, we detected a significantly higher level of IFIT5 in tracheal RNA collected from transgenic chicken compared to corresponding non-transgenic RNA. Relative to HPAIV-infected transgenic chicken (Figure 6A), the expression of chIFIT5 was significantly higher in vNDV-infected transgenic chickens (Figure 6B). Collectively, these data demonstrate the successful generation of transgenic chicken and the expression of transgene.
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FIGURE 6. Expression of the transgene (chIFIT5), in vNDV-infected transgenic (A) and HPAIV-infected transgenic (B), compared to non-transgenic chicken. Quantitative assessment of virus shedding in cloacal section for the (C) vNDV, (D) HPAIV and in oropharyngeal secretion for the (E) vNDV and (F) HPAIV in transgenic chickens expressing chIFIT5-challenged with virus (chIFIT5-vNDV/HPAIV +ve), mock-transgenic-virus challenged (mock-vNDV/HPAIV+ve) and mock control (mock-vNDV/HPAIV –ve). Days of clinical and lethal challenges are marked with arrows. *** indicate the level of significance at p > 0.05.



We next assessed if chIFIT5-mediated reduction in the clinical picture reflect upon the virus shedding in two most common routes of virus transmission and shedding; oral and cloacal routes. For this purpose, both cloacal and oropharyngeal swabs were collected from all three groups (chIFIT5-vNDV+ve, and mock-vNDV +ve, and mock-vNDV –ve) before the challenge and every day post-clinical and post-lethal dose challenges. Assessment of virus titres in the swab samples indicated a substantial shedding of both vNDV and HPAIV in cloacal secretions (Figures 6C,D). However, transgenic chickens, constitutively expressing chIFIT5 showed substantial reduction in both shedding titres (NDV: 8 log2 vs. 4 log2 in control, HPIAV; 3 log2 vs. 12 log2 in control) and the duration of shedding period following challenge with vNDV and HPAIV. In comparison to vNDV challenged chickens, the virus shedding was markedly reduced in cloacal swabs of HPAIV-challenged chicks.

Since shedding of both under-study viruses reported by the respiratory route of the chicken (22), we next assessed the magnitude of virus shedding in oropharyngeal swabs. Virus quantification analysis indicated secretion of both viruses (vNDV and HPAIV) in mock-transgenic and viruses-infected animals. However, intriguingly, the shedding of the viruses was fully blocked in chickens, which were engineered to constitutively express chIFIT5 in both clinical and lethal doses challenge (Figures 6E,F). A relatively low surge in virus shedding (1 log2) was observed in chickens that were challenged with lethal dose of HPAIV, which was subsided in 2 days. Collectively, these finding suggest that chIFIT5 play decisive roles in virus replication especially in the respiratory epithelial cells resulting in lower shedding levels in of viruses in the buccal cavity.

The ChIFIT5-Expressing Transgenic Chickens Show Improved Virus-Induced Microscopic Pathologies and These are not Associated With Enhanced Innate Immunity

In order to estimate the magnitude of histopathological changes induced by these pathogenic viruses and the level of protection afforded by the stably expressing chIFIT5, organs (trachea, brain, spleen, kidneys and liver) were collected and histopathologically examined both at the clinical and lethal doses and compared with non-treated and mock controls. As expected, examination of trachea showed marked pathological lesions in mocked-transgenic and HPAIV and vNDV-challenged chickens including focal necrosis of lamina epithelialis mucosa, oedema in the lamina propria and congestion of mucosal blood vessels (after clinical-challenge). Severe histopathological alterations were also noticed after lethal-challenge including focal necrosis of the mucosa and accumulation of mucous exudate in the tracheal lumen. On the other hand, trachea collected from chickens, which were transgenically expressing chIFIT5 and infected with HPAIV and vNDV showed no histopathological changes except slight congested blood vessels, slight edema in the lamina propria/submucosa layers (Figures 7A–T). Congestion of cerebral blood vessel, necrosis of neurons and neuronophagia were observed in brain collected from mocked-transgenic and vNDV and HPAIV-challenged chickens. In brain examined from chicken, which were transgenically expressing chIFIT5 and infected with vNDV and HPAIV, showed lesions of slight cellular oedema and necrosis of sporadic neurons (Figures 7A–T). Corresponding histopathological lesions were observed in spleen, kidneys and liver (Supplementary Figure 1). Taken together, these results demonstrate that constitutive expression of chIFIT5 protects different organs against virus replication, which collectively reflect upon virus shedding, ameliorated clinical outcome and improved health status.
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FIGURE 7. (A) Trachea of chicken infected with HPAIV (clinical challenged) showing focal necrosis of lamina epithelialis (small arrow) and oedema in the lamina propria/submucosa layer (large arrow). (B) Trachea of chicken expressing chIFIT5 and infected with HPAIV showing slight congested blood vessel. (C) Trachea of chicken infected with vNDV (clinical challenged) showing activation of mucous secreting glands (small arrow) and oedema in the lamina propria/submucosa layers (large arrow). (D) Trachea of chicken expressing chIFIT5 and infected with vNDV showing slight oedema in the lamina propria/submucosa layers. (E) Trachea of control chicken showing the normal histological layers. (F) Trachea of chicken infected with HPAIV (lethal challenged) showing focal necrosis of the mucosa (small arrow) and accumulation of mucous exudate in the lumen (large arrow). (G) Trachea of chicken injected expressing chIFIT5 and infected with HPAIV (lethal challenge) showing oedema in the lamina propria/submucosa layers. (H) Trachea of chicken infected with vNDV (lethal challenge) showing necrosis of the mucosa (arrow). (I) Trachea of chicken expressing chIFIT5 and infected with vNDV (lethal challenge) showing congested blood vessels. (J) Trachea of control chicken showing the normal histological layers. (K) Brain of chicken expressing chIFIT5 and infected with HPAIV (clinical challenge) showing congestion of cerebral blood vessel (small arrow) and necrosis of neurons (large arrow). (L) Brain of chicken expressing chIFIT5 and infected with HPAIV (clinical challenged) showing no histopathological changes. (M) Brain of chicken expressing chIFIT5 and infected with HPAIV (clinical challenged) showing necrosis of neurons (arrow). (N) Brain of chicken expressing chIFIT5 and infected with vNDV (clinical challenge) showing cellular oedema. (O) Brain of control chicken showing no histopathological changes. (P) Brain of chicken expressing chIFIT5 and infected with HPAI (lethal challenge) showing congestion of cerebral blood vessel (small arrow) and necrosis of neurons (large arrow). (Q) Brain of chicken expressing chIFIT5 and infected with HPAIV (lethal challenged) showing no histopathological changes. (R) Brain of chicken expressing chIFIT5 and infected with vNDV (lethal challenged) showing necrosis of neurons and neuronophagia (arrow). (S) Brain of chicken expressing chIFIT5 and infected with vNDV (lethal challenged) showing necrosis of some neurons and neuronophagia. (T) Brain of control chicken showing no histopathological changes. (All images were stained with H&E and are imaged at x400).



Owing to association of IFIT5 mediated induction of innate immunity (10, 13), we next investigated whether the improved protection in transgenic chickens was mediated by the innate immunity. For this purpose, total RNA was extracted from trachea, because both viruses can cause respiratory signs, and expression levels of five innate immune genes were determined. These genes were chosen based on their expression dynamics against viruses, and existing assays (1). Direct comparison of expression of innate immune genes indicated non-significant differences between transgenic (over-expressing chIFIT5) and non-transgenic (mock expressing) (Supplementary Table 1). These differences were not only noticed in vNDV challenged birds, which show enhanced protection but also in HPAIV-challenged birds, that were susceptible to influenza infections. These results propose that chIFIT5-confered protection was not associated with the induced innate immune responses and may link to direct antiviral affect of chIFIT5 (5, 9).




DISCUSSION

Poultry production is crucial for economy and food security for growing global human population. While the productivity of poultry has increased significantly over the years through selective breeding and improved genetics, the threats imposed by emerging and re-emerging pathogens have increased significantly especially since the introduction of intensive poultry-raising systems (25). Among these pathogens, avian viruses are at the forefront of constraints to enhanced productivity including avian influenza virus, NDV and infectious bronchitis virus amongst others. Upon infection with viruses, the innate immune responses mainly mediated by IFN-regulated proteins establish profound antiviral state in the host, and defines the gravity clinical disease outcome and associated decrease in productivity and mortalities. Avian species, especially chicken, are unique in the nature and dynamics of innate immunity (1) and are known to play crucial roles in the evolution and emergence of influenza viruses and their potential to cause infections in human (26).

Interestingly, chickens are lacking essential components of innate immune system (e.g., RIG-I, IRF3, IRF9); they yet mount profound innate immune responses against virus infections (1). Efforts have been made to delineate underlying molecular factors that uniquely control the virus-mediated innate immune-induction and have provided mechanistic insights, which differ between avian and mammals. Further understanding the alternative means immune regulation and antiviral defenses in chicken could establish the foundation to control avian viral disease and the chicken-mediated emergence of zoonotic infections such as influenza viruses (26).

Recently, in an effort to explore the functional implication of IFIT proteins in chickens, we reported that chicken encodes single IFIT5 proteins compared to several in humans and mice. This highly virus- and IFN-inducible protein interacted with RNA carrying a triphosphate group on its 5′ terminus (ppp-RNA) (5). These structures are present in the native form of negative sense viral genomics RNA. It is hypothesized that the interaction of IFIT5 with the 5′-ppp containing viral RNA potentially interferes with the transcription and subsequent translation of viral proteins (5). These interferences cooperatively impact negatively on the replication kinetics of RNA viruses. Most of these studies we conducted either in the cell culture models or in ovo, highlighting the potential of chIFIT5 as essential host antiviral restriction factor. To further investigate the antiviral activity of IFIT5 in vivo, we generated mosaic transgenic chicken that stably and constitutively express chIFIT5. These chickens were used to test the antiviral impact of IFIT5 on two highly pathogenic viruses; HPAIV and vNDV.

The mosaic transgenic chickens overexpressing chIFIT5 provided strong evidences that this cytokine possesses profound antiviral activities in vivo. These antiviral actions were sufficient to fully protect chicken against dose of viruses that otherwise cause clinical disease signs in chickens. Since the virus load in the field condition varies and the exposure of chickens to environmental stress contributes to the virus-induce pathologies, we additionally assess the impact of chIFIT5 overexpression on the pre-determined lethal dose (an amount virus dose that cause server disease and mortality in chickens). While over expression of chIFIT5 alone seems insufficient in affording complete protection from morbidity and mortality when challenged with “lethal dose (105-106 EID50)” of viruses. Nevertheless, the clinical outcome was substantially ameliorated when transgenic chickens were challenged with “clinal dose 104-105 EID50.” Furthermore, the results clearly ruled out the possibility that pre-exposure with “clinical dose” may have induced adaptive immune responses masking the impact of “lethal dose” on clinical outcome. These evidences clearly highlight the potential of innate immune in conferring resistance against HPAIV and vNDV.

It is noteworthy to mention that the protective role of chIFIT5 was assessed against two highly virulent viruses; highly pathogenic IAV and velogenic NDV. Both can cause up to 100% mortality in infected flocks. Therefore, it is plausible to hypothesize that the chIFIT5-alleviated morbidity against these highly pathogenic viruses may propose relatively profound impacts against viruses that are relatively less virulent, cause only clinical disease and low mortality. Additionally, vaccination of chIFIT5-expressing transgenic chicken may provide additional resistance to viruses, which warrant future investigation.

The challenge to generate transgenic chickens was mitigated by the use of RCAS-based retroviral gene transfer system. Based on previous studies (20, 27) and our recent report (5), retroviral-mediated transgene expression has been proposed as a convenient, economical and less laboratory-intensive system. Our in vitro investigation and in ovo assessments further confirmed the expression of transgenes in developing embryos and chicks. Additionally, we used qPCR to specifically detect chIFIT5 in tracheal RNA which is not only demonstrating the successful transgenesis but also re-enforcing our previous finding (5) that dictate the predominant expression of RCAS-mediated gene delivery in epithelial-enriched organs. While the RCAS-vector system is an efficient approach, it is by no means substitute for the genome edited-based (TALEN or CRISPR) transgenesis. It is therefore feasible that the phenotypic effect of chIFIT5 as antiviral may be profound in knocked-in primordial germinal cells and CRISPR/Cas9-generated transgenic chickens.

Overexpression of chIFIT5 has not only alleviated the manifestation of clinical disease signs in HPAIV and vNDV infected chickens but also reduced the viruses-induced pathological lesions and virus shedding. Since RCAS-based retroviral gene transfer system is predominantly effective in organs that are rich in endothelial cells (20, 27), we reasoned the complete blockage of virus shedding in trachea. This substantially reduced virus shedding correlated with the improved tracheal tissue health, which may highlight the expression and functional importance of chIFIT5 in mucosal surfaces. However, further investigations are warranted to ensure the enriched expression of this host factor in tracheal lining and its subsequent impact on virus replication. While a reduced body weight in transgenic chicks at hatching was observed, hatched chicks regained the weight swiftly and obtained comparable sizes to non-transgenic chicks. It requires additional investigations to fully delineate the mechanisms of this retarded embryo development; there are feasibilities that transgenically over-expression of the IFIT5 may interfere physiological and developmental processes of the chick. A single IFIT5 in chicken, compared to four or more in mammals, may likely to be restricted with its biological activities or may propose unconventional functions, which require future investigations.

Since previous reports (10, 13) indicate that human IFIT5 can positively regulate innate immune responses and hence inhibits viruses, we mapped chicken innate immune genes (n = 5; Mx, IFN-β, Viperin, IFI35, ADAP2) in transgenic chickens that were over-expressing chIFIT5. A non-significant difference was observed between transgenic and non-transgenic chicken. These finding propose existence of additional mechanisms that dictate the antiviral actions of chIFIT5 such as interaction with 5'-RNA and sequestration of viral RNA (5, 9, 10). Moreover, due to missing of additional IFIT genes in chicken (5), it is also plausible that chicken IFIT5 might carry functional plasticity for antiviral activities compared to human IFIT5, which require further research to delineate these mechanisms.

Taken together, we characterized the function of chIFIT5 in chicken and systemically analyzed the functional rationale for antiviral activities of chIFIT5 against RNA viruses using transgenic animal model. These finding propose the potential of innate immune in conferring resistance in chicken against viruses and provide evidences to generate future virus-resistance transgenic chicken for food security and to hamper transmission of zoonotic viruses to human.
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Ebolavirus (EBOV) life cycle involves interactions with numerous host factors, but it remains poorly understood, as does pathogenesis. Herein, we synthesized 65 siRNAs targeting host genes mostly connected with aspects of the negative-sense RNA virus life cycle (including viral entry, uncoating, fusion, replication, assembly, and budding). We produced EBOV transcription- and replication-competent virus-like particles (trVLPs) to mimic the EBOV life cycle. After screening host factors associated with the trVLP life cycle, we assessed interactions of host proteins with trVLP glycoprotein (GP), VP40, and RNA by co-immunoprecipitation (Co-IP) and chromatin immunoprecipitation (ChIP). The results demonstrate that RNAi silencing with 11 siRNAs (ANXA5, ARFGAP1, FLT4, GRP78, HSPA1A, HSP90AB1, HSPA8, MAPK11, MEK2, NTRK1, and YWHAZ) decreased the replication efficiency of trVLPs. Co-IP revealed nine candidate host proteins (FLT4, GRP78, HSPA1A, HSP90AB1, HSPA8, MAPK11, MEK2, NTRK1, and YWHAZ) potentially interacting with trVLP GP, and four (ANXA5, GRP78, HSPA1A, and HSP90AB1) potentially interacting with trVLP VP40. Ch-IP identified nine candidate host proteins (ANXA5, ARFGAP1, FLT4, GRP78, HSPA1A, HSP90AB1, MAPK11, MEK2, and NTRK1) interacting with trVLP RNA. This study was based on trVLP and could not replace live ebolavirus entirely; in particular, the interaction between trVLP RNA and host proteins cannot be assumed to be identical in live virus. However, the results provide valuable information for further studies and deepen our understanding of essential host factors involved in the EBOV life cycle.
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INTRODUCTION

Ebolavirus (EBOV) is a single-stranded, negative-sense RNA virus with a heterogeneous filamentous structure (Jun et al., 2015) that was first reported in 1976 as the cause of Ebola viral disease (EVD) in humans and other primates (Johnson et al., 1977). Five different EBOVs have been defined: Ebola virus (EBOV, previously known as Zaire ebolavirus), Sudan virus (SUDV), Bundibugyo virus (BDBV), Taï Forest virus (TAFV) and Reston virus (RESTV) (Kuhn, 2017). The EVD epidemic from December 2013 to March 2016 in Western Africa was caused by EBOV, and was associated with >28,000 cases and >11,000 deaths in 11 countries (Ajisegiri et al., 2018).

Although numerous studies have been devoted to EVD therapeutics, such as immune-based treatments and small molecule inhibitors, and considerable progress has been made (Fabozzi et al., 2011; Oestereich et al., 2014; Wolf et al., 2015; Sissoko et al., 2016), the molecular basis of the EBOV life cycle and its relevance to pathogenesis remain poorly understood. For example, the mechanisms, proteins and receptors mediating viral entry, the host enzymes triggering and accelerating uncoating and virus fusion, and the host factors facilitating VP40 oligomerisation and association of VP40 with the inner leaflet remain largely unknown (Johnson et al., 2016; Gc et al., 2017; Younan et al., 2017; Kurosaki et al., 2018).

To model the EBOV life cycle using a safe method, a series of trVLPs have been developed (Hoenen et al., 2014). These trVLPs could express the EBOV proteins required for genome replication and transcription to model EBOV life cycles under biosafety level 2 conditions. Based on the EBOV life cycle in host cells, and on previous RNAi screening that identified filovirion-associated and secretory pathway-related host factors (Spurgers et al., 2010; Simpson et al., 2012; Sakurai et al., 2015), we herein synthesized siRNAs targeting host genes connected to membrane traffic machinery, endoplasmic reticulum-Golgi recycling, inhibition of secretion, and lipid droplet formation, and assessed their role in the EBOV life cycle. These genes are mostly connected with virus life cycle, specifically viral entry, uncoating, fusion, replication, assembly and budding.

In the EBOV life cycle, GP is critical for EBOV entry, uncoating and fusion processes (Nanbo et al., 2010; Takada, 2012), while VP40 also plays a crucial role in EBOV assembly and budding (Dessen et al., 2000; Balmith and Soliman, 2017), and both proteins engage in important interactions with host cellular and plasma membranes. Thus, host factors that exert a significant influence on the EBOV life cycle were identified by RNAi silencing, and interactions between EBOV GP, VP40, and nucleic acids were evaluated by Co-IP or ChIP. This is the first systematic survey of host factors that affect the EBOV life cycle, demonstrating interactions between host proteins and EBOV GP, VP40 and RNA.



MATERIALS AND METHODS

Cell Line and Plasmids

Human embryonic kidney (HEK) 293T cells were cultured in DMEM (Thermo Fisher, Waltham, MA, United States; Cat# 10566016) containing 10% FBS (Gibco, Waltham, MA, United States; Cat# 10099141), 2 mM L-glutamine (Life Technologies, Waltham, MA, United States; Cat# 25030081), and 1% penicillin- streptomycin (Life Technologies; Cat# 10378016) at 37°C with 5% CO2. Plasmids pCAGGS-VP30, pCAGGS-VP35, pCAGGS-NP, pCAGGS-L, p4cis-vRNA-RLuc, pCAGGS-Tim1, and pCAGGS-T7 were kindly provided by Drs. Heinz Feldmann and Thomas Hoenen, Rocky Mountain Laboratories, National Institute of Health (NIH). Plasmid p4cis-vRNA-RLuc containing EBOV non-coding regions, a reporter gene, and three genes (VP40, GP1, 2 and VP24) involved in morphogenesis, budding and cell entry, was used to produce trVLPs. In the following experiments, all tests were carried out with EBOV trVLPs.

Production of trVLPs

Producer 293T cells (p0) in 6-well plates were transfected with plasmids encoding each EBOV structural protein (75 ng pCAGGS-VP30, 125 ng pCAGGS-VP35, 125 ng pCAGGS-NP, 1,000 ng pCAGGS-L, 250 ng p4cis-vRNA-RLuc), and pCAGGS-T7 (250 ng) encoding a Renilla luciferase reporter (Hoenen et al., 2014). Cell supernatants (200 ml) from 10 6-well plates containing released trVLPs were harvested at 72 h post-transfection, and cells and cellular debris were pelleted by gentle centrifugation at 175 × g. The supernatant was then used to infect target 293T cells (p1) previously transfected with RNP components (125 ng pCAGGS-NP, 125 ng pCAGGS-VP35, 75 ng pCAGGS-VP30, 1,000 ng pCAGGS-L, 250 ng pCAGGS-Tim1) (Hoenen et al., 2014). Target 293T cells (p2–p5) were treated in a similar manner. Cleared supernatants (33 ml) in 2 ml of 20% sucrose from the bottom of each tube were centrifuged at 125,000 × g in a SW-28 rotor for 3 h at 4°C. The resulting pellets were resuspended in 100 μl ice-cold NTE buffer (10 mM Tris pH 7.5, 100 mM NaCl, 1 mM EDTA) by tapping gently about 100 times, and trVLPs were stored on ice or in a refrigerator at 4°C until use.

Determining the 50% Tissue Culture Infective Dose (TCID50) of trVLPs

To determine the TCID50 values of trVLPs, CPEs were observed using microscopy, and the results from each dilution were used to calculate TCID50 values using the Reed–Muench method (Ramakrishnan, 2016). After harvest, trVLPs were 10-fold serially diluted with DMEM at concentrations ranging from 10-1 to 10-10. Attenuated trVLPs (100 μl) were added to eight wells in each row of a 96-well plate, and 293T cell suspension (100 μl) was added to each well to a final cell density of 2 × 105 cells/ml. Additionally, 293T cells not infected with trVLPs were included as controls. CPEs were observed and recorded each day for 7 days, and TCID50 values were calculated according the Reed–Muench method, giving a value of 103.76/0.1 ml (detailed data are listed in Supplementary Table S1).

Electron Microscopy (EM) Analysis of trVLPs

Purified trVLPs were pipetted onto a 300-mesh copper grid coated with carbon film, incubated for 5 min at room temperature, and grids were washed twice with distilled water and negatively stained for 15 s with 1% uranyl acetate. Excess liquid was removed with a filter paper and trVLPs were visualized under a Hitachi H7000 transmission electron microscope.

Imaging of DiI-Labeled trVLP Internalization in Live 293T Cells

Purified trVLPs (∼100 μg viral protein) were resuspended in NTE buffer a final volume of 1 ml and 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI, dissolved in ethanol to a final concentration of 10 μM; Invitrogen, Waltham, MA, United States; Cat# D282) was added and mixed thoroughly. The mixture was shaken gently for 1 h at room temperature then passed through a 0.22 μm filter (Millipore, Darmstadt, Germany; Cat# SLGP033RB). HEK 293T cells cultured in 8-well chamber slides with removable wells were mixed with 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen; Cat# P36931) at 10 μg/ml for 10 min to stain nuclei, and 293T cells were then incubated with DiI-labeled trVLPs at 4°C for 10 min and washed with PBS. The internalization of DiI-labeled trVLPs in 293T cells was imaged at different times from 10 to 60 min at 37°C on the stage of a fluorescence microscope.

Selection of Candidate Genes

To select host factors that are potentially related to various stages of the EBOV life cycle (including viral entry, uncoating, fusion, replication, assembly and budding), we chose host genes that are associated with membrane traffic machinery, endoplasmic reticulum-Golgi recycling, inhibition of secretion, and lipid droplet formation. For example, the knockdown of FLT4, RAB11B, and PLCH1 resulted in high-level secretion inhibition; GOSR1, LTK, and CNKSR1 are linked to endoplasmic reticulum-Golgi recycling; VAMP2, RAB11B, and COPG are membrane traffic machinery-related molecules (Simpson et al., 2012); HSPA8, HSP90AB1, and ANXA5 are believed to be related to filamentous virus (Spurgers et al., 2010). A total of 65 genes probably associated with the EBOV life cycle or virus life cycle-related functions (Spurgers et al., 2010; Simpson et al., 2012; Sakurai et al., 2015) were selected according to preliminary screening. Details and references for these genes are listed in Supplementary Table S3.

SiRNA Screening and trVLP Infection

SiRNAs targeting the 65 selected genes were designed and three sequences were synthesized for each gene. To choose the most efficient sequence for RNA interfere (RNAi), the gene knockdown efficiency of each sequence was evaluated by quantitative PCR, with the 18sRNA gene as a control. Values were calculated using the 2-ΔΔCt method, and the smaller the value, the higher the knockdown efficiency. The most efficient siRNAs were chosen for RNAi screening tests (data listed in Supplementary Table S2), and details of each chosen siRNA are included in Supplementary Table S3. In 24-well plates, 100 μl of opti-MEM medium (Invitrogen; Cat# 31985070) containing 1.4 μl siRNA and 4.5 μl HiPerFect transfection reagent (Qiagen, Dusseldorf, Germany; Cat# 301705) was added to each well and plates were shaken gently for 1 min. After 10 min incubation at room temperature, a cell suspension (400 μl) containing 1 × 105 cells was added to give a final siRNA concentration of 75 nM. Cells were incubated at 37°C and 5% CO2 for 48 h, washed with PBS, and infected with trVLPs (TCID50 = 102.76/0.01 ml) for 48 h. Negative control siRNA (Qiagen; Cat# 1027310) served as a control.

RNA Extraction and Quantitative Real-Time Reverse Transcription PCR (qRT-PCR)

After trVLP infection, 293T cells in 24-well plates were washed with PBS, and total RNA was extracted from cells using TRIzol (Invitrogen; Cat# 15596018) according to the manufacturer’s instructions. qRT-PCR was performed with a EBOV nucleic acid test kit (Zhijiang Bio-tech, Shanghai, China; Cat# QR-0220-02) on an ABI 7500 qPCR system (45°C for 10 min and 95°C for 15 min, followed by 45 cycles at 95°C for 15 s and 60°C for 30 s). The positive control, provided in the kit, was serially diluted over three orders of magnitude, and the absolute quantity of EBOV RNA (copy/ml) was calculated using the comparative Ct method and a standard curve. All qRT-PCR experiments were performed in triplicate and repeated independently three times.

Antibodies

Antibodies recognizing HSP70 (HSPA1A; Cat# 4873S), HSP90β (HSP90AB1; Cat# 5087S), MEK1/2 (Cat# 9122S), ARFGAP1 (Cat# 14522S) and Trk (NTRK1; Cat# 92991S) were purchased from Cell Signaling Technology (Danvers, MA, United States). Antibodies recognizing MAPK11 (Cat# ab183208), VEGF Receptor 3 (FLT4; Cat# ab10284), Annexin V (ANXA5; Cat# ab54775), GRP78 (HSPA5; Cat# ab21685), GAPDH (Cat# ab8245), and Ebola virus GP (Cat# ab1918) were purchased from Abcam (Cambridge, United Kingdom). Antibodies recognizing 14-3-3 zeta/beta (YWHAZ; Cat# NB100-1964) and Hsc70 (HSPA8; Cat# NBP2-12880) were purchased from Novus Biologicals (Littleton, CO, United States). Antibody recognizing Ebola virus VP40 (Cat# sc-51872) was purchased from Santa Cruz Biotechnology (Dallas, TX, United States). Antibodies against HSPA1A, HSP90AB1, MEK1/2, ARFGAP1, NTRK1, MAPK11, FLT4, and GRP78 were rabbit-derived IgGs. Antibodies against ANXA5, YWHAZ, and HSPA8 were mouse-derived IgGs. Normal mouse IgG (Cat# SC-2025) and normal rabbit IgG (Cat# SC-2027) were obtained from Santa Cruz Biotechnology and used as isotype controls in immunoprecipitation tests.

Co-IP and Immunoblot Analysis

HEK 293T cells in 12-well plates were infected with trVLPs (TCID50 = 103.76/0.1 ml) for 48 h and whole-cell extracts were prepared followed by incubation overnight with appropriate antibodies recognizing host proteins plus Protein G beads (GE Healthcare, Uppsala, Sweden; Cat# 28-9440-08). Antibodies mixed with Protein G beads and normal cell/extracts without trVLPs, and Protein G beads mixed with trVLP-treated cell extracts without antibodies, were included as control groups. Beads were then washed five times with low-salt lysis buffer, and immunoprecipitates were eluted with 2× SDS Loading Buffer and resolved by SDS-PAGE. Proteins were transferred to PVDF membranes and further incubated with anti-GP or VP40 antibodies. Proteins of interest were detected with the Super Signal West Pico chemiluminescent substrate (Thermo Fisher; Cat# 34580). To confirm that siRNAs interfered with the expression of target proteins in a specific manner, immunoblot analysis of target host proteins was performed after siRNA transfection. Meanwhile, to confirm the specificity of the antibodies, target host proteins, GP, and VP40 proteins from the above extracts were tested before and after Co-IP separately (normal mouse or rabbit IgG served as isotype controls). The housekeeping protein GAPDH was used as an internal control for immunoblot analyses.

Chromatin Immunoprecipitation (ChIP)

After infection of trVLPs (TCID50 = 102.76/0.01 ml) for 48 h, HEK 293T cells in 12-well plates were fixed with 1% formaldehyde for 10 min, and glycine (Thermo Fisher; Cat# 28363) was added to terminate the cross-linking reaction. Whole-cell extracts were then prepared using a Simple ChIP Enzymatic Chromatin IP Kit (Cell Signaling Technology; Cat# 9003) following the manufacturer’s instructions with appropriate antibodies recognizing host proteins, and normal mouse or rabbit IgGs served as isotype controls. Beads were then washed and cross-linking substances were unlocked according the ChIP kit instructions. Purified nucleic acids were then amplified by qPCR with a qPCR Probe Kit (Vazyme Biotech, Nanjing, China; Cat# Q2223-01). Primers and probe were designed according to the sequence of Zaire ebolavirus isolate Homo sapiens-wt/GIN/2014/Gueckedou-C05 (GenBank No. KJ660348.2) as follows: EN-Z-F, ATGATGGARGCTACGGCG; EN-Z-R, TGCCCTCTGTATGCTGGCCCT; EN-Z-P, CCARAGTTACTCGGAAAACGGCATG.

Sequencing Analysis

The PCR products amplified from ChIP samples were purified by agarose gel electrophoresis, recycled, and sequenced by the Sanger chain termination method. Genotypes were attributed using BioEdit software (Ibis Biosciences, Carlsbad, CA, United States) for allelic discrimination.

Statistical Analysis

Data in normal distributions are presented as the mean ± standard deviation (Kim et al., 2018). Student’s t-tests (two-tailed, paired or unpaired t-tests with Welch’s correction), and multiple comparisons were performed where appropriate. All analysis was performed with Graphpad Prism 5 (GraphPad Software, United Kingdom) and differences between group means with p < 0.05 were considered statistically significant.



RESULTS

EBOV-trVLPs Successfully Simulate Authentic Ebola Virions

EBOV-trVLPs synthesized as described above displayed a filamentous-like morphology with a diameter of 100–500 μm as visualized by EM (Figure 1A). Meanwhile, internalization and tracking of DiI-labeled trVLPs in live 293T cells visualized by fluorescent microscopy indicated that trVLPs gradually translocated into the cytoplasm over time (Figure 1B). It has been reported that filamentous viruses, including authentic EBOV, are internalized into cells following stimulation of the macropinocytosis pathway, while spherical pseudotype virions are internalized via the endocytosis pathway (Nanbo et al., 2010). In our present study, trVLPs are filamentous virions, hence we presumed that trVLPs would be internalized via the macropinocytosis pathway.
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FIGURE 1. Visualization and identification of ebolavirus transcription- and replication-competent virus-like particle (EBOV-trVLP). (A) Visualization of ebolavirus (EBOV) transcription- and replication-competent virus-like particles (trVLPs) by electron microscopy (EM). trVLPs were purified by ultracentrifugation using a 20% sucrose gradient and particles were visualized by EM after negative staining. The arrow indicates filamentous-like viral particles. (B) Internalization and tracing of 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI)-labeled trVLPs at 5, 10, 15, and 20 min after infecting 293T cells by fluorescence microscopy (indicated by yellow arrows).



SiRNA Knockdown of Host Factors Decreases Replication of trVLPs

To identify factors associated with the life cycle of trVLPs, siRNAs targeting 65 selected genes were tested in 293T cells infected with trVLPs in triplicate by qRT-PCR. The results showed that siRNA knockdown of ANXA5, ARFGAP1, FLT4, GRP78, HSPA1A, HSP90AB1, HSPA8, MAPK11, MEK2, NTRK1, and YWHAZ efficiently inhibited trVLP replication (p < 0.05; Figure 2A). To confirm that these siRNAs interfered with the expression of target proteins in a specific manner, we measured the levels of target proteins by western blot analysis, and this demonstrated significant interference for each target protein as expected (Figure 2B). The results suggest that these host proteins are highly likely to participate in the trVLP life cycle, and may perform critical roles. In addition, the results from the siRNA knockdowns of other host proteins suggest that they do not interfere with trVLP replication (Supplementary Figure S1).
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FIGURE 2. RNAi screening of host factors related to EBOV-trVLP life cycle and further validation and analysis. (A) RNAi silencing analysis of host factors required for the EBOV trVLP life cycle. A 100 μl sample of opti-MEM medium containing 1.4 μl siRNA and 4.5 μl HiPerFect was placed in 24-well plates, and a cell suspension (400 μl) containing 1 × 105 cells was added to give a final siRNA concentration of 75 nM. After incubation for 48 h, cells were infected with trVLPs for another 48 h, total RNA was extracted, and the absolute quantity of EBOV RNA was measured using a EBOV nucleic acid test kit. All qRT-PCR experiments were performed in triplicate and repeated three times independently. Cells not transfected with siRNA but infected with trVLPs served as a blank control; cells transfected with isotype siRNA and infected with trVLPs served as a negative control. Eleven siRNAs targeting HSPA1A, HSP90AB1, ARFGAP1, ANXA5, YWHAZ, MAPK11, NTRK1, FLT4, GRP78, MEK2, and HSPA8 inhibited trVLP replication effectively. ∗p < 0.05, ∗∗p < 0.01. (B) Western blot analysis of each target protein after siRNA transfection. The 11 target proteins were all expressed at much lower levels following transfection with the relevant siRNA. Normal 293T cells and cells transfected with isotype siRNAs served as controls. (C) Characterization of selected networks of candidate host proteins that may be important for regulating the trVLP life cycle. Interactions of the 11 host proteins were assessed using the GeneMANIA interaction database, and their functions were evaluated in association with cytoplasmic vesicle membranes, mitochondrial membranes, mitochondria, antigen binding, the COP9 signalosome, and phospholipid binding.



Among these selected candidate host factors, four are chaperones (HSPA1A, HSP90AB1, HSPA8, and GRP78), four are involved in plasma and/or endosome membrane trafficking (ANXA5, ARFGAP1, FLT4, and NTRK1), and three play important roles in signal transduction pathways (MAPK11, MEK2, and YWHAZ). Further bioinformatic analysis by GeneMANIA revealed that these candidate host factors were markedly enriched in gene categories associated with 14-3-3 protein families [such as YWHAZ, YWHAE and YWHAQ)], annexin families (including ANXA1, ANXA4, and ANXA5), heat shock protein (HSP) families (e.g., HSPA1A, HSP90AB1, GRP78, and HSPA8), and MAP kinase families (including MAPK11 and MAP2K2; Figure 2C). The analysis also indicated that candidate host factors are associated with cytoplasmic vesicle membranes, mitochondrial membranes, mitochondria, the COP9 signalosome, and phospholipid binding, and strongly connected with antigen binding, viral endocytosis, transportation, anti-virus responses, and viral budding.

Since GP and VP40 proteins perform critical functions in the EBOV life cycle and since both interact with host cell membranes, we performed Co-IP and Ch-IP assays to validate host protein-GP/VP40 and host protein-trVLP nucleic acid interactions.

Candidate Host Proteins Interact With trVLP GP

Antibodies recognizing the 11 host proteins were incubated overnight with Protein G beads and cell extracts infected with trVLPs described above. Immunoblot analysis was then carried out with anti-GP antibody, and the results demonstrated that nine host proteins (FLT4, GRP78, HSPA1A, HSP90AB1, HSPA8, MAPK11, MEK2, NTRK1, and YWHAZ) interacted with GP, whereas ARFGAP1 and ANXA5 did not appear to interact with GP (normal mouse or rabbit IgG served as isotype controls; Figure 3A). Meanwhile, immunoblot analyses of the 11 target host proteins before and after IP indicated a high degree of specificity for those antibodies, further verifying the interactions between GP and candidate host proteins (Figures 3B,C).
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FIGURE 3. Co-immunoprecipitation (Co-IP) and immunoblot analysis of interaction between target proteins and EBOV-trVLP glycoprotein (GP). (A) Co-IP and immunoblot analysis of EBOV trVLP GP. Extracts from HEK 293T cells infected with trVLPs were incubated with antibodies recognizing candidate host proteins plus Protein G beads; pulled-down proteins were detected by western blotting using anti-GP antibody. HSPA1A, MAPK11, NTRK1, GRP78, FLT4, HSPA8, MEK2, HSP90AB1, and YWHAZ interact with GP, whereas ARFGAP1, ANXA5, and isotype controls do not. Extracts incubated with Protein G beads without antibody, and antibodies mixed with Protein G beads and normal cell extracts without trVLPs served as controls. (B) Immunoblot analysis of the 11 target proteins before IP and (C) after IP. Samples were prepared as described above.



Candidate Host Proteins Interact With trVLP VP40

Next, interactions of the 11 candidate host proteins with VP40 were tested by incubating antibodies recognizing the 11 host proteins overnight with Protein G beads and trVLPs-treated cell extracts. Western blotting with anti-VP40 antibody indicated that ANXA5, GRP78, HSPA1A, and HSP90AB1 interacted with VP40, whereas ARFGAP1, HSPA8, MAPK11, MEK2, FLT4, NTRK1, and YWHAZ did not interact with VP40 (normal mouse or rabbit IgG served as isotype controls; Figure 4A). Immunoblot analyses of the 11 candidate host proteins before and after IP confirmed the specificity of those antibodies, as well as interactions between VP40 and candidate host proteins (Figures 4B,C).
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FIGURE 4. Co-immunoprecipitation and immunoblot analysis of interaction between target proteins and EBOV-trVLP VP40. (A) Co-IP and immunoblot analysis of EBOV trVLP protein 40 (VP40). Extracts from HEK 293T cells infected with trVLPs were incubated with antibodies recognizing candidate host proteins plus Protein G beads, and pulled-down proteins were detected by western blotting using anti-VP40 antibody. HSP90AB1, ANXA5, HSPA1A, and GRP78 interact with VP40, whereas ARFGAP1, YWHAZ, MAPK11, NTRK1, FLT4, MEK2, HSPA8, and isotype controls do not. Extracts incubated with Protein G beads without antibody, and antibodies mixed with Protein G beads and normal cell extracts without trVLPs served as controls. (B) Immunoblot analysis of the 11 target proteins before IP and (C) after IP. Samples were treated as described above.



Candidate Host Proteins Interact With trVLP RNA

Since interactions between virus RNA and host proteins are likely to be essential for viral replication, we next investigated whether trVLP RNA interacts with the candidate host proteins using Ch-IP assays and purified nucleic acids by qPCR and DNA sequencing. BLAST analysis of the sequencing results indicated that sequences from nine antibodies recognizing candidate host proteins (HSP90AB1, ANXA5, ARFGAP1, FLT4, GRP78, HSPA1A, MEK2, NTRK1, and MAPK11) were consistent with Zaire ebolavirus (GenBank No. KJ660348.2; Figure 5). HSPA8, YWHAZ, and isotype controls did not recognize trVLP RNA.
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FIGURE 5. Chromatin immunoprecipitation (ChIP) and DNA sequencing analysis of EBOV trVLP nucleic acids. Extracts from HEK 293T cells infected with trVLPs were processed and pulled down using a Chromatin IP Kit with antibodies recognizing candidate host proteins. Purified nucleic acids were amplified by qPCR, and products were sequenced by the Sanger chain termination method. Genotypes were attributed and compared with the Zaire ebolavirus sequence (GenBank No. KJ660348.2) using BioEdit software. Samples from HSP90AB1, ANXA5, ARFGAP1, FLT4, GRP78, HSPA1A, MEK2, NTRK1, and MAPK11 are consistent with sequences from EBOV, while HSPA8 and YWHAZ are not. Isotype negative controls were included.





DISCUSSION

A better understanding of the mechanisms of the EBOV life cycle and host–virus interactions (including protein–protein and protein–RNA interactions) would greatly assist the elucidation of EBOV pathogenesis and therapeutic development. Herein, we identified 11 candidate host proteins by RNAi silencing that appear to function in the EBOV-trVLP life cycle among 65 host factors presumed to be associated with the virus life cycle and secretary pathways. Meanwhile, we measured candidate host protein levels after RNAi by western blot analysis, and the results revealed significant interference effects and confirmed the specificity of RNAi silencing. Bioinformatic analysis by GeneMANIA indicated that these candidate host proteins belong to the following families: (1) HSPs that participate in a wide variety of cellular processes, including activation of proteolysis, protecting the proteome against stress, infection, and transport of newly synthesized polypeptides (Alvarez-Sanchez et al., 2015; Chaudhary et al., 2016; Heck et al., 2017); (2) 14-3-3 protein families that bind a number of signaling proteins including kinases, phosphatases and transmembrane receptors (Radhakrishnan et al., 2012; Obsilova et al., 2014; Aghazadeh and Papadopoulos, 2016); (3) Annexin families that are involved in trafficking and organization of endocytosis, vesicles, exocytosis, and calcium ion channel formation (Grieve et al., 2012; Kuehnl et al., 2016); (4) MAP kinase families, which play critical roles in signal transduction, phosphorylation and activation of MAPK1/ERK2 and MAPK3/ERK1 pathways (Vomastek et al., 2008; Robinson and Pitcher, 2013; Cook et al., 2017). Further functional analysis confirmed that the candidate host proteins were strongly associated with cytoplasmic vesicle membranes, mitochondrial membranes, mitochondria, the COP9 signalosome, and phospholipid binding, and connected with antigen binding, viral endocytosis, transportation, anti-virus responses, and viral budding (Bech-Otschir et al., 2001; Horner et al., 2011; van Zuylen et al., 2012; Richard et al., 2015).

Heat shock protein family proteins are known to be associated with many viruses. For example, the Hsp70 chaperone network mediates the dengue virus life cycle, GRP78 is a potential defensive molecule against hepatitis A virus replication, and Hsp90 controls reactivation of human immunodeficiency virus type 1 from latency (Anderson et al., 2014; Taguwa et al., 2015; Vashist et al., 2015; Jiang et al., 2017). Meanwhile, filovirion studies showed that HSP70 family proteins are associated with Ebola virus (Nelson et al., 2017), consistent with our current results. Members of 14-3-3 protein families are also connected with viral infection, since they mediate signaling pathways and interactions during viral dsRNA stimulation and advanced antiviral innate immune responses (Ohman et al., 2010; Ohman et al., 2014). However, interactions of 14-3-3 proteins with EBOV have not been reported previously. Similarly, annexin family proteins also interact closely with RNA viruses such as measles virus and H5N1 avian influenza virus (Ma et al., 2017; Koga et al., 2018), but interactions with EBOV have not been reported previously. MAP kinases are essential in signal transduction and involved in numerous virus life cycle events, including in EBOV (Strong et al., 2008; Johnson et al., 2014), but the detailed mechanisms of interactions between MAP kinases and EBOV remain ambiguous.

To confirm the interactions of candidate host proteins with EBOV, Co-IP, and Ch-IP were performed. The results revealed that HSPA1A, HSP90AB1, HSPA8, MAPK11, NTRK1, MEK2, FLT4, GRP78, and YWHAZ interacted with EBOV GP. Meanwhile, immunoblot analyses of the 11 target host proteins before and after IP confirmed the high degree of specificity for those antibodies, and specific interactions between GP and candidate host proteins. Four of these proteins belong to HSP families, which are involved in a variety of cellular functions, and some of the others function in plasma and/or endosome membrane trafficking and signal transduction pathways. These results are consistent with the functions of EBOV GP, which is critical for EBOV cell entry, and uncoating and fusion processes occurring at the cell membrane through the endosomal pathway. Protein interactions can involve various mechanisms including subunit polymerization, cross polymerization, and molecular recognition. However, the detailed mechanisms of the interactions between GP and host proteins remain unclear. Meanwhile, it is worth noting that additional factors likely act as a bridge between the candidate host proteins and GP.

Co-immunoprecipitation and immunoblot analyses also revealed that ANXA5, GRP78, HSPA1A, and HSP90AB1 interact with VP40, and bioinformatic analysis indicated that ANXA5 engages in phospholipid binding, while GRP78 and HSP90AB1 are associated with the COP9 signalosome, which is believed to act as a scaffold to facilitate spatial sequestration for multiple interacting molecules that regulate protein stability, transcription, protein phosphorylation and intracellular distribution (Lee et al., 2013; Mosadeghi et al., 2016). The functions of these candidate host proteins are consistent with the role of VP40 in the EBOV life cycle, which presides over association with plasma membrane phosphatidylserine, the inner leaflet, and translocation of virions through the plasma membrane (Dessen et al., 2000; Balmith and Soliman, 2017). Regardless of whether the modes of interaction between the candidate host proteins and VP40 are direct, indirect, or complex, these proteins appear to be linked to the EBOV life cycle.

Interactions of host proteins with trVLP RNA were assessed, and the results indicated that HSP90AB1, HSPA1A, GRP78, ANXA5, ARFGAP1, FLT4, MAPK11, MEK2, and NTRK1 interact with trVLP RNA. Protein-RNA interactions are important for various cellular process including transcriptional and post-transcriptional regulation, and activating immune responses against virus infection (Bidet and Garcia-Blanco, 2014; Cheng et al., 2015; Borodavka et al., 2017; Cipriano and Ballarino, 2018). In the EBOV life cycle, viral nucleic acids are exposed after uncoating in the late endosome, and negative-sense RNA then acts as a template for the synthesis of positive-sense RNA, which guides transcription of viral mRNA. Host protein-virus RNA interactions are presumably crucial during the EBOV life cycle, as indicated by our results.

There were some limitations to our study. Firstly, all the experiments were based on EBOV trVLPs and HEK 293T cells, the interactions may not reflect the physiology of live EBOV. Further experiments using EBOV are therefore required to confirm these current findings. Secondly, the interaction patterns are unclear, which may work either through direct binding or through the indirect action of one or more intermediate molecules, or through the formation of protein complexes by bridge proteins. Furthermore, it is unclear which region or segment of the GP or VP40 protein interacts with the host proteins. Finally, as ebolavirus probably infects different cell types via different mechanisms, the interactions we found in 293T cells may not be relevant in other host cells, such as monocytes and hepatocytes (Kindrachuk et al., 2014; Rogers and Maury, 2018). Subsequent experiments will attempt to define the patterns of interactions, clarify the specificity and binding sites.



CONCLUSION

Analysis of EBOV life cycle-associated host factors by RNAi silencing identified four chaperones (HSPA1A, HSP90AB1, HSPA8, and GRP78), four plasma and endosome membrane trafficking molecules (ANXA5, ARFGAP1, FLT4, and NTRK1) and three signal transduction elements (MAPK11, MEK2, and YWHAZ) that may be essential for EBOV replication. Among these host proteins, nine (FLT4, GRP78, HSPA1A, HSP90AB1, HSPA8, MAPK11, MEK2, NTRK1, and YWHAZ) potentially interact with trVLP GP, four (ANXA5, GRP78, HSPA1A, and HSP90AB1) potentially interact with trVLP VP40, and nine (ANXA5, ARFGAP1, FLT4, GRP78, HSPA1A, HSP90AB1, MAPK11, MEK2, and NTRK1) participate in host protein-trVLP RNA interactions. Although EBOV trVLP cannot replace live ebolavirus entirely, and these interactions cannot be assumed to be identical in live virus, the study provides valuable foundations for further research.
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FIGURE S1 | RNAi silencing analysis of host factors that failed to inhibit ebolavirus transcription- and replication-competent virus-like particle (EBOV-trVLP) replication. Samples (100 μl) of opti-MEM medium containing 1.4 μl siRNA and 4.5 μl HiPerFect were placed in 24-well plates, and a cell suspension (400 μl) containing 1 × 105 293T cells was added to give a final siRNA concentration of 75 nM. After incubation for 48 h, cells were infected with trVLPs for another 48 h, then total RNA was extracted, and the absolute quantity of EBOV RNA was measured using an EBOV nucleic acid test kit. All qRT-PCR experiments were performed in triplicate and repeated three times independently. Cells not transfected with siRNA but infected with trVLPs served as a blank control, and cells transfected with isotype siRNA and infected with trVLPs served as a negative control.

TABLE S1 | TCID50 of trVLPs calculated by Reed–Muench method.

TABLE S2 | The gene knock-down efficiency of the most efficient siRNAs chosen for RNAi screening tests.

TABLE S3 | Information of each gene chosen for RNA interference screening tests.



ABBREVIATIONS

ChIP, chromatin immunoprecipitation; Co-IP, co-immunoprecipitation; CPE, cytopathic effect; DAPI, 4′,6-diamidino-2-phenylindole; DiI, 1,1′-Dioctadecyl-3,3,3′,3′-Tetramethylindocarbocyanine Perchlorate; DMEM, Dulbecco’s modified Eagle’s medium; EM, electron microscopy; EVD, Ebola virus disease; FBS, fetal calf serum; GP, glycoprotein; HEK, human embryonic kidney; PAGE, polyacrylamide gel electrophoresis; PBS, phosphate-buffered saline; PVDF, polyvinylidene fluoride; qRT-PCR, quantitative real-time reverse transcription polymerase chain reaction; RNAi, RNA interference; RNP, ribonucleoprotein; SDS, sodium dodecyl sulfate; TCID50, 50% tissue culture infective dose; trVLPs, transcription- and replication-competent virus-like particles; VP40, matrix protein 40; Zaire EBOV, Zaire Ebola virus.
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Transmissible gastroenteritis (TGE) has caused devastating economic losses to the swine industry worldwide, despite extensive research focusing on the pathogenesis of virus infection. The molecular pathogenic mechanism of TGEV-induced diarrhea in piglets is unknown. Intestinal diarrhea is closely related to the function of the Na+/H+ exchanger protein NHE3 in the brush border membrane of small intestine epithelial cells. The epidermal growth factor receptor (EGFR) may act to regulate NHE3 expression. In addition, EGFR may promote viral invasion of host cells. The present study aimed to determine whether NHE3 activity is regulated by altering EGFR expression to affect Na+ absorption in TGEV-infected intestinal epithelial cells. Porcine intestinal epithelial cells were used as models for TGEV infection. The results showed that Na+ absorption and NHE3 expression levels decreased in TGEV-infected cells. Proliferation of TGEV within IPEC-J2 cells could be inhibited by treatment with the EGFR inhibitor AG1478 and knockdown; resulting in recovery of Na+ absorption in TGEV infected cells and increasing the activity and expression of NHE3. Moreover, we demonstrated that NHE3 activity was regulated through the EGFR/ERK pathway. Importantly, NHE3 mobility on the plasma membrane of TGEV infected cells was significantly weaker than that in normal cells, and EGFR inhibition and knockdown recovered this mobility. Our research indicated that NHE3 activity was negatively regulated by EGFR in TGEV-infected intestinal epithelial cells.
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INTRODUCTION

Transmissible gastroenteritis (TGE), caused by transmissible gastroenteritis virus (TGEV), is one many gastrointestinal infections in piglets, characterized by diarrhea and high mortality (Wu et al., 2003). The villi of jejunum and ileum become shorter after TGEV infection, which destroys the absorption function of intestinal epithelial cells, affecting the transport of nutrients and electrolytes, and increasing the osmotic pressure in the intestinal lumen, finally leading to severe diarrhea and dehydration. Nowadays, TGEV is one of the most important diseases threatening pork production worldwide. Diarrhea in piglets is accompanied by malnutrition, low immunity, serious stunting of growth and development, and a significant reduction in survival, with a mortality rate of up to 100% (Chae et al., 2000; Kim and Chae, 2001). Therefore, a study on pathogenesis of diarrhea caused by TGEV in piglets would be beneficial to improve treatments and coping strategies to reduce the economic losses in the pig industry.

Transmissible gastroenteritis virus belongs to the coronavirus pathogens that naturally infect pigs (Goh et al., 2012). The virus is transmitted by the mouth–nose route, and appears in the epithelial cells of the intestinal mucosa and alveolar macrophages in piglets, resulting in extensive injury of the lungs under severe conditions (Sestak et al., 2008). The virus sequentially spreads in the nasal mucosa, lungs, digestive tract, and small intestine. The microvilli of the jejunum and ileum shrink sharply or even break down, decreasing the absorption area of the intestinal villi (Zhao et al., 2014). Cell membrane transporter and ion channel transporter activities in intestinal epithelial decrease, resulting in disrupted Na+ transport or an imbalance of absorption and secretion, causing substantial losses of nutrients and water-electrolytes in intestinal epithelial cells (Sun et al., 2014). As Na+ absorption decreases, the osmotic pressure of the intestine increases abnormally, resulting in malabsorption diarrhea.

Malabsorption diarrhea includes abnormal Na+ transporter activity in the brush border membrane of intestinal cells, which results in serious inhibition of Na+ absorption (Liu et al., 2014). Na+ absorption at the top of the brush border in intestinal epithelial cells of mammals is accomplished by two main pathways, including the functions of an Na+/H+ exchanger (NHE3) and an Na+/glucose co-transporter (SGLT1), in which NHE3 plays a dominant role (Coon et al., 2011). A large amount of NHE3 promotes Na+ absorption in the intestinal epithelium via an electroneutral pathway (Malakooti et al., 2014). Diarrhea is accompanied by disordered NHE3 activity.

NHE3 is a member of the third subtype of the Na+/H+ exchanger family, responsible for the stable absorption of water and Na+ in cells, and is highly expressed in the gastrointestinal tract and kidney (Zachos et al., 2005). NHE3 promotes the alternative transport of Na+/H+ between the small intestine and the apical membrane of the proximal tubule (Biemesderfer et al., 1993; Amemiya et al., 1995; Biemesderfer et al., 1997), and is responsible for the maintenance of Na+ resorption and the acid–base balance in mammals, mediating the exchange pathway of extracellular Na+ and intracellular H+ in normal physiology to promote the absorption of water in the intestinal tract (Yin et al., 2015). Knockout of the Nhe3 gene in mice resulted in a reduction of NaHCO3 resorption by proximal tubules of up to 60% (Wang et al., 2004); thus, the main source of Na+/H+ absorption in the intestinal tract of mice was ablated (Schultheis et al., 1998; Gawenis et al., 2002).

Membrane proteins on mammalian cell membranes play important roles in the uptake of water-electrolytes and nutrients. The membrane proteins on the plasma membrane are mobile within the membrane (Lin and Nie, 1985), allowing them to diffuse laterally in the lipid bilayer and move to the microvillus of the brush border membrane to perform their functions in nutrients absorption and material transport. The dynamic transport of membrane protein NHE3 has been studied using fluorescence bleaching recovery (FRAP) technology, which showed that the lysophosphatidic acid (LPA)/LPA5R signaling pathway, mediated by the epidermal growth factor receptor (EGFR), is involved in the regulation of NHE3 activity in microvilli. LPA, as an inflammatory factor, directly induces intestinal anti-secretion, and intensively stimulated NHE3 activity to inhibit secretory diarrhea induced by cholera. The FRAP results showed that LPA could increase NHE3 mobility in inflammatory bowel disease. The dynamic transport of NHE3 on intestinal microvillus was regulated by stimulating an increase in extracellular secretion (Lin et al., 2010).

To date, there have been many studies on vaccines and drugs targeted to TGEV in China; however, there have been fewer studies on the pathogenesis of TGEV, and the factors affecting diarrhea caused by TGEV in piglets remain unclear. Studies showed that diarrhea could decrease the activity and mobility of NHE3 in the intestinal microvillus (Cha et al., 2010; Lin et al., 2010), and the amount of NHE3 decreased rapidly. A few studies on the regulation of NHE3 activity have been performed under normal physiological conditions; however, the effects on the activity of NHE3 during diarrhea caused by TGEV infection have not been reported. EGFR may influence TGEV entrance, enhancing the ability of the virus to infect intestinal epithelial cells (Hu et al., 2016). In addition, EGFR is involved in the regulation of NHE3 activity during its dynamic transport. We hypothesized that in TGEV-infected cells, the dynamic transport of NHE3 would be regulated by TGEV infection. NHE3 mobility on the microvillus of the brush border membrane would be altered and NHE3 activity would be inhibited, ultimately affecting Na+ absorption in intestinal epithelial cells. It is important to explore this possible regulatory mechanism of the pathogenesis of diarrhea caused by TGEV infection in piglets.



MATERIALS AND METHODS

Cells, Viruses, and Reagents

Porcine jejunum intestinal cells (IPEC-J2) were grown at 37°C and 5% CO2 in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco, United States) supplemented with 4% fetal bovine serum (FBS, Gibco), respectively. IPEC-J2 cells were purchased from Shanghai Zishi Biotechnology. The Miller strain of TGEV was preserved in our laboratory. We selected the tyrosine kinase inhibitor AG1478 as the inhibitor of EGFR, based on amino acid sequence of EGFR from NCBI.

Experiment of Gene Silencing

Lentivival vectors (pLKO.1) purchased from Wuhan Miaoling Biotechnology designed to express short hairpin RNA (shRNA). shRNA lentiviral particles were used to designate EGFR (pLKO.1-EGFR-p-shRNA) for silencing of EGFR expression. pLKO.1-TRC was used to generate control lentivival. IPEC-J2 cells in TGEV-Infected groups and un-infected groups were prepared, respectively, to be transfected with the EGFR-specific shRNA plasmid using LipofectamineTM 3000 (Invitrogen, United States), according to the manufacturer’s instructions.

Construction of the Expression Vector

To measure NHE3 mobility in IPEC-J2 cells, the coding sequence of NHE3 (GenBank ID: XM_021077062.1) was used. On the basis of no change occurring to the amino acid sequence of NHE3, the coding sequence was amplified as a 2,511 bp fragment, with Nhe I and Hind III restriction sites inserted at the 5′ and 3′ ends, respectively. The NHE3 gene fragment was synthesized by Wuhan Miaoling Biotechnology and then cloned into vector pEGFP-N3 vector (Clontech, Mountain View, CA, United States) to assemble the full-length pEGFP-NHE3 recombinant fluorescence plasmid for FRAP measurements.

Transfection of the Recombinant Plasmid

IPEC-J2 cells were cultured on glass-bottomed 35-mm plastic culture dishes in RPMI 1640 medium (Gibco), supplemented with 5% FBS, 1% penicillin–streptomycin at 37°C in a 5% CO2. Cells were incubated in a 6-well plate for at least 24 h before transfection (60–70% confluency), and then incubated with the transfection complex containing 2.5 μg of pEGFP-NHE3 and pEGFP-N3 (Vector) in 125 μL of Opti-MEM medium mixed with LipofectamineTM 3000 (Invitrogen, United States), which was added to the cells in a dropwise manner, according to the manufacturer’s instructions. After observation under a fluorescence microscope, we determined the stable expression of the fluorescence protein. For FRAP detection, a premix comprising RPMI 1640 and 30 μM AG1478 was evenly covered on surface of the cells. After incubation for 24 h, the cells were infected with 0.1 multiplicity of infection (MOI) of TGEV per well in 6-well plates.

TCID50 Analysis

TGEV-infected cells were collected 48 h after treatment with AG1478, subjected to three cycles of freezing and thawing, diluted sevenfold from 10−1 to 10−7 consistently, and added to 96-well plates. Each dilution was added to eight replicated wells. The method of Reed and Muench was then used to calculate TCID50 of the virus for the different groups.

Flame Atomic Absorption Spectrometry

Samples to determine the intracellular and extracellular Na+ levels of IPEC-J2 were collected from the cell lysate after treatment with radioimmunoprecipitation assay (RIPA) solution and from the cell culture supernatant, respectively. Deionized water was used for all dilutions. A Na+ standard solution (10 μg/mL) was prepared by dissolving 1 mL of Na+ standard solution (1,000 μg/mL) in 100 mL of deionized water. The potassium (K) blank solution was prepared by dissolving 2.593 g of KNO3 in 50 mL of 5% HNO3, and then diluting to 500 mL with deionized water to get a 5% HNO3+K solution containing 2 mg/mL of K. The Na+ standard solution was then diluted as standard working solutions to 0.05, 0.1, 0.2, and 0.4 μg/mL. The intracellular and extracellular samples were diluted by 9.5 × 104-fold and 6 × 103-fold, respectively, to prepare for Na+ detection. The instrument conditions of the TAS-990 atomic absorption spectrometer were set as follows: Wavelength of 589 nm, negative high-voltage of 297 V, current of 2 mA, and a gas flow of 1,200 mL min−1, to measure the Na+ concentration of samples collected from different groups.

Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

Quantitative analysis of NHE3 mRNA levels in TGEV-infected cells was performed using qRT-PCR with specific primers. Samples to be tested were collected from IPEC-J2 cells after TGEV infection for different times. Total RNA was extracted using the RNAiso plus reagent (Takara, Tokyo, Japan), and single-stranded cDNA was synthesized by reverse transcription using RNA PCRTM Kit (AMV) Ver 3.0 Kit (Takara) according to the manufacturer’s instructions. Quantitative real-time PCR was then performed using SYBR Premix EX Taq II (Takara), with the following specific primers: NHE3 (Forward: 5′-GACCATCAAGCCTCTGGTGC-3′and Reverse: 5′-AATGTCCTCGATGGCCGAGA-3′), β-Actin (Forward: 5′-CTCTTCCAGCCCTCCTTCC-3′and Reverse: 5′-GGTCCTTGCGGATGTCG-3′), under the following conditions: 30 s at 95°C, and then 39 cycles of 5 s at 95°C, followed by 30 s at 60°C. Triplicate measurements were applied to calculate the average cycle threshold (Ct) for each individual test using the QuantStudioTM 3 System software (Applied Biosystems, Carlsbad, CA, United States).

Western Blot Analysis

Protein samples separated by SDS-PAGE were transferred to nitrocellulose membranes (Bio-Rad). The membranes were incubated with the following primary antibodies: rabbit polyclonal anti-NHE3 (Affinity), rabbit polyclonal anti-EGFR (Biorbyt), rabbit polyclonal anti-phospho-EGF (Tyr1068) (Cell Signaling), rabbit polyclonal anti-phospho-ERK1/2 (Thr202+Tyr204) (Bioss), rabbit polyclonal anti-β-tubulin (Proteintech), with goat anti-rabbit IgG (H+L) antibodies (Sangon Biotech) as the secondary antibody. Images of blots were obtained using a VILBER Fusion FX5 imaging system (VILBER) and the gray levels of all bands were analyzed.

Fluorescence Recovery After Photobleaching (FRAP)

Fluorescence recovery after photobleaching was used to determine the lateral mobility of pEGFP-NHE3 at the apical domain of polarized IPEC-J2 cells. IPEC-J2 cells were cultured on glass-bottomed 35-mm plastic culture dishes in RPMI 1640 medium without phenol red. The cells were then transfected using LipofectamineTM 3000 with pEGFP-NHE3, and then infected with TGEV, during which time the cells were not exposed to serum. The glass-bottomed culture dish was then placed on the microscope stage for FRAP measurement. The region of interest (ROI) used to collect signal was located in a square of the apical domain (0.3 μm) of the target cell. The mobile fraction and diffusion rate were then calculated. High laser power (100% power, 100% transmission) was used for photobleaching. Before and after bleaching, we used 20% laser power with 1% transmission to measure the fluorescence. During the measurement, the 488 nm line of a 400 mW Kr/Ar laser was used. One image was collected every 60 s, and the bleaching and recovery were set with 10 time series. The images were saved after capturing of all the time series. The fluorescence intensity of the anchoring bleached region during the whole recovery process of fluorescence bleaching was detected and analyzed by the image analysis system of the Zen blue software (ZEISS, Germany). The percentage of maximal bleached fluorescence could be calculated from the recovery rates. The intensity ratio of the fluorescence intensity before bleaching (Fi), after bleaching (F0), and during full recovery (F∞) in the bleached region were compared, and the mobile and immobile fractions of the ROI were calculated using the equation: Mf = (F∞− F0)/(Fi − F0) × 100%. In each treatment group, the data from at least five cells were used for quantification and were measured repeatedly.

Statistical Analyses

All results in the figures are presented as the mean ± the standard deviation (SD) from three independent experiments, and were analyzed using GraphPad Prism 6 software (GraphPad Inc.). For each assay, a t-test was used for statistical comparison and a p-value < 0.05 was considered statistically significant.



RESULTS

NHE3 Expression Is Related to Na+ Absorption in TGEV-Infected Cells

Research on the mechanism of diarrhea has mainly focused on the physiological activity of Na+/H+ exchange proteins (Singh et al., 2014). Under normal physiological conditions, Na+/H+ exchanger NHE3 is generally responsible for the intake of Na+ in intestinal epithelial cells. Thus, cellular Na+ absorption is determined by the NHE3 activity. In mammals, the deletion of the NHE3 gene profoundly weakened Na+ absorption. Therefore, we examined the changes in the intra- and extracellular Na+ concentration in intestinal epithelial cells using flame atomic absorption spectrometry at 0, 48, and 72 h post-TGEV infection. Compared with the control group, the extracellular Na+ concentration of the TGEV-infected group continued to increase, reaching its highest levels at 72 h post-infection (p.i.) (Figure 1A). The intracellular Na+ concentration gradually increased up to 48 h p.i., and then began to decrease in the last period (Figure 1B). By contrast, the intra and extracellular Na+ levels in the control showed almost no change, suggesting that TGEV infection affected the intra- and extracellular Na+ concentration in piglet intestinal epithelial cells. Subsequently, we examined the expression level of the NHE3 gene (Figure 1C). In IPEC-J2 cells during 72 h of TGEV infection, after an initial increase in expression, the mRNA level of NHE3 decreased to a level lower than that of the control. We then used Western blotting to study the effect of TGEV infection on level of the NHE3 protein in IPEC-J2 cell at 0, 48, and 72 h p.i. The results suggested that TGEV infection caused consistent downregulation of NHE3 levels, most significant at 72 h p.i. compared with 0 h p.i. (Figures 1D,E).
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FIGURE 1. The effect of TGEV on Na+ concentration and the relative expression of NHE3 in IPEC-J2 cells. (A,B) Intra and extracellular Na+ concentration in cells infected with TGEV at 0, 48, and 72 h post infection. (C) NHE3 mRNA expression levels were detected using qRT-PCR and normalized by the β-actin mRNA level. (D) NHE3 protein levels were analyzed by Western blotting. (E) Grayscale analysis of NHE3 relative abundance changes. ∗0.01< p < 0.05, ∗∗p < 0.01.



TGEV Invasion Is Suppressed via Inhibition of EGFR

Epidermal growth factor receptor is regarded as a transmembrane receptor for multiple viruses, including TGEV (Eppstein et al., 1985; Hu et al., 2016). To determine whether EGFR affects the process of TGEV invasion and infection of IPEC-J2 cells, we used Western blotting to assess its levels in TGEV-infected cells. We observed that the level of phosphorylated EGFR increased during TGEV infection (Figures 2C,D), especially at 72 h p.i. We then used AG1478 as an EGFR inhibitor to suppress EGFR in IPEC-J2 cells. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay showed that cell viability was not reduced after EGFR inhibition (Figure 2A), and that 30 μM was the best toxic dosage of AG1478 for IPEC-J2 cells. To study whether AG1478 could inhibit TGEV proliferation in cells, we used 30 μM AG1478 to treat cells for 24 h, followed by incubation with 104 TCID50 TGEV for 48 h. The results showed that the average viral titer of the DMSO group (infected with TGEV after treatment with 30 μM DMSO) was 106.84 TCID50/mL, and the titer of the AG1478 group (infected with TGEV after treatment with 30 μM AG1478) was 105.49 TCID50/mL, representing a reduction of 93.3% compared with that of the DMSO group (Figure 2B). These data showed that proliferation of TGEV in IPEC-J2 cells could be reduced by inhibiting EGFR.
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FIGURE 2. The role of EGFR in IPEC-J2 cells infected with TGEV. (A) MTT detection of cell viability after treatment with AG1478 at different concentrations in IPEC-J2 cells. (B) The propagation of TGEV in IPEC-J2 cells after treatment with 30 μM AG1478. (C) EGFR protein expression levels were analyzed by Western blotting. (D) Grayscale analysis for the level of phosphorylated EGFR in IPEC-J2 cells infected with TGEV at 0, 48, and 72 h post-infection. ∗0.01< p < 0.05, ∗∗p < 0.01.



Inhibition of EGFR Promotes Na+ Absorption in TGEV-Infected Cells

To further investigate the role of EGFR in Na+ absorption in TGEV-infected IPEC-J2 cells, we examined the effects of AG1478 treatment on Na+ absorption. As shown in Figure 3A, the intracellular Na+ concentration of IPEC-J2 cells was significantly increased by treatment with the EGFR inhibitor AG1478 during TGEV infection. By contrast, treatment with AG1478 significantly reduced the extracellular Na+ concentration (Figure 3B). These data showed that EGFR inhibition could restore the function of Na+ absorption in IPEC-J2 cells during TGEV infection.
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FIGURE 3. Effect of inhibition of EGFR on the intracellular and extracellular Na+ concentration in TGEV-infected cells. (A) Intracellular Na+ concentration in IPEC-J2 cells after treatment with 30 μM AG1478 or DMSO for 24 h; samples collected from the cell lysate were tested. (B) Extracellular Na+ concentration in IPEC-J2 cells after treatment with AG1478 or DMSO for 24 h; samples collected from the cell culture medium were tested. ∗0.01 < p < 0.05.



NHE3 Protein Levels Are Regulated Though the EGFR/ERK Pathway

During viral invasion of host cells, the first step is to combine with receptors on the cell membrane, and then transfer signals into cells to stimulate a series of downstream signal cascade reactions (Homma and Yasui, 1968). The transmembrane receptor EGFR can promote virus invasion of host cells and activate downstream signaling pathways, of which the most common pathway is the MAPK signaling pathway. Diarrhea weakens the Na+ absorption function of intestinal epithelial cells. Na+ absorption is primarily mediated by NHE3 in the cell membrane. Therefore, we assessed whether the activity and expression of NHE3 was regulated via activation of the EGFR/ERK signaling pathway in IPEC-J2 cells during TGEV infection. As shown in Figure 4, we chose 30 μM AG1478 and DMSO to treat cells for 24 h, respectively, and then infected them with TGEV. Meanwhile, normal cells without any treatment were regarded as the control group. As shown in Figure 4B, the NHE3 protein level in the TGEV-infected group was significantly decreased compared with that in normal cells group, and its level in the TGEV plus AG1478 group was increased compared with that in the TGEV-infected group. Compared with the control group, the level of phosphorylated EGFR or ERK in the TGEV-infected group was significantly increased (Figure 4A). However, the level of p-EGFR in the TGEV plus AG1478 group was significantly lower than that in the TGEV-infected group (Figure 4C). The level of p-ERK was also downregulated (Figure 4D). We confirmed the knockdown efficiency of EGFR (Figures 4E,F). As well as the effect of EGFR inhibitor AG1478 on NHE3 via EGFR interference, transfection of PLKO.1-EGFR-p-shRNA in IPEC-J2 cells resulted in a significant increase in NHE3 activity, comparing with the TGEV-infected group (Figure 4H), suggesting that EGFR played a role in the regulation of NHE3 activity in IPEC-J2 cells, NHE3 activity could recover in TGEV-infected group after inhibition of EGFR. On the contrary, both phosphorylation levels of EGFR and ERK were significantly decreased compared with TGEV-infected group (Figures 4I,J), as well as knockdown of EGFR reduced the phosphorylation of EGFR and ERK in the TGEV-infected cells. These results suggested that the EGFR/ERK pathway is one of the pathways that regulate NHE3 protein activity in TGEV-infected cells.
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FIGURE 4. TGEV regulated the inhibition of NHE3 via the EGFR/ERK pathway. (A) IPEC-J2 cells in corresponding groups were treated with AG1478, protein levels of NHE3, p-EGFR, EGFR, p-ERK, and ERK in TGEV-infected cells or uninfected cells were analyzed by Western blotting using specific antibodies. (B–D) Grayscale analysis of the changes in NHE3, p-EGFR/EGFR, and p-ERK/ERK levels, as analyzed using the spass software. (E,F) Knockdown of EGFR expression in IPEC-J2 cells by short hairpin shEGFR lentivirus was decreased by 57–66% in shEGFR-infected cells compared with control cells. (G) IPEC-J2 cells in corresponding groups were treated with EGFR-specific shRNA, expression levels of p-EGFR, EGFR, p-ERK, ERK, and NHE3 proteins were evaluated by Western blotting analysis. (H–J) Grayscale analysis of the changes in p-EGFR/EGFR, p-ERK/ERK, and NHE3 levels, as analyzed using the spass software. Each experiment was performed in triplicate. ∗0.01< p < 0.05, ∗∗p< 0.01.



EGFR as a Crucial Protein Controls NHE3 Mobility in Cytomembrane

Stable mobility of the brush border membrane is very important for the uptake of Na+ and water-electrolytes in the intestinal epithelium. The membrane transporter NHE3 is mainly responsible for the electrically neutral translocation of Na+/H+ in intestinal epithelial cells, and changes in the transport capacity of Na+/H+ on the brush border membrane is determined by changes in NHE3 activity. In general, NHE3 on the plasma membrane diffuses to the top of the brush border to exert its function and stimulate the Na+ absorption in the intestinal epithelium. To further identify the dynamic changes of NHE3 on the brush border membrane caused by TGEV infection in small intestinal epithelial cells, NHE3 mobility on the membrane of TGEV-infected cells after treatment with EGFR was analyzed using FRAP.

The recombinant expression plasmid pEGFP-NHE3 was transfected into IPEC-J2 cells and cultured at 37°C with 5% CO2. The stable expression of the recombinant plasmid was observed under an inverted fluorescence microscope. The transient expression of green fluorescent protein (GFP) was observed under the control of a CMV promoter. Green fluorescence was produced using a 490 nm blue wavelength under the fluorescence microscope. The recombinant fluorescent-protein was expressed stably for 48 h and reached a peak at 24–120 h after transfection, as shown in Figure 5. Untransfected normal cells showed no fluorescence. The above results indicated that recombinant fluorescent plasmid pEGFP-NHE3 was transfected into IPEC-J2 cells and expressed the EGFP-NHE3 fusion protein successfully. The period of stable EGFP-NHE3 expression was about 5 days.


[image: image]

FIGURE 5. Fluorescence observation of IPEC-J2 cells transfected with pEGFP-NHE3 (10×). IPEC-J2 cells were transfected with recombinant vector (pEGFP-NHE3) for different times (24, 48, 72, and 120 h), and examined using fluorescence/phase-contrast microscopy.



After transfection of the eukaryotic expression plasmid pEGFP-N3 into normal cells, this group was set as control vector group. FRAP analysis of eight cells was then used to determine the best time of fluorescence bleaching and recovery (Figure 6). After bleaching, the fluorescence intensity at the bleached region tended to be stable after 5 min. Figure 6 show the images captured before and after bleaching, and 5 min was chosen as the best time of bleaching. After bleaching using an intense laser, the change in fluorescence intensity recovery was observed in the bleached area. The fluorescence recovery curve showed that the fluorescence intensity of the bleached area gradually recovered with prolonged time, and the fluorescence intensity of the bleached region tended to stabilize after 8 min. Therefore, 8 min was chosen as the best time to detect the fluorescence recovery rate in each group. The recovery rate of fluorescence bleaching and mobile fractions were measured in the same time period.
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FIGURE 6. LSCM images captured before (A) and after (B) bleaching (63×/1.4 NA).



Subsequently, the fluorescence images at five time points (0, 2, 4, 6, and 8 min) were selected to reflect the dynamic change of fluorescence bleaching and recovery in each group (Figure 7). The formula used to calculate the FRAP rate in each group was as follows: Kt = (Ft − F0)/(Fi − F0) × 100%, where Kt represents the fluorescence recovery rate at each time point, Ft stands for the fluorescence intensity after bleaching, F0 stands for the fluorescence at time 0, and Fi stands for the fluorescence intensity before bleaching. The fluorescence recovery curves according to the fluorescence recovery rate at different time points for different groups of cells were then drawn (Figure 8). The results showed that the fluorescence recovery rate of NHE3 in cells infected with TGEV was significantly lower than that in the control group. The fluorescence recovery rate of NHE3 in TGEV-infected cells after treatment with AG1478 was significantly higher than that in cells infected with TGEV, but was lower than that in the control group without TGEV infection. The fluorescence recovery rate in cells transfected with the empty vector was the lowest compared with the other three groups, showing almost no recovery.
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FIGURE 7. Dynamic changes of fluorescent molecules within bleached regions during fluorescence recovery after photobleaching (63×/1.4 NA). Representative images of FRAP experiments in different groups of IPEC-J2 cells with TGEV infection or not, and for those treated with AG1478. The first images on the left are from before photo-bleaching, subsequent images were taken immediately or at 0, 2, 4, 6, and 8 min after bleaching.
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FIGURE 8. Fluorescence recovery rate on the surface of IPEC-J2 cell (2 mW, 63×/1.4 NA). FRAP recovery curves of pEGFP-NHE3 in different groups are shown. Error bars represent the mean ± SD.



According to the analysis, the average value of stable fluorescence intensity restored before and after bleaching, and the mobile fraction of NHE3 in the four groups, was calculated using the following formula Mf = (F∞ − F0)/(Fi − F0) × 100%, where, F∞ was the fluorescence intensity returned to stability after bleaching, Fi was the fluorescence intensity before bleaching, and F0 was the fluorescence intensity at 0 min after bleaching. According to the analysis of the calculation results (Figure 9), the mobile fraction of the empty carrier group was reduced by 96% compared with the control group, and the difference was very significant (p < 0.01). The mobile fraction of NHE3 in TGEV-infected group decreased significantly by 54% (0.01 < p < 0.05). The mobile fraction of NHE3 in the TGEV plus AG1478 group increased by 33% compared with that in the TGEV group. The results showed that the non-quenched fluorescence molecules gradually diffused from the unbleached region to the bleached area with increasing time, and the fluorescence of the bleached region gradually recovered. Therefore, we believe that the membrane transporter NHE3 is mobile on the cell surface, and the different treatment groups had different NHE3 mobilities. NHE3 mobility on the plasma membrane was decreased in cells infected with TGEV compared with normal cells, and NHE3 mobility in cells infected with TGEV after treatment with AG1478 increased. These results indicated that decreased EGFR activity in intestinal epithelial cells was accompanied by increased NHE3 mobility after TGEV infection. Thus, EGFR negatively regulates NHE3 mobility on the plasma membrane in TGEV-infected cells.



DISCUSSION

Previous studies showed that the absorption of Na+ and water in the intestines dropped sharply and led to severe diarrhea in NHE3 deficient mice. The expression and activity of NHE3 were significantly inhibited under conditions of diarrhea and severe intestinal inflammation induced by cholera toxin (Coon et al., 2011; Yang et al., 2015). According to results of flame atomic absorption spectrometry, during TGEV infection, the intracellular Na+ concentration increased before 48 h p.i., but decreased from 48 to 72 h p.i. The extracellular Na+ concentration also increased, with a peak at 72 h p.i.
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FIGURE 9. Analysis of NHE3 mobile fraction (2 mW, 63×/1.4 NA). Each test was replicated three times. FRAP data from eight different cells in each group were used for the calculation and analysis. ∗0.01< p < 0.05, ∗∗p< 0.01.



It is believed that the Na+/H+ exchanger protein NHE3 has two main functions. One is to transport extracellular Na+ into cells and the other is to secrete intracellular H+ to the extracellular area. Under normal physiological conditions, homeostasis is maintained between the intra and extra-cellular Na+ concentration. Na+/H+ exchanger 3 (NHE3) and Na-glucose cotransporter-2 can deliver Na+ from the extracellular medium into cells. At the same time, an intracellular Na–K pump will pump out the intracellular Na+, thus to maintaining a normal Na+ concentration gradient on both sides of the plasma membrane. Thus, the Na+ concentration in inside and outside of uninfected cells seemed to be stable, without any obvious increases or decreases, which was in accordance with the theoretical basis. By contrast, TGEV infection resulted in a decrease in Na+ absorption and reduced Na+ transportation from the outside to inside of cells by NHE3, leading to a gradual increase in the extracellular Na+ concentration and a decrease in the intracellular Na+ concentration. Sodium/glucose cotransporter 1 (SGLT1) also plays a role in intracellular Na+ absorption, acting as a Na+-glucose co-transporter, which transports Na+ across the plasma membrane of animal cells down an electrochemical gradient. Glucose is “dragged” into the cells against the concentration gradient. Meanwhile, SGLT1 can promote Na+ absorption and glucose uptake of epithelial cells. Research has shown that SGLT1 plays a critical role during the process of TGEV infection in cells. Dai et al. (2016) reported that SGLT1 protein levels were upregulated and glucose uptake in the small intestine was enhanced in the early stage of TGEV infection of IPEC-J2 cells. However, later, the glucose intake of the intestinal epithelium decreased (Dai et al., 2016).

Our results showed that the intracellular Na+ concentration in TGEV-infected cells increased before 48 h p.i. One of the likely explanations was that in IPEC-J2 cells with TGEV infection, SGLT1 could transport extracellular Na+ into the cells down a concentration gradient during the early phase of infection with TGEV, to increase intracellular glucose intake. The subsequent decrease in the intracellular Na+ concentration likely reflected the continuous infection with TGEV into the cells promoted by the increase of intracellular glucose intake, resulting in atrophy and rupture of intestinal epithelial microvillus. As the absorption area of intestinal villi decreases (Zhao et al., 2014), the quantity of NHE3 and mobility of in the brush border would also decrease. As the NHE3-mediated Na+ transportation decreased, the intracellular Na+ decreased and the extracellular Na+ concentration increased.

We next investigated whether TGEV infection regulated the activity, abundance, and mobility of NHE3 through EGFR in IPEC-J2 cells. The spike protein (S) of TGEV combines with EGFR to activate the downstream PI3K signaling pathway, allowing TGEV to invade small intestinal epithelial cells (Dai et al., 2016). Our results showed that the levels of p-EGFR and p-ERK were significantly upregulated in porcine intestinal epithelial cells after TGEV infection. In addition, the EGFR inhibitor AG1478 and kockdown of EGFR downregulated the levels of p-EGFR and p-ERK. Compared with TGEV-infected cells, the NHE3 levels in cells with TGEV infection after using EGFR inhibition and shRNA lentiviral particles were upregulated. These results showed that TGEV infection regulated NHE3 via the EGFR/ERK signaling pathway, and there was a negative correlation between EGFR and NHE3. EGFR and ERK are activated by TGEV infection in IPEC-J2 cells; however, AG1478 and PLKO.1-EGFR-p-shRNA could significantly reduce the proliferation of TGEV by inhibiting EGFR. Inhibition of EGFR reduced the damage caused by TGEV to intestinal epithelial cells, ameliorated the loss of intracellular Na+ caused by TGEV infection, restored the normal function of membrane transporter NHE3, and promoted the transport of extracellular Na+ into cells. The results indicated that TGEV could bind and activate the specific receptor EGFR in porcine intestinal epithelial cells after infection, leading to phosphorylation of ERK and regulation of the expression and activity NHE3, which resulted in dysfunctional NHE3 transport in intestinal epithelial cells. Extracellular Na+ could not flow into the cells because of continuous accumulation of an Na+ concentration gradient and the absorption of water and electrolyte-generated disorders.

NHE3 is mainly found in the brush border membrane of intestinal epithelial cells. The brush border consists of a large number of long microvilli. The number of NHE3 on the brush border membrane and the mobility of NHE3 on microvilli were significantly decreased under diarrheal conditions (Cha et al., 2010; Lin et al., 2010). Researchers found that LPA could promote the rapid movement of NHE3 from the bottom to the top of the microvillus to facilitate Na+ absorption, promoting the absorption of water-electrolytes and relieving the symptoms of diarrhea. The main mechanism of this regulation is that PKCδ-dependent LPA could recognize LPA5R to activate EGFR and ERK, resulting in their phosphorylation. NHE3 is released from the bottom of the microvilli to the top by PKCδ, which would enhance NHE3 mobility on brush border membrane (Yoo et al., 2011; Cha et al., 2014).

We used FRAP to study whether the mobility of NHE3 on the plasma membrane changes in intestinal epithelial cells after TGEV infection. The results showed that the mobile fraction of pEGFP-NHE3 in the uninfected cells was the highest and had the strongest mobility. We inferred that NHE3 is very mobile on the microvillus of the brush border membrane of small intestinal epithelial cells under normal physiological conditions. Continuous Na+ absorption is accomplished through NHE3 at the top of the plasma membrane by way of the lateral movement of the brush border membrane.

The mobile fractions of pEGFP-NHE3 decreased obviously in TGEV-infected cells, which might be due to the atrophy and rupture of intestinal epithelial microvillus in the small intestine, which would decrease the abundance and mobility of NHE3 on the brush border membrane. Compared with that in the TGEV-infected cells, NHE3 mobility in the TGEV-infected cells after EGFR inhibition was significantly increased. This result suggested that inhibition of EGFR activity could attenuate the damage to the brush border membrane microvilli caused by TGEV invasion and reduce intracellular virus proliferation in intestinal epithelial cells. In addition, NHE3 activity would be enhanced on the brush border membrane. Therefore, we speculated that the intensive mobility of NHE3 on the plasma membrane is beneficial for Na+ absorption in porcine intestinal epithelial cells. This speculation needs to be proven in further experiments.

Based on the above results, the present study revealed that the activity and mobility of NHE3, regulated through the EGFR/ERK pathway on the brush border membrane of small intestinal epithelial cells, decreased after TGEV infection (Figure 10). This decreased the Na+/H+ transport mediated by NHE3 on the brush border membrane. Furthermore, the inhibition of EGFR was beneficial to the recovery of Na+ absorption in TGEV-infected cells.
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FIGURE 10. The mechanism of the regulation of NHE3 activity by the EGFR/ERK signaling pathway in intestinal epidermal cells after TGEV infection.
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In vitro and in vivo research based on cell lines and animals are likely to be insufficient in elucidating authentic biological and physiological phenomena mimicking human systems, especially for generating pre-clinical data on targets and biomarkers. There is an obvious need for a model that can further bridge the gap in translating pre-clinical findings into clinical applications. We have previously generated a model of in vitro differentiated human nasal epithelial cells (hNECs) which elucidated the nasal-initiated repertoire of immune responses against respiratory viruses such as influenza A virus and rhinovirus. To assess their clinical utility, we performed a microarray analysis of influenza virus-infected hNECs to elucidate nasal epithelial-initiated responses. This was followed by a metagenomic analysis which revealed transcriptomic changes comparable with clinical influenza datasets. The primary target of influenza infection was observed to be the initiator of innate and adaptive immune genes, leaning toward type-1 inflammatory activation. In addition, the model also elucidated a down-regulation of metabolic processes specific to the nasal epithelium, and not present in other models. Furthermore, the hNEC model detected all 11 gene signatures unique to influenza infection identified from a previous study, thus supporting the utility of nasal-based diagnosis in clinical settings. In conclusion, this study highlights that hNECs can serve as a model for nasal-based clinical translational studies and diagnosis to unravel nasal epithelial responses to influenza in the population, and as a means to identify novel molecular diagnostic markers of severity.
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INTRODUCTION

Annually, influenza virus infection causes a large number of vaccine-preventable deaths worldwide (Poland et al., 2007). Despite global efforts to curb ongoing transmission, novel strains of influenza viruses are emerging at a rapid rate, and threaten to escalate into epidemics or pandemics (Hui et al., 2017). Therefore, there is an urgent need to enhance our understanding of influenza pathogenesis to discover means to ameliorate the global burden of influenza virus infection.

The nasal epithelium is the primary portal of entry for respiratory viruses such as influenza viruses, and serves as an immediate target for viral replication in the respiratory tract (Braciale et al., 2012; Kolesnikova et al., 2013; Yan et al., 2013, 2016; Wang D.Y. et al., 2015). The nasal epithelium was initially thought to function as a mechanical barrier that filters external agents, preventing their entry into the respiratory system; but recent studies have revealed that it functions beyond just being a physical barrier (Watelet et al., 2006; Wang D.Y. et al., 2015). Nasal epithelial cells are shown to elicit their own repertoire of immune responses and actively prevent pathogens from damaging the airway (Yan et al., 2013, 2016). Upon infection, they not only release anti-microbial surfactants and mucus to mitigate pathogen transmission in the airway (Watelet et al., 2006; Wang D.Y. et al., 2015), but also express and secrete various cytokines and chemokines to drive immune responses against these pathogens (Watelet et al., 2006; Yan et al., 2016). Therefore, the interactions between the nasal epithelium and invading pathogens play key roles in the disease progression and subsequent immune responses against the virus.

Despite direct interaction with the virus at host contact sites, studies on influenza viruses often overlook the nasal epithelia, but focus on the lungs where the more serious influenza-induced pneumonitis occurs. As a result, there is a lack of suitable nasal epithelial models in the current literature (Sutejo et al., 2012; Watanabe et al., 2013; Clay et al., 2014; Wu et al., 2014; Wang Z. et al., 2015). Therefore, it is of interest to profile nasal epithelial responses to influenza virus at the actual contact site, and to characterize the nasal epithelium as an intermediate checkpoint for downstream immune responses by immune cells (e.g., secretome). Furthermore, it is important to determine whether molecular factors that confer differential susceptibility among individuals with different genetic backgrounds exist in the nasal epithelium, thereby impacting influenza transmission in the host population. The investigation of nasal-based markers and susceptibility factors may also encourage nasal-based diagnosis that can be developed into a rapid tool for influenza management.

To investigate the feasibility of nasal models in elucidating influenza signatures, we have developed an in vitro model of fully differentiated, multi-layered nasal epithelial cells derived from stem cells of different individuals in an air-liquid interface (ALI) culture (Li et al., 2014; Yan et al., 2016). This model fully mimics nasal epithelium with the presence of ciliated, goblet and basal cells. The model also facilitates focused analysis of epithelial responses, and their contribution to anti-influenza responses (Yan et al., 2016). Using this in vitro ALI model, we studied the transcriptomic signature of the nasal epithelium in response to influenza virus infection. We hypothesized that the in vitro differentiated nasal epithelium closely mimics immune responses in cell lines and blood samples from clinical studies, and serves as the initial checkpoint of these responses. We compared the infected nasal epithelial transcriptomic signature against influenza infection signatures derived from other studies that employ epithelial cell lines or patient blood samples through meta-analysis to highlight responses triggered by the nasal epithelium. The objective of this study is to evaluate the utility of the hNEC model as a bridge between pre-clinical data and clinical settings, in order to achieve its potential application in clinical influenza and infectious diseases.



MATERIALS AND METHODS

Derivation of hNESPCs and in vitro Differentiation of hNECs

This study was approved by the Ethical Committees (National Healthcare Group of Singapore Domain-Specific Review Board, DSRB Reference no. D/11/228, and National University of Singapore Institutional Review Board, IRB code 13-509). Under the DSRB and IRB, written informed consent was obtained from each subject. The human nasal epithelial stem and progenitor cells (hNESPCs) were derived from the inferior turbinate of five patients with septal deviation (SD) who underwent septal plastic surgery at the National University Hospital, Singapore. All subjects were free of symptoms of upper respiratory infection, and had not used corticosteroids and antibiotics within 3 months before the surgery. The medical background of the donors’ samples is summarized in Supplementary Table S1. Cell culture method has been described previously (Zhao et al., 2012; Li et al., 2014; Wang et al., 2014). Fully differentiated hNECs, including beating ciliated cells and mucus-producing goblet cells, were obtained after 32–35 days of ALI culture. The hNECs were previously characterized by immunofluorescence (IF) staining of ciliated and goblet cell markers, i.e., mouse anti-human βIV-tubulin (Zhao et al., 2012; Li et al., 2014), rabbit anti-human acetylated α-tubulin and rabbit anti-human mucin5AC (Wang et al., 2014).

Influenza A Virus (H3N2) Infection of Fully Differentiated hNECs

The human influenza A virus Aichi/2/1968 H3N2 strain was purchased from the American Type Culture Collection (ATCC, Manassas, VA, United States), propagated in eggs, and titrated by plaque assay using Madin-Darby canine kidney (MDCK, NBL-2) cells (ATCC, Manassas, VA, United States). The virus was thawed on ice and immediately diluted in 100 μL of B-ALITM differentiation medium at a multiplicity of infection (MOI) of 0.1, inoculated into the apical chamber of Transwells, and incubated at 35°C for 1 h. B-ALITM differentiation medium was added into the control well at 0 h post-infection (hpi) without the virus. The H3N2-infected and mock-infected hNECs were then incubated at 35°C with 5% CO2 for 8, 24, and 48 hpi, respectively.

Virus Plaque Assay

At serial time-points, 150 μL of DPBS was added and incubated in the apical chamber at 35°C for 10 min to recover progeny viruses, and the aliquots of inoculated virus were stored at −80°C until titration by plaque assay. MDCK cells at 85–95% confluence in 24-well plates were incubated with 100 μL of serial dilutions (from 10−1 to 10−4) of virus from infected hNECs at 35°C for 1 h. The plates were rocked every 15 min to ensure equal distribution of virus. The inocula were removed and replaced with 1 mL of Avicel overlay (FMC Biopolymer, Philadelphia, PA, United States) to each well, and incubated at 35°C with 5% CO2 for 65–72 h. Avicel overlay was then removed, and cells were fixed with 4% formaldehyde in PBS for 1 h. Formaldehyde was removed, and cells were washed with PBS. The fixed cells were stained with 1% crystal violet for 15 min, and washed. The plaque-forming units (PFU) were calculated as follows: number of plaques × dilution factor = number of PFU per 100 μL. The final data were presented as PFU per 100 μL (innoculation volume).

Total RNA Extraction and Gene Microarray

Total RNA was extracted from hNECs using mirVanaTM miRNA isolation kit (Life Technologies, Carlsbad, CA, United States) following the manufacturer’s protocol. The concentration and quality of total RNA were determined by a bio-analyzer, and only total RNA samples deemed of good quality were subjected to microarray analyses. Gene microarrays for the infected and control hNEC samples were performed using Affymetrix human transcriptome array (HTA) microarray platform.

Reverse Transcription and Real-Time Quantitative PCR

RNA (2 μg) was subjected to cDNA synthesis using the Maxima first-strand cDNA synthesis kit (ThermoScientific, Pittsburgh, PA, United States). The qPCR analysis was performed to evaluate the transcriptional levels of host response genes selected based on the microarray analysis using pre-designed primers (Sigma Aldrich, St. Louis, MO, United States). The qPCR assays were performed in duplicate using GoTaq-qPCR Master Mix kit (Promega, San Luis Obispo, CA, United States), and the median values and interquartile ranges were generated. Relative gene expression was calculated using the comparative method of 2−ΔΔCt, i.e., 2(ΔCtofgene − ΔCtofPGK1), and normalized to the mRNA level of the housekeeping gene PGK1.

Bioinformatics Analysis for Gene Expression Data in hNEC Samples

Affymetrix microarray data for hNEC samples were processed using the “affy” package in R Bioconductor (Gautier et al., 2004). A Bayesian model-based method was to detect differential expression between post-infection time-points and baseline (Teo et al., 2015). A gene was considered differentially expressed if the probability score for differential expression was above the threshold associated with 1% FDR. Pathway-level analysis was conducted in two ways, using the Ingenuity Pathway Analysis (IPA; Qiagen, Hilden, Germany) and an in-house program for testing enrichment of biological functions (hypergeometric tests) against a database consisting of Gene Ontology (Ashburner et al., 2000) and CPDB (Kamburov et al., 2009).

Metagenomics Analysis of hNEC Transcriptome With Multiple Influenza Transcriptomic Studies

The studies used in the meta-analysis are summarized in Supplementary Table S2. All processed data sets were downloaded from the Gene Expression Omnibus (GEO) database after literature search. The same model-based differential expression analysis was used for comparison between infection peak time and the baseline. For each and every data set, systematic shifts in the expression values were examined by boxplots and it was deemed unnecessary to apply further normalization procedures. The list of up- and down-regulated genes was also annotated in terms of biological functions in each study, and compared across the studies along with the hNEC data (−log10 p-value for up-regulation and log10 p-value for down-regulation to account for direction of change).



RESULTS

The hNECs of Multiple Subjects Reveal Similar Temporal Responses Against Influenza Infection With Varying Magnitude of Expression

To establish a common transcriptomic response signature, the post-infection gene expression profiles (8, 24, and 48 hpi) were compared against the baseline profile from the gene expression microarray data for five donors. Figure 1A and Supplementary Figure S1 show that the response of the nasal epithelium of all five donors followed a similar trend over time. There were potentially also slight differences in the temporal induction and magnitude of response genes expressed across individuals, such as type III IFNs (IFNλ/IFNL), IL36γ, IL-1A and ICAM-1. The details of the individual expression profiles of the genes are provided in Supplementary Table S3. The principal component analysis (PCA) of significantly altered genes (FDR < 0.01) (Figure 1B) showed that the changes in gene expression over the course of infection followed a specific pattern over time, with potentially variable responses across donors. In addition, while the range of virus progeny production in different samples varied by as much as a hundred-fold (Figure 1C), it was deemed not clinically significant in the case of H3N2 infection since all samples led to sufficiently high viral titers post-infection to exert the gene expression changes (Granados et al., 2017).
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FIGURE 1. Individual heat-map and PCA analysis of five individual subjects show similar trends but potentially retained some degree of variability in temporal induction and magnitude between donors. (A) Individual heat-maps of different subjects revealed largely similar patterns with potential differences in temporal induction from 8 to 48 hpi, including the magnitude of induction. (B) Individual PCA plot showed that the transcriptomes across different subjects were not clustered as tightly since the hNEC samples were of different genetic backgrounds. The PCA plot showed a distinct progression of differential gene changes across time-points even at 0 hpi. (C) Individual viral titers increased over time to reach high viral loads in samples from all donors. The individual variation was deemed not clinically significant given that a sufficiently high virus titer was attained to induce a consistent response.



Influenza Virus Infection of hNECs Leads to Elevated Expression of Both Innate and Adaptive Response Genes, and Reduced Expression of Metabolism Genes

We established that the nasal epithelium interaction with influenza virus was complex but observable in vitro, and may reflect the differences in subsequent host response and disease progression. To follow up, we further identified the pathways in which the differentially expressed genes were involved, since their differing expression between individuals may affect these pathways and account for varying susceptibility toward influenza infection. We analyzed the numbers and categories of differentially regulated genes during the increase of viral titers as these genes may constitute the susceptibility factors contributing to differences in pathogenesis. There was an earlier up-regulation of genes at 24 hpi, numbering about 250–350 genes; while the down-regulation of genes was only observed later at 48 hpi (Figure 2A). These genes were subjected to hypergeometric analysis for gene set enrichment based on gene ontology database (p < 0.01), and mainly belong to immune response pathways which were up-regulated; and metabolic pathways which were down-regulated following infection (Figure 2B). The analysis revealed that the major pathway changes in the nasal epithelium following influenza infection were predominantly increased antiviral immune responses, and decreased metabolic functions.
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FIGURE 2. Summary of gene changes in hNECs which correlate with increasing viral titer. (A) Gene changes corresponding to increasing viral titer exhibited maximal up-regulation and maximal down-regulation at 48 hpi. (B) Temporal analysis demonstrated key up-regulated (upper three pie charts) and down-regulated (bottom two pie charts) gene ontology (GO) terms in the nasal epithelium corresponding to increasing viral titer. The majority of up-regulated GO terms were immune-related, whereas down-regulated GO terms were metabolism-related.



Ingenuity Pathway Analysis Reveals Pathways Initiated at the Nasal Epithelium Following Influenza Infection

Upon establishing the nasal changes following influenza infection, we further categorized these pathways using Ingenuity pathway analysis (IPA) software (Figures 3A–C; Supplementary Tables S4A–C). From the analysis of canonical pathways using genes at FDR < 0.01, the major up-regulated pathways (p < 0.05) involved in the nasal epithelium gradually shifted from antiviral responses and inflammasome activation (Figure 3A), to early adaptive immune responses involving antigen presentation and suppression of homeostatic activities (Figures 3B,C). On the other hand, downregulation was observed in DNA damage pathways, as well as in metabolic and biosynthetic pathways (p < 0.05) (Figure 3C).
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FIGURE 3. Ingenuity pathway analysis revealed upregulated changes of pathways in hNECs over time and became more diverse. The significant pathway changes following influenza infection and the number of genes (x-axis) significantly up-regulated (red) or down-regulated (blue) in each pathway are shown. (A) At 8 hpi, all significant pathways (p < 0.05) exhibited up-regulation of components which are all immune-related. (B) At 24 hpi, a combination of pathways were significantly altered (p < 0.05), with down-regulation of certain biosynthesis pathways. (C) At 48 hpi, more of the significant pathways (p < 0.05) were down-regulated, while immune response genes shifted toward cytokine production and cross-talk with adaptive immune cells.



Comparison of hNEC Infection With Other in vitro and Human Studies Indicate That hNEC Responses Closely Mimic in vivo Systems

We compared the transcriptomic responses of our infected hNECs with 15 other in vitro and in vivo influenza infection transcriptomic studies, at their peak responses against influenza. Across all studies, the transcriptome data at the peak of infection were compared against the corresponding baseline data, and the transcriptomic changes were compared across the studies, with FDR < 0.01 being assigned as the baseline for significance (see section “Materials and Methods”). The differential transcriptome signature in hNECs was highly similar to the signatures from other influenza infection models (Figure 4A). Interestingly, compared to the homogenous cell lines tested during in vitro studies, our heterogenous hNEC model exhibited a more comparable response to the clinical influenza studies. This is shown by hierarchical clustering where the hNECs are clustered closer to clinical studies in their responses against influenza infection. Furthermore, when the studies were clustered according to functional changes arising from the transcriptomic changes, our hNEC model was also found to cluster closer to large-scale clinical influenza studies based on blood or peripheral blood mononuclear cells (PBMCs), rather than with cell line studies (Figure 4B and Supplementary Figure S2).
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FIGURE 4. Meta-analysis of genes and functions across in vitro and in vivo influenza transcriptomic studies at peak responses reveal similarities of hNECs to human studies. (A) Transcriptomic signatures (FDR < 0.01) revealed that the differential changes in infected hNECs were more similar to human studies due to heterogeneity of hNECs. (B) Using functional clustering of meta-genomic data, hNECs were observed to tightly cluster functionally with most human studies (in vivo) at the peak of viral-induced changes of each individual study.



Functional Comparison of Infected hNEC Responses With Other Infection Models Reveals Key Factors Initiated by the Nasal Epithelium

We further compared the hypergeometric gene ontology (GO) analysis of hNECs with those in other studies to identify functional changes associated with the transcriptomic changes elicited by the nasal epithelium, using a cutoff of p < 0.01 to elucidate the common and unique pathways with greater confidence (Supplementary Table S5). Our model representing the human nasal epithelium displayed transcriptomic changes that mainly clustered with immune responses and metabolic processes. Compared to the other studies, the infected hNEC model induced comparable increases (FDR_up < 0.01) in immune responses (highlighted in red in Supplementary Table S5), i.e., 47 out of 67 significant immune functions that overlapped with at least one other study, and 37 out of 41 with at least 3 other studies. Therefore, this strong overlap highlights that most immune processes against influenza are locally initiated at the nasal epithelium, which are subsequently propagated, and can be detected systemically. Furthermore, given that they are the primary target cells for influenza infection, the hNECs also exhibited reduction (FDR_down < 0.01) in metabolic processes (highlighted in blue in Supplementary Table S5). The overlap in this reduction was 20 out of 32 with at least one other study; and 6 out of 8 with at least 3 other studies. These reductions in nitrogen compounds, carbohydrates and lipids may be a direct consequence of the infection; or may be part of a signaling mechanism in antiviral responses, which remain to be further explored. On the other hand, the infected hNEC model does not reflect most changes at the cell cycle and tissue repair pathways (highlighted in green in Supplementary Table S5; 11 out of 73), which are likely to be initiated only upon viral clearance. There was also only slight overlap in gene expression mechanisms (highlighted in purple in Supplementary Table S5), i.e., 3 out of 37.

Quantitative Real-Time PCR Verification With Independent hNEC Infections to Identify Key and Novel Pathways in Influenza Infection

To confirm the validity of the microarray analysis and the similarity of hNEC responses to in vivo clinical models, we performed independent infection experiments on another batch of hNEC donors to compare their responses to the transcriptomic analysis. By selecting genes involved in viral sensing, interferon (IFN), antiviral, type-1 inflammatory response, metabolic and homeostatic pathways, we compared the expression profiles between the microarray and the independent infections. In the independent infections, the qPCR analyses revealed close agreement with the microarray expression, and confirmed the expression of viral sensing via TLR7, which activates the JAK-STAT pathways via type I and type III IFN activation to initiate type-1 inflammatory responses (Figure 5). Additionally, antiviral genes were also activated during the infection process with the exception of MUC5AC (Supplementary Figure S3), which concurs with our previous finding where influenza does not alter MUC5AC expression (Yan et al., 2016). Furthermore, we also analyzed genes involved in homeostatic and metabolic activities (Figure 6), and observed reduced expression of genes governing lipid metabolism (ALOX15), retinoic acid synthesis (RDH10), peroxisome transport (ABCD3), and pH regulation (SLC4A4). Interestingly, the mRNA encoding peptidase inhibitor 3 (PI3), which plays a role in anti-bacterial and anti-fungal activity, was up-regulated in the nasal epithelium, implying that this gene may help to prevent secondary bacterial infection.
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FIGURE 5. Expression of immune response genes in nasal epithelial cells following influenza infection. Expression of host genes in response to influenza in sequence: TLR7, IRF7, IFNB1, IL28A, IL29, IL1A, CXCL10, STAT1, and STAT2 (n = 4–12). The statistical significance level of the RT-qPCR expression was calculated using one-way ANOVA, nonparametric, grouped, Dunn multiple comparison test, with the p-value derived by comparison against uninfected control cells. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001. The RT-qPCR data were presented as medians with inter-quartile range.
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FIGURE 6. Expression of homeostatic and metabolic genes in nasal epithelial cells following influenza infection. Expression of host genes in response to influenza in sequence: ALOX15, RDH10, PI3, ABCD3, SLC4A4, and RNASel (n = 4–12). The statistical significance level of the RT-qPCR expression was calculated using one-way ANOVA, nonparametric, grouped, Dunn multiple comparison test, with the p-value derived by comparison against uninfected control cells. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001. The RT-qPCR data were presented as medians and inter-quartile range.





DISCUSSION

Evidence is accumulating that the nasal epithelium, the first contact site of respiratory viruses, plays crucial defense functions beyond being host cells for influenza infection. Many studies indicate that the nasal epithelium actively triggers innate immune responses and also modulates adaptive immunity against these viruses (Vareille et al., 2011; Braciale et al., 2012; Yan et al., 2016). However, the scarcity of human nasal cell models impeded in-depth studies on this aspect. The role of nasal epithelium was also unclear since most human studies focused on systemic signals from the blood (Bermejo-Martin et al., 2010; Herberg et al., 2013; Zhai et al., 2015); thereby masking the immune effects of the nasal epithelium and their utility in clinical settings. Therefore, using our hNEC culture differentiated from enriched nasal stem cells, we elucidated the initial changes in the infected nasal epithelium that likely generate most of the signals that ultimately lead to the cascading immune responses mediated by immune cells. Since the nasal epithelium can mount distinct responses that eventually lead to type-1 and type-2 inflammatory responses against influenza, such responses may be crucial in controlling viral pathogenesis and in modulating local antiviral responses (Tan et al., 2017; Edwards et al., 2018).

Our study evaluated nasal epithelial cells differentiated from five different donors, which mounted a consistent response against influenza, with potential differential responses between individuals in antiviral response genes such as IFNλs, IL36γ, IL-1A, and ICAM-1. These genes, while not strongly induced, may play roles in modulating the immune defense against influenza infection to prevent damage to the surrounding tissues (Galani et al., 2017; Klinkhammer et al., 2018; Wein et al., 2018). We also observed that, in the absence of immune cells, the nasal epithelial response skewed heavily toward type-1 inflammatory activation with minimal type-2 inflammatory activating responses. This suggests that naïve epithelial cells primarily evoke a type-1 inflammatory response against invading viruses, especially in the context of influenza. Furthermore, the nasal cells could initiate cross-talk between innate and adaptive immunity via robust production of adaptive immune-activating cytokines and chemokines such as IL-6, CXCL10, and IFNλs including IFNL2 (IL28A) and IFNL1 (IL29). Compared with the other clinical studies involving peripheral blood mononuclear cells (PBMCs), blood or serum from patients, the hNECs exhibited similar transcriptomic changes in up-regulated immune responses, thus identifying nasal-initiated immune functions (JAK-STAT-mediated type-1 inflammatory response activation).

On the other hand, there were critical down-regulated functions in hNECs related to multiple metabolic and DNA damage responses against influenza that were mostly not observed in blood or serum samples (Ivan et al., 2012, 2013; Raval and Nikolajczyk, 2013; Li et al., 2015; Cui et al., 2016). Such reductions in metabolic functions and related metabolites at the primary infection site of influenza may be an interesting area for future investigation to understand their relationships with viral replication and immune functions (Cui et al., 2016; Gonzalez Plaza et al., 2016; Boergeling and Ludwig, 2017; Cui et al., 2017; Smallwood et al., 2017). In addition, these changes in the metabolic and homeostatic pathways are unique to the nasal epithelium, and were not documented in other in vitro and clinical studies. Dampening of these homeostatic pathways may impact downstream immune and non-immune responses or cause complications that contribute to the pathogenesis of influenza or other metabolic disorders (Gonzalez Plaza et al., 2016; Smallwood et al., 2017). One such example of altered gene expression related to lipid and peroxisomal metabolism during influenza (Tanner et al., 2014), was also revealed in our study, i.e., ABCD3. Moreover, certain homeostatic proteins serve dual roles, such as BPIFA1 and CD151, which possess pro- or anti-viral, homeostatic and signaling functions in the airway (Akram et al., 2018; Kim et al., 2018; Qiao et al., 2018). Therefore, this study highlighted perturbations in homeostatic and metabolic pathways which warrant further exploration into their underlying mechanisms associated with influenza pathogenesis.

The comparable responses of hNECs with clinical datasets suggest that most influenza-related responses can be detected within the nasal eptithelium. Furthermore, the transcriptomic changes of infected nasal epithelial cells revealed differential regulation of all 11 targets (CD38, HERC5, HERC6, IFI6, IFIH1, LGALS3BP, LY6E, MX1, PARP12, RTP4, and ZBP1) previously thought to be influenza-specific signatures (Andres-Terre et al., 2015). Hence, the fact that these key transcriptomic signatures during influenza were nasal-initiated, underscores the clinical utility of the hNEC model. The signature changes revealed in this study can be exploited to identify and verify potential markers that contribute to severe infection via the human nasal transcriptome in vitro and in vivo. These markers can then be further applied using molecular diagnostics to detect these signatures during early infection to distinguish patients who may progress to severe disease, especially during outbreaks such as the 2009 H1N1 pandemic in which the severity of infection varied widely among patients. For example, markers such as IFNλs represent factors exerting antiviral responses that are less damaging to the surrounding tissues (Davidson et al., 2016; Galani et al., 2017). This is clinically significant in view of the proximity of the nasal epithelium to the infection; hence nasal diagnosis would facilitate more rapid detection of the severity markers compared to blood or serum specimens. In addition, intervention studies can also be performed using this model in studying local antiviral or immunomodulatory compounds. However, this model is not without its limitations. One disadvantage of this in vitro model is its inability to achieve complete viral clearance. It is thus unable to study the responses and repair of the nasal epithelium after viral clearance, for which in vivo models would still be necessary. Another limitation is that this study only evaluated infection with a H3N2 strain. Given that hNECs infected with currently circulating strains belonging to H1N1 and B subtypes may respond differently, future studies are warranted to establish a more complete picture of influenza infection signatures in the nasal epithelium.



CONCLUSION

In conclusion, the nasal epithelium is an active component of initial host responses against influenza infection, and the nasal epithelial-specific transcriptomic changes may significantly influence the downstream immune responses and homeostasis that define the pathology of influenza in different individuals. Epithelial cells from different donors sustained infection differently; thus potential variations in nasal epithelial transcriptomic changes during influenza may result in differential pathogenesis between individuals. While infected nasal epithelial cells clearly elicited immune responses, the microarray analyses revealed that metabolism and antioxidant processes were also enriched among the transcriptomic changes. Future studies are warranted in the population to investigate nasal-associated factors identified in this study to ensure reproducibility of these factors in contributing to differential influenza pathogenesis amongst different individuals. This can be achieved through replicate infection studies of cells obtained from the same individual. In addition, being the site of closest proximity to the infection as well as exerting most responses observed in blood/serum may encourage the development of rapid molecular diagnostic tools based on the detection of nasal epithelial signatures that may predict the severity of influenza.
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In this study, the miRNAome and proteome of virulent Peste des petits ruminants virus (PPRV) infected goat peripheral blood mononuclear cells (PBMCs) were analyzed. The identified differentially expressed miRNAs (DEmiRNAs) were found to govern genes that modulate immune response based on the proteome data. The top 10 significantly enriched immune response processes were found to be governed by 98 genes. The top 10 DEmiRNAs governing these 98 genes were identified based on the number of genes governed by them. Out of these 10 DEmiRNAs, 7 were upregulated, and 3 were downregulated. These include miR-664, miR-2311, miR-2897, miR-484, miR-2440, miR-3533, miR-574, miR-210, miR-21-5p, and miR-30. miR-664 and miR-484 with proviral and antiviral activities, respectively, were upregulated in PPRV infected PBMCs. miR-210 that inhibits apoptosis was downregulated. miR-21-5p that decreases the sensitivity of cells to the antiviral activity of IFNs and miR-30b that inhibits antigen processing and presentation by primary macrophages were downregulated, indicative of a strong host response to PPRV infection. miR-21-5p was found to be inhibited on IPA upstream regulatory analysis of RNA-sequencing data. This miRNA that was also highly downregulated and was found to govern 16 immune response genes in the proteome data was selected for functional validation vis-a-vis TGFBR2 (TGF-beta receptor type-2). TGFBR2 that regulates cell differentiation and is involved in several immune response pathways was found to be governed by most of the identified immune modulating DEmiRNAs. The decreased luciferase activity in Dual Luciferase Reporter Assay indicated specific binding of miR-21-5p and miR-484 to their target thus establishing specific binding of the miRNAs to their targets.This is the first report on the miRNAome and proteome of virulent PPRV infected goat PBMCs.

Keywords: miRNAome, proteome, PPR, goats, host-pathogen interaction, immunopathogenesis


INTRODUCTION

MicroRNAs (miRNAs) are small non-coding RNAs (22 nucleotides) found to regulate the expression of genes post-transcriptionally in animals, plants, and some viruses (1). They regulate different cellular processes, including reproduction, development, pathogenesis, and apoptosis (2–4). miRNAs are also effective in regulating immune response and cellular differentiation (5–7). The regulation process generally takes place by binding of miRNA at its seed sequence (2–8 nucleotides from 5′-end) to the 3′ untranslated region (3′UTR) of specific mRNAs of the genes that govern the biological processes. However, several instances of miRNAs binding to 5' UTR or coding regions in the regulation process have also been reported (8, 9).

Viral pathogenesis is greatly influenced by cellular miRNAs (10–12). Several cellular miRNAs have been demonstrated to play a regulatory role in the host-virus interaction networks (13, 14). Cellular miRNA expression profile is profoundly influenced by viral infections and vice-versa (15). For example, miR-122 is reported to enhance replication of Hepatitis C virus (16) and miR-142 suppresses replication of Eastern Equine Encephalitis virus (17). The HIV-1 virus has been found to increase the expression of various host miRNAs, including miR-370, miR-122, miR-297, and miR-373, and suppress the expression of miR-17-92 cluster (18). With the advent of deep sequencing technology, it has become possible to explore changes in miRNA expression in the host, in response to various viral infections like enterovirus 71, avian influenza, PPRV, Japanese Encephalitis virus and hepatitis C virus (19–23).

Peste des petits ruminants (PPR) characterized by fever, sore mouth, conjunctivitis, gastroenteritis, and pneumonia, is an acute, highly contagious viral disease of sheep and goats. However, a more severe form of the clinical disease has been reported in goats than in sheep, since goats are more susceptible (24–29). The recovery is also slower in goats than in sheep (27). However, regions having large sheep populations have reported severe outbreaks of PPR (27, 30, 31). Our earlier in-vitro transcriptome analysis studies to evaluate host response of goat PBMCs to PPR live attenuated vaccine virus uncovered several transcription factors that modulate immune response (32, 33). Also, dysregulation in the host miRNAome in lung and spleen of experimentally infected goats and sheep by virulent PPRV suggests a strong host immune response in sheep and goats (21). However, the host miRNAome of PPRV infected goat and sheep PBMCs has not been explored to date. Lymphocytes are the primary targets of PPRV infection from where it reaches different tissues by piggybacking on PBMCs (34). A higher viral load is reported to be at 9 days post-infection (dpi), which coincides with the peak clinical signs of the disease (22, 35). In the present study, control (0 day) and PPRV infected PBMCs (9 dpi) of goats were isolated and subjected to microRNA sequencing (miRNA-seq) and proteome profiling. DEmiRNAs were identified from miRNA-seq data and correlated with the proteome data to identify the miRNAs that govern the immune processes. Among the miRNAs, miR-21-5p was found to be highly downregulated in miRNA-seq data, inhibited in RNA sequencing (RNA-seq) data (unpublished) and involved in regulation of various immune response genes. This miR-21-5p was selected for annotation and functional validation. Additionally, one more miR, miR-484 was randomly chosen from top 10 immunoregulating DEmiRNAs for functional validation.



MATERIALS AND METHODS


Ethics Statement and Animal Experiment

The study is a part of vaccine potency testing experiment conducted at ICAR-Indian Veterinary Research Institute Mukteshwar Campus as per the guidelines of Indian pharmacopeia-2014. The permission to conduct the experiment was sought from Indian Veterinary Research Institute–Institutional Animal Ethics Committee (IVRI–IAEC) under the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), India and was approved vide letter no 387/CPCSEA. The animals that were apparently healthy and negative for the presence of PPRV antibody by competitive ELISA and serum neutralization test (SNT) were used in this study. Virulent PPRV [accession number KR140086.1 (36)], a lineage IV isolate and strain Izatnagar/94, was used as a challenge virus and infection was confirmed in goats by RT–PCR, qRT-PCR, and sandwich ELISA. PBMCs were isolated from the blood collected from PPRV (Izatnagar/94) infected goats at 9 dpi (The animals succumbed to the disease at 10 dpi). The PBMCs isolated from blood collected from apparently healthy animals (0 day) acted as a control. PBMCs were isolated using Histopaque-1077 (Sigma), USA.



MicroRNA Sequencing

Total RNA from the PBMCs of goats was isolated using the RNeasy Mini kit (Qiagen GmbH, Germany) following the manufacturer's protocol. To access integrity and quality of the RNA, RNA integrity number (RIN) value of each sample was measured on Bioanalyzer (Agilient Technologies, Inc.). The RIN value was found to be >8, which is considered suitable for further processing (37). The library was prepared using NEBNext Multiplex Small RNA Library Prep Kit (New England Biolabs Inc.) as per the manufacturer's protocol. Hundred nanogram of total RNA from each sample was used for small RNA library preparation. The quality of the libraries was assessed on Bioanalyzer. Libraries were quantified using Qubit 2.0 Fluorometer (Life Technologies) and by qPCR (38).The high-throughput sequencing was performed on Illumina–NextSeq500 platform to generate 75 bp single-end reads as per manufacturer's protocol. The data was submitted to the GEO database with accession number GSE109799.



Processing miRNA-seq Data

The miRNA reads trimming and preprocessing was performed with CLC Genomic workbench v6.0 (CLC bio, Denmark) to remove adaptor sequences and low quality reads using default parameters. Since the cattle genome (mirBase–Release 21) is relatively better annotated and as the miRNAs are conserved across species, cattle genome was used to map these clean reads. The map files for the infected and control samples were created independently. From the toolbox of CLC workbench, an experiment was created, the read count was quantitatively normalized and the expression values were obtained. Proportion based statistics–Kal's test was used to identify differentially expressed miRNAs at 9dpi PPRV infected PBMCs of goat.



Proteomics Data Generation and Analysis

The proteomic data was generated from control and PPRV infected 9 dpi goats PBMCs and analyzed following the standard procedure as described in the previous study (21). Briefly, proteome from goat PBMCs was quantitatively analyzed using trypsin in conjugation with C18 Nano-LC column separation, followed by analysis on the Waters Synapt G2 Q-TOF instrument for MS. The raw data was processed by MassLynx 4.1 WATERS, and MSMS spectra were matched to the database sequence using PLGS software. The identified proteins in the three runs of each sample were compared with each other as control (healthy) and infected samples. Quantification was done using expression analysis package of the PLGS software. The ion counts matching with the peptides of a specific protein corresponding between the two samples in the three runs were averaged and the ratio was calculated for the whole protein.



Functional Annotation of Differentially Expressed miRNAs

To explore the regulatory role of the differentially expressed miRNAs, the target genes governed by each of the DEmiRNAs were obtained using TargetScan tool (39)1 All these target genes were pooled up and compared to the dysregulated proteins identified in proteomics data. The genes common to both data were selected for functional annotation via ClueGo (ver. 2.3.3) and CluePedia (ver. 1.3.3) (40) in Cytoscape (ver. 3.2.1) (41). The genes involved in top 10 significantly enriched immune response processes were identified. Out of these immune response genes, the genes governed by each of the DEmiRNAs were identified and top 10 DEmiRNAs were selected.



Processing RNA-seq Data

From IPA analysis (Ingenuity Pathway Analysis)2 of the RNA-sequencing data generated in our lab (unpublished), the upstream miRNA regulators governing the differentially expressed genes (data not shown) were identified. The overview of the entire analysis is given in Figure 1.
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FIGURE 1. Overview of the experiment. Apparently healthy goats (n = 6) that were negative for the presence of PPRV antibody by competitive ELISA and serum neutralization test (SNT) were infected with virulent PPRV strain Izatnagar/94. These animals acted as control in the vaccine potency experiment. Two animals in the group succumbed to disease on 10 dpi. PBMCs from blood collected at 9dpi from these two succumbed animals and PBMCs isolated from blood collected on 0 day (control) were sent for miRNA-Sequencing, RNA-Sequencing (unpublished data in the lab) and Proteome profiling. Differentially expressed miRNAs (DEmiRNAs) and proteins were identified from the miRNA-Seq and proteome data, repectively. The DEmiRNAs were functionally annotated w.r.t the proteins governed in the proteome data. The top 10 DEmiRNAs governing the top 10 immune response processes were identified. miR-21-5p which was found to be inhibited on IPA upstream regulatory analysis of RNA-Sequencing data, highly downregulated in miRNA-Seq data (validated by qRT-PCR) and found to govern 16 immune response genes in the proteome data was selected for functional validation vis-a-vis TGFBR2 (TGF-beta receptor type-2). TGFBR2 regulates cell differentiation and is involved in several immune response pathways was found to be governed by most of the identified immune modulating DEmiRNAs. Dual luciferease assay was done using mimics of miR-21-5p and miR-484 and 3′UTR of the target gene TGFBR2 to establish the specificity of binding.





Downregulation of miR-21-5p in qRT-PCR

The expression of the miR-21-5p in PPRV infected PBMCs was validated by qRT-PCR. Total RNA, including small RNA from the PBMCs of control and infected goats, was isolated using mirVana™ miRNA isolation kit (Invitrogen). Reverse transcriptase reactions were performed using RT specific primers of miR-21-5p and U6snRNA by TaqMan® MicroRNA Reverse Transcription Kit (Applied Biosystems, USA, #4366596). Total RNA from the PBMCs was diluted to a concentration of 10 ng/μl and 1 μl of RNA was added to the reaction mix containing 0.15 μl 100 mM dNTPs, 1 μl of RT enzyme (50 U/μl), 1.5 μl 10 × RT buffer, 0.19 μl RNase inhibitor (20 U/μl), 3 μl 5 × RT specific-primer and 8.16 μl DEPC-treated water to obtain a final volume of 15 μl. The reaction conditions were 16°C for 30 min followed by 42°C at 30 min and 85°C for 5 min to stop the reaction. The cDNA was then used for the Real-time PCR. Real-time PCR was performed using a standard TaqMan PCR kit protocol on Applied Biosystems 7,500 fast Sequence Detection System. The 10 μl PCR included 5 μl of 2 × Taqman Gene Expression Mastermix (Thermo Fisher Scientific Inc., Wilmington, DE, USA), 0.5 ul of 20 × Taqman probe (Assay ID 005982-mat), 2 μl (0.134 ng) of RT product and 2.5 μl of NFW. The reactions were incubated in a 96-well plate at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. All reactions were run in triplicate. The expression of miRNA-21-5p was assayed taking the expression of U6snRNA as an internal control. The relative expression of miR-21-5p was calculated using the 2−ΔΔCT method with the control group as calibrator (42). Student's t-test was done in JMP9 (SAS Institute Inc., Cary, USA) to test the significance of difference and difference between groups was considered significant at P ≤ 0.05.



Prediction of miR-21-5p Target Genes and Functional Annotation

The target genes governed by miRNA-21-5p were obtained using TargetScan tool to explore its regulatory role (39). The target genes obtained were compared to the upregulated proteins from proteome data to identify the proteins that are upregulated because of downregulation of miR-21-5p. The miRNA-protein-network was created based on the expression profile of target genes and miR-21-5p using Cytoscape (ver. 3.2.1). Functional annotation of these genes was performed by ClueGo (ver. 2.3.3) and CluePedia (ver. 1.3.3) (40) in Cytoscape (ver. 3.2.1) (41).



Functional Validation of miR-21-5p and miR-484

Prediction of miR Target site in 3′ UTR

TGFBR2 that is governed by miR-21-5p and miR-484, and found connected to most significantly enriched GO terms, was selected for further validation of the miRNAs. The 3'UTR target site of this gene and mature miRNA were extracted from NCBI and analyzed in miRanda (43) tool to evaluate the strength of interaction using the parameters ΔG and total score value.

Design of Wild Type and Mutant Type miR Target Sites and miRNA Mimic and Control

While two wild-type oligonucleotides (62 bp) were constructed from 3′UTR of TGFBR2 mRNA flanking the miR-21-5p and miR-484 target sites, respectively, the mutant of both was created by replacing the target site either with poly A or poly T sequence. pGL4.13 vector (Promega) was used to clone the oligonucleotide sequences (wild-type and mutant-type separately) at XbaI RE site of this vector. pGL4.74 was used as a control vector for the normalization of the transfection efficiency. Likewise, mimics of miR-21-5p and miR-484 were chemically synthesized. miR-67-3p was used as control for it is reported to have least sequence identity with known miRNAs in humans, rat, and mouse (44).

Co-Transfection Strategy for Carrying Out Dual-Luciferase Reporter Assay

HEK293 cells were used for the co-transfection of the vectors, pGL4.13, and pGL4.74. The cells were maintained in MEM medium with 10% FBS, antibiotic and antimycotic (Himedia), and placed in an incubator at 37°C with 5% CO2. The experiment was performed in triplicates. Briefly, the co-transfection complex for each vector was prepared in 2 tubes, one containing Opti-MEM + Lipofectamine and the other tube containing Opti-MEM + Vectors + Mimic. The complex was formulated as shown in Table 1. Contents of tube A and B were mixed and incubated for 15 min at room temperature to allow the formation of transfection complex. After the formation of the complex, Opti-MEM was added to the complex to make the volume up to 400 μl. The medium from the 24 well plate was removed and the co-transfection complexes were gently loaded into each well of the plate. The plate was kept in an incubator for 4 h. After 4 h, the medium with the complex was removed from the wells and fresh 1% MEM (500 μl) was added to the wells. The cells were lysed 48 h post co-transfection and the luciferase activity was measured using Dual Luciferase Assay kit (Promega) according to the manufacturer's protocol. The assay results were represented as relative luciferase activity. Student's t-test was done in JMP9 (SAS Institute Inc, Cary, USA) to test the significance of difference, and differences between groups were considered significant at P ≤ 0.05.



Table 1. Co-transfection complex for the target gene against miRNAs.
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RESULTS


Confirmation of PPRV Infection

Viral infection in the PBMCs of goats infected with PPRV was confirmed by RT-PCR amplification of 351 bp N gene fragment (Figure 2). The viral infection was further confirmed by sandwich ELISA and qRT-PCR (data not shown).


[image: image]

FIGURE 2. Confirmation of PPRV infection in PBMCs of goats. Amplification of 351 bp N gene by RT- PCR. Lane M, 100 bp ladder; Lane 1, NTC; Lane 2, Infected Goat PBMCs (Animal no: G268) Lane 3, Infected Goat PBMCs (Animal No: G603).





miRNAs Governing the Immune Processes Were Identified

In goat PBMCs infected with PPRV, a total of 68 miRNAs were significantly (P < 0.05) differentially expressed (42 down-regulated and 26 up-regulated) (Table S1). From the proteomics data (Table S2) generated from PPRV infected goat PBMCs, 1,965 and 3,509 proteins were identified to be downregulated and upregulated, respectively. From the TargetScan data, 15,341 genes were found to be governed by the 68 DEmiRNAs, out of which 4,027 proteins were found to be dysregulated in the proteomics data. On ClueGo analysis of these genes, the top 10 significantly enriched immunological processes included immunoglobulin mediated immune response, NK T cell differentiation lymphocyte mediated immunity, adaptive immune response, positive regulation of gamma-delta T cell activation, T cell differentiation, regulation of leukocyte differentiation, positive regulation of NK T cell differentiation, positive regulation of lymphocyte differentiation, positive regulation of innate immune response (Figure 3). The genes (from the proteomics data) enriched under these GO terms are given in Table S3. A total of 98 genes were found to be enriched in these top 10 significant immune response processes governed by 42 DEmiRNAs (18 upregulated and 24 downregulated) (Tables S4, S5). The top 10 DEmiRNAs based on the number of immune response genes governed are given in Table 2. On comparing the DEmiRNAs of PPRV infected PBMCs with DEmiRNAs of the PPRV infected lung and spleen, reported in our earlier study (21), we found there are 3 DEmiRNAs common among the lung, spleen and PBMCs and 9 DEmiRNAs common between the lung and PBMCs. However, there was no DEmiRNA exclusively common between PBMCs and spleen (Table S6). Of the 9 DEmiRNAs common between lung and PBMCs, miR-378b, miR-342, miR-30f, miR-339a were found to be downregulated while miR-1246 and miR-2440 were upregulated in both. In addition, miR-181a-1, miR-181a-2 and miR-7-1 were found upregulated in lung but downregulated in PBMCs. Of the 3 DEmiRNAs common to each, miR-574 was found upregulated. miR-21-5p was found upregulated in spleen and lung but downregulated in PBMCs and vice-versa in case of miR-744.


[image: image]

FIGURE 3. Top 10 Significant (P < 0.05) Immunological processes involved in virulent PPRV goats PBMCs. Color differentiates the immune processes.





Table 2. Ten DEmiRNAs based on the number of immune response genes, involvement of TGFBR2 and fold-change values.
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miR-21-5p Was Selected for Functional Annotation and Validation

On analyzing RNA-seq data (from the lab) of the 9 dpi PBMCs, 5,150 differentially expressed genes (DEGs) were identified in PPRV infected goats. These genes were further subjected to IPA using various modules based on knowledge database to predict the biological function of DEGs, the role of the molecules in various disease processes, upstream regulators (transcription factors, miRNAs, and drugs) that regulate the function of the downstream target genes and possible interactions among them. In the present study, we concentrated only on those miRNAs, which act as upstream regulators for DEGs. Twenty-seven miRNAs were identified regulating these DEGs. Of the 27 identified miRNAs, 26 were inhibited (z score < −2) and only 1 was activated (z score >2) (Figure 4). Further, out of these 27, only four miRNAs viz miR-129, miR-21-5p, Let-7a, and miR-200 were found be differentially expressed in the miRNA-seq data. miR-21-5p was found highly downregulated in miRNA-seq data (Table 2), inhibited in RNA-seq data and involved in regulation of various immune response genes. This miR-21-5p was further selected for annotation and functional validation.
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FIGURE 4. Identification of dysregulated miRNA from RNA sequencing data. IPA analysis to identify the upstream regulators governing the differentially expressed genes yielded 27 miRNAs.





Validation of miR-21-5p by qRT-PCR

To confirm the downregulation of miR-21-5p, qRT-PCR was used to validate its expression in PPRV infected goat PBMCs. This miRNA was found to be downregulated and was in concordance with the miRNA-seq results (Figure 5).
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FIGURE 5. RT-qPCR analysis of miR-21-5p in PPRV infected goats PBMCs. The miR-21-5p was found to be downregulated in PPRV infected goat PBMCs.





Prediction of miRNA-21-5p Targets, Gene Ontology Analysis, and Target Selection for Functional Validation

From the TargetScan data, 356 genes were found to be governed by miR-21-5p, out of which 66 proteins were found to be upregulated (since miR-21-5p was downregulated, the study was concentrated only on upregulated proteins) in the proteomics data. These target proteins on GO analysis were enriched in Wnt signaling pathway, cell surface receptor signaling pathway, pathway-restricted SMAD phosphorylation, morphogenesis processes, positive regulation of cellular processes, multicellular organismal development, etc., (Figure 6). TGFBR2 gene, which is connected to most of the GO terms viz pathway-restricted SMAD phosphorylation, activin receptor signaling pathway, Wnt signaling pathway, morphogenesis of lung and heart and blood vessels, and osteoclast differentiation was selected as the target of miR-21-5p. TGFBR2 was also found to be governed by 21 identified immune regulating DEmiRNAs (Table 2 and Table S7).
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FIGURE 6. Functionally annotation of miR-21-5p based on the upregulated target genes (45). Gene ontology was visualized in these genes visualized in ClueGo (ver. 2.3.3) + CluePedia (ver. 1.3.3) plugin of Cytoscape (ver. 3.2.1).





miRNA-Protein Regulatory Network of miR-21-5p

The miR-21-5p and 66 upregulated proteins interacting with it are represented in a network (Figure 7). Among the 66, 15 proteins (ACBD5, ADNP, CD97, CDH6, CREBRF, CYSLTR1, DNAJC16, FBXO11, HIPK3, JAG1, KAT6A, PAG1, PJA2, RAD21, TGFBR2) were found to be involved in immune response processes (Table 3). This suggested the involvement of miR-21-5p in the regulation of immune response in PPRV infected PBMCs.
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FIGURE 7. miRNA-protein interaction network of target proteins upregulated due to downregulation of miR-21-5p. Student's t-test was done in JMP9 (SAS Institute Inc, Cary, USA) to test the significance of difference and difference between groups was considered significant at P ≤ 0.05.





Table 3. Immune-related functions of proteins upregulated due to downregulation of miR-21-5p.
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miR-21-5p and miR-484 Were Functionally Validated Using Dual-Luciferase Reporter Assay

The miR-21-5p and miR-484 sequences were found to be complementary to sequences from 329-349 and 613-634 at 3′ UTR of TGFBR2 gene, respectively. Further, the strength of interaction between the target site on TGFBR2 for miR-21-5p as evaluated on the basis of ΔG value and total score value was−18.70 kCal/Mol and 152, respectively. The parameters of the interaction for the miR-484 and its target site at 3′ UTR of TGFBR2 were−18.16 kCal/Mol and 148 (Figure 8). The wild-type and mutated type target sequences of TGFBR2 were cloned into XbaI site of the vector pGL4.13. The transfection results showed complementary binding between miRNA mimics and their specific target sites expressed in the form of decreased expression of the luciferase gene in case of wild-type construct and increased expression in case of mutant type (Figure 9). The overview of abstract form of results is given in Data Sheet 1.
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FIGURE 8. Construction of wild type and mutant type sequences flanking the miRNA target sequence. 3'UTR target site of TGFBR2 gene was retrieved from NCBI (a) and analyzed in miRanda (b1,b2). The complementary binding (in red), ΔG value (−18.70 and−18.16) and total score value (152 and 148) indicated the strength of interaction between miR-21-5p and TGFBR2 (329-349 3'UTR), and miR-484 and TGFBR2 (613-634 3'UTR) respectively (b1, c1, b2, c2). While wild type oligonucleotide (62 bp) was constructed from 3'UTR of TGFBR2 mRNA flanking the miRNA target site (d1, d2), the mutant was created by replacing the target site either with poly A or poly T sequence (red) (e1, e2).
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FIGURE 9. Relative luciferase activity in wild type and mutant of TGFBR2 gene. The decrease in luciferase activity in the wild type indicated specific binding of miR-484 (A) and miR-21-5p (B) to their target site. Student's t-test was done in JMP9 (SAS Institute Inc, Cary, USA) to test the significance of difference and differences between groups were considered significant at P ≤ 0.05.






DISCUSSION

In an attempt to explore the role of microRNAs in modulating the host immune response against PPRV infection, we studied the differential expression of miRNAs in PPRV infected PBMCs, evaluated the influence of these DEmiRNAs on immune response processes from the proteomics data and functionally validated two miRNAs through Dual-Luciferase Reporter Assay.

The miRNA-seq data was analyzed in CLC genomics3 The analysis tools in CLC Genomics Workbench are designed to facilitate trimming of reads, and counting and annotation of the resulting tags using miRBase in general and microRNA of reference organism in particular. Functional analyses of miRNAs or miRNA high-throughput datasets commonly use the Gene Ontology annotations associated with the genes or gene products that the miRNAs are predicted to regulate. Therefore, it is critical to identify targets for understanding their biological function and molecular mechanism (62). TargetScan, an online tool allows the user to extract target genes against broadly conserved or poorly conserved miRNA families across several species or target miRNAs against a particular gene. Thus, it is imperative to identify proteins that are regulated by miRNAs.

The miRNA-protein network analysis suggests that one miRNA could participate in several biological processes by targeting different mRNAs, and one biological process could be influenced by multiple miRNAs (2). The DEmiRNAs identified were found to govern 98 genes that regulate several immune response pathways. miR-664, miR-2311, miR-484, miR-2440, miR-574, miR-210, miR-21-5p, miR-2897, miR-3533, and miR-30 were the top 10 miRNAs governing the immune response processes. miR-664 has been demonstrated to be upregulated during influenza A infection of A549 cells and was found to have proviral activity (63). Similarly, overexpression of miR-484 has been found to inhibit Dengue viral infection in-vitro (64). These miRNAs—miR-664 and miR-484 were found to be upregulated in our study indicating their possible role in the immune response in PPRV infected PBMCs. miR-210 has been reported to inhibit apoptosis (65). This miR-210 was downregulated in PPRV infected PBMCs thus promoting apoptosis in animals that succumbed to the disease. PPRV has been reported to cause apoptosis in PBMCs (66). miR-21-5p has been found to decrease the sensitivity of the cell to the antiviral activity of IFNs, decrease the production of the Th1 cytokine IFN γ and inactivate the T-cell (67), thus facilitating viral replication. In our previous study, IFN γ has been found to increase in PBMCs infected with PPRV infection (35). So, the downregulation of miR-21-5p could be a contributing factor for the increase in IFN γ level during PPRV infection. miR-30b plays an inhibitory role in antigen processing and presentation by primary macrophages and dendritic cells (68) and suppresses TLR/MyD88 activation and cytokine expression in THP-1 cells during MTB H37Rv infection (69). The downregulation of miR-21-5p and miR-30 in our study is indicative of strong host response to PPRV infection.

To investigate the role of immune regulating DEmiRNAs in regulating immune response genes in goat, we choose to confirm the binding between miRNAs and a common gene to evaluate the effect of the interaction. Here, we selected miR-21-5p for functional validation vis-à-vis TGFBR2 as a target gene. TGFBR2 along with TGFBR1 transduces signals of cytokines like TGFB1, TGFB2, and TGFB3 from the cell surface to cytoplasm (70). TGFB signaling pathway plays an important role not only in tissue development and morphogenesis (71, 72) but also in wound healing (73). In this study, TGFBR2 was found to be regulated by 21 identified DEmiRNAs including most of the top 10 immune regulating miRNAs. We identified TGFBR2 to be connected to various development processes like lung morphogenesis and cardiovascular system in GO analysis, suggesting its role in restoring host physiology under PPRV infection. Further, the development, differentiation, and tolerance of T cells and homeostasis of T and B cells are regulated separately by TGFB signaling pathway and Wnt signaling pathway (74–76). Activin receptor signaling pathway shares the SMAD proteins with TGFB signaling pathway (77, 78) and plays a crucial role in inflammation (79). The involvement of TGFBR2 in TGFB signaling pathway and its direct association with Activin receptor signaling pathway and indirect association with Wnt signaling pathway, as predicted in the GO analysis in this study, highlights how TGFBR2 regulates immune response under PPRV infection. Moreover, miR-484 was selected at random from the top 10 immune regulating DEmiRNAs for functional validation against TGFBR2 to provide further evidence of interaction between miRs and genes.

Genetic reporter systems provide efficient means of studying the regulation of eukaryotic gene expression by exploiting the “biochemical requirements” for luminescence of reporter molecules (80). In Dual Luciferase Reporter (DLR) Assay, the target sites of the TGFBR2 for miR-21-5p and for miR-484 were cloned into pGL4.13 vector having luciferase reporter. The interaction between the target mRNA and the specific miRNA mimic lead to an inevitable knockdown in expression of the target mRNA. The ligation of the target site (3'UTR) of TGFBR2 to the luciferase reporter gene in the vector pGL4.13 prevent the luciferase gene from getting translated whenever miRNA-21-5p and miR-484 mimics were cotransfected with the vector. Hence, the significant reduction in expression of luciferase activity in wild-type TGFBR2 in comparison to mutant type TGFBR2 was observed.

In this study, we identified miRNAs that are instrumental in regulating immune response to PPRV infection following integrative analysis of miRNA-seq data and proteome profiling data.
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Interferon-induced transmembrane proteins (IFITMs) are a family of small proteins that localize in the plasma and endolysosomal membranes. IFITMs not only inhibit viral entry into host cells by interrupting the membrane fusion between viral envelope and cellular membranes, but also reduce the production of infectious virions or infectivity of progeny virions. Not surprisingly, some viruses can evade the restriction of IFITMs and even hijack the antiviral proteins to facilitate their infectious entry into host cells or promote the assembly of virions, presumably by modulating membrane fusion. Similar to many other host defense genes that evolve under the selective pressure of microorganism infection, IFITM genes evolved in an accelerated speed in vertebrates and many single-nucleotide polymorphisms (SNPs) have been identified in the human population, some of which have been associated with severity and prognosis of viral infection (e.g., influenza A virus). Here, we review the function and potential impact of genetic variation for IFITM restriction of viral infections. Continuing research efforts are required to decipher the molecular mechanism underlying the complicated interaction among IFITMs and viruses in an effort to determine their pathobiological roles in the context of viral infections in vivo.
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Interferon-induced transmembrane proteins (IFITMs) are a family of small proteins that can be found in single cell organisms and are evolutionally conserved across vertebrates (Siegrist et al., 2011; Zhang et al., 2012). The human IFITM family comprises five members, including immune-related IFITM1, IFITM2, and IFITM3, as well as IFITM5 and IFITM10 with no known role in immunity. As key host defense genes, IFITMs evolved under the selective pressure of microorganism infection (Compton et al., 2016). IFITM proteins are involved in many aspects of virus–host interaction and play important roles in viral pathogenesis. Among the number of single-nucleotide polymorphisms (SNPs) in IFITM3 gene that have been identified in human populations, several are associated with disease severity and prognosis of influenza A virus (IAV) and other viral infections (Everitt et al., 2012; Zhang et al., 2015; Xu-Yang et al., 2016; Allen et al., 2017). Mechanistically, these SNPs either alter the expression of IFITM3 or result in expression of N-terminally truncated IFITM3 isoform, Δ21-IFITM3, with reduced antiviral activity against different viruses (Everitt et al., 2012; Allen et al., 2017). In this review, we will summarize the findings on human IFITM structural features related with antiviral activity, and impact of genetic variation on IFITM antiviral function in the control and pathogenesis of viral infections in humans.


IFITMs RESTRICT A BROAD SPECTRUM OF VIRUSES IN CULTURED CELLS AND IN VIVO

To date, IFITMs have been shown to inhibit the infection of enveloped RNA viruses from 9 viral families (Perreira et al., 2013), non-enveloped RNA viruses, e.g., reovirus (Anafu et al., 2013) and foot-and-mouth disease virus (Xu et al., 2014), and several DNA viruses (Li et al., 2018). IFITMs efficiently inhibit a number of medically important human pathogenic viruses, including IAV (Brass et al., 2009; Bailey et al., 2012), dengue virus (DENV) (Brass et al., 2009; Jiang et al., 2010), West Nile virus (WNV) (Brass et al., 2009; Jiang et al., 2010), Zika Virus (ZIKV) (Savidis et al., 2016), Ebola virus (EBOV) (Huang et al., 2011; Wrensch et al., 2015), Marburg virus (MARV) (Huang et al., 2011), severe acute respiratory syndrome coronavirus (SARS-CoV) (Huang et al., 2011), Rift Valley fever virus (RVFV) (Mudhasani et al., 2013), Hantaan virus (HTNV) (Mudhasani et al., 2013; Xu-Yang et al., 2016), hepatitis C virus (HCV) (Wilkins et al., 2013), and human immunodeficiency virus (HIV) (Lu et al., 2011; Compton et al., 2014; Yu et al., 2015; Compton et al., 2016; Foster et al., 2016; Chesarino et al., 2017; Tartour et al., 2017; Wang et al., 2017). In vivo studies in IFITM3 knockout mice demonstrate the critical role of IFITM3 in restricting infection and reducing disease severity of infection by IAV (Bailey et al., 2012; Everitt et al., 2012), WNV (Gorman et al., 2016), Chikungunya virus and Venezuelan equine encephalitis virus (Poddar et al., 2016), and respiratory syncytial virus (Everitt et al., 2013). IFITM3 in mice not only protects lung epithelia cells from IAV infection, but it was also shown to restricts IAV infection of lung dendritic cells, which traffic to lymph nodes to prime CD8+ T cell anti-viral response (Infusini et al., 2015). Moreover, lung resident memory CD8+ T cells in mice were programmed to retain IFITM3 expression, facilitating their survival and protection from viral infection during subsequent exposures (Wakim et al., 2013).



IFITMs MAINLY RESTRICT VIRUS INFECTION AT CELL ENTRY

IFITM proteins localize at the plasma membrane as well as the membranes of endocytic vesicles and lysosomes (Bailey et al., 2014). IFITMs can also be incorporated into envelope membranes of many viruses (Yu et al., 2015; Tartour et al., 2017). Emerging evidence suggests that IFITM proteins on both viral and cellular membranes can restrict the infectious entry of diverse envelope viruses by inhibiting viral fusion at cell plasma or endolysosomal membranes, but IFITM does not impede endocytosis of virions into cells (Weidner et al., 2010; Li et al., 2013; Perreira et al., 2013; Compton et al., 2014; Desai et al., 2014). As extensively discussed in a previous review (Perreira et al., 2013), the potency of IFITM restriction of viral cell entry is generally correlated to the co-localization of IFITM proteins at the sites of viral fusion. For instance, IFITM1 more efficiently restricts the viruses that enter the cytoplasm via direct fusion with plasma membrane or via Rab-5 positive early endosomes, whereas IFITM3 more efficiently inhibits viruses that enter via Rab7-positive late endosomes or lysosomes. This rule is highlighted by the finding that mutation of IFITM3 endocytic signal results in its cell surface accumulation and gains a function to restrict the infection of human parainfluenza virus 3 (HPIV-3), which enters cells via direct fusion with the plasma membrane (Rabbani et al., 2016; Zhao et al., 2018). Another example is that the sensitivity of IAVs to IFITM3 appears to depend on the pH value at which the IAV hemagglutinin triggers membrane fusion and thus the endocytic compartments where the membrane fusion take place (Gerlach et al., 2017). However, exceptions of this rule do exist. For instance, it remains to know how Moloney leukemia virus (MLV) and Sendai virus that fuse at cell plasma membrane (Brass et al., 2009; Hach et al., 2013) as well as Lassa fever virus (LASV) and lymphocytic choriomeningitis virus (LCMV) that fuse at Rab7-positive late endosomes (Brass et al., 2009; Mudhasani et al., 2013) to escape IFITM1 and IFITM3 restriction, respectively.

The mechanism of IFITM inhibition of viral fusion and cell entry is not yet resolved. One study reported that IFITM inhibited Jaagsiekte sheep retrovirus envelope and IAV hemagglutinin fusion of viral envelope to cellular membranes prior to coalescence of lipid-bilayers, a process known as hemifusion (Li et al., 2013). However, another study using a direct virus-cell fusion assay in viable cells to investigate IAV entry found that overexpression of IFITM3 protein in late endosomes did not alter lipid mixing, but rather inhibited the release of viral contents into the cytoplasm, suggesting that IFITM3 inhibits the transition from hemifusion to full fusion of the respective lipid membranes (Desai et al., 2014). Others studies suggested that IFITM multimerization decreases membrane flexibility by altering membrane curvature, with the consequence of interruption of the virus-cell membrane fusion (John et al., 2013; Lin et al., 2013). Another group reported that IFITM expression increased cholesterol content in the endosome or lysosome via an interaction with vesicle-associated membrane protein-associated protein A (VAPA), which abrogated endolysosomal fusion with the viral envelop (Amini-Bavil-Olyaee et al., 2013). However, this later observation was not confirmed by other studies (Desai et al., 2014; Wrensch et al., 2014). In addition, IFITMs were reported to affect the trafficking of vacuolar ATPase (v-ATPase), implying that IFITMs may indirectly restrict viral entry by modulating endosomal acidity (Wee et al., 2012). It is also well documented that the antiviral potency of IFITM proteins varies among different cell types (Huang et al., 2011; Zhao et al., 2018), suggesting that IFITMs work together with other cellular proteins to modulate viral fusion. In support of this notion, zinc metallopeptidase STE24 (ZMPSTE24), a transmembrane metalloprotease localized in the inner nuclear membrane and cytoplasmic organelles, had been identified as a downstream partner of IFITM3 to restrict the entry of enveloped RNA and DNA viruses (Fu et al., 2017).

In addition to the protective function of IFITM proteins to reduce viral infection of host cells, IFITM proteins, particularly IFITM2 and 3, can lead to the production of virions that package IFITMs and display reduced entry into target cells (Compton et al., 2014; Tartour et al., 2014, 2017). One study found that IFITM proteins interact with HIV envelope protein in viral producer cells to disrupt envelope protein processing and virion incorporation, which impairs virion infectivity (Yu et al., 2015); however, another found that IFITM3 expression in producing cells did not affect the amount of envelope protein incorporation into progeny HIV-1 virions (Appourchaux et al., 2018). Both studies reported that the level of IFITM protein incorporation into progeny virions does not correlate with the extent of infectivity reduction.

Moreover, recent studies have also shown that IFITMs can modulate viral infection and pathogenesis via mechanisms that are not directly related to the restriction of virus entry. For example, given the resistance of human papillomaviruses (HPV) to IFITMs, HPV infection of keratinocytes inhibits the expression of IFITM1 and RIPK3 to escape from IFN-γ and TNF-α-mediated antiproliferation and necroptosis, which is essential for establishing a persistent infection (Ma et al., 2016). In addition, it was demonstrated in IFITM3 knockout mice that IFITM3 limited murine CMV (MCMV) pathogenesis without directly preventing virus replication (Stacey et al., 2017). Instead, IFITM3 contributed to the antiviral cellular immunity by abrogating inflammatory cytokine-driven lymphopenia including apoptosis-independent NK cell death and T cells depletion (Stacey et al., 2017).



VIRAL COUNTERACTION FOR EVADING IFITMs

Not surprisingly, in the arms race between pathogen and host, many viruses have evolved strategies to evade the antiviral function of host restriction proteins. For instance, transmitted founder HIV-1 strains establishing de novo infection are generally capable of evading IFITM restriction (Foster et al., 2016; Wang et al., 2017). Mutations allow the virus to escape adaptive immune responses, and/or switches in the HIV-1 co-receptor tropism from CCR5 to CXCR4 increases viral sensitivity to inhibition by IFITM2 and IFITM3 in endosomal compartments (Foster et al., 2016). Moreover, IAV facilitates its infection by activating p53 or degrading eukaryotic translation initiation factor 4B (eIF4B) to inhibit the expression of IFITM proteins (Wang S. et al., 2014; Wang et al., 2018). In contrast, human coronavirus OC43 (HCoV-OC43) and human cytomegalovirus (HCMV) hijack IFITM3 to promote its infectious entry and progeny virions assembly, respectively (Zhao et al., 2014; Xie et al., 2015).



STRUCTURE AND POLYMORPHISM OF IFITM GENE LOCUS

The human IFITM locus, approximately 18kb long, is located on chromosome 11 and comprises five genes: IFITM1, IFITM2, IFITM3, IFITM5, and IFITM10 (Figure 1). As an IFN-stimulated gene (ISG), IFITM1, IFITM2, IFITM3 genes each has an interferon stimulated response element (ISRE) in its promoter region besides the additional gamma-activated sequence (GAS) in the promoter region of IFITM1 gene (Siegrist et al., 2011). However, the protein expression of IFITM5 and IFITM10 are not induced by IFNs (Zhang et al., 2012). Though IFITM1-3 proteins are ubiquitously expressed in human tissues in the absence of IFN induction, they can be robustly up-regulated by all three types of IFNs (Zhao et al., 2014). The IFITM3 promoter has binding sites for dozens of transcription factors, including POLR2A, MYC, ELF1, PHF8, CHD1, TAF1, REST, SIN3AK20, SIN3A, IRF1, STAT1, TBP, STAT3, STAT2, ZBTB7A, and CTCF, some of which may affect IFITM3 expression (Allen et al., 2017).
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FIGURE 1. IFITM gene structure. Human IFITM genes located in chromosome 11p15.5 are indicated, and the exons of immunity-related IFITM genes (IFITM1, IFITM2, and IFITM3) are indicated in blue color. The putative transcripts of IFITM2 and IFITM3 are also shown below. The transcription factor binding regions derived from UCSC Genome Browser are shown, which is verified by Chip-seq from the 161 proteins tested through ENCODE; GRCh37/hg19. Two red vertical lines across transcription factor binding sites represent the Influenza associated SNPs of rs12252 and rs34481144 with allele frequencies, respectively. N-terminally truncated IFITM3 isoform (Δ21 IFITM3) that is presumably generated by rs12252 is indicated.



As illustrated in Figure 1, all IFITM genes contain two coding exons interspersed by one intron. Both IFITM2 and IFITM3 were predicated to encode a wild typed full-length form and a truncated isoform with 20/21 amino acid residues deletion from N-terminus. Most vertebrate animals have two or more IFITM genes. In many primate species, gene duplication, and divergence of IFITM3 has been identified (Zhang et al., 2012; Compton et al., 2016). IFITM locus in many modern primate species contains multiple copies of IFITM3-like genes due to gene duplication (Compton et al., 2016). For instance, Marmoset, Macaque, and Africa Green Monkey (AGM) each has five, six and eight copies of IFITM3 genes, respectively (Compton et al., 2016). Comparative genomics studies indicate that IFITM3 is the most ancient member in the IFITM family and IFITM2 emerges as a rather recent genetic event in human, chimpanzee, and gorilla (Compton et al., 2016). The multiplicity and diversity of IFITM2/3 indicates that there is a positive selection in IFITM evolution, which is consistent with their role in restricting pathogen invasion (Compton et al., 2016).



STRUCTURAL FUNCTION RELATIONSHIP OF IFITM PROTEINS

IFITM proteins have several topologies that may affect their function. As shown in Figure 2A, although IFITM3 may adopt three different membrane topologies (Bailey et al., 2014), it exists predominantly as a type II transmembrane protein with the N-terminus in cytosol and the short C-terminus exposed to cellular exterior or in the lumen of endolysosome (Bailey et al., 2013). Although IFITM1 was also reported to predominately adopt a type II transmembrane topology, other membrane topologies may exist (Figure 2B; Li et al., 2015).
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FIGURE 2. Illustration of IFITM protein membrane topology. The three possible membrane topologies of IFITM3 (A) and six possible membrane topological forms of IFITM1 (B) are presented. The two transmembrane (or intramembrane) regions were highlighted in yellow.



As depicted in Figure 3, IFITMs consist of intramembrane (IMD) and transmembrane (TMD) domains separated by an intracellular loop (CIL) and variable N and C terminal domains (NTD and CTD), respectively (Bailey et al., 2013, 2014; Chesarino et al., 2017). While the NTD and CTD are highly variable in length and sequence among IFITM orthologs and paralogs, the canonical CD225 domain spanning IMD to CIL domains is evolutionally more conserved (Bailey et al., 2014). Critical structure motifs and amino acid residues undergoing post-translational modifications required for IFITM oligomerization as well as their biological and antiviral functions are discussed below.
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FIGURE 3. Schematic diagram of IFITM1/3 topology and structural determinants essential for their modulation of viral entry. Five structural domains, including the N-terminal domain (NTD), amphipathic helix domain (AHD), intracellular loop (CIL), transmembrane domain (TMD), and C-terminal domain (CTD), are illustrated. Two membrane-associated domains (AHD and TMD) are embodied in light orange. In IFITM3, three hydrophilic residues (S61, N64, and T65) in amphipathic helix are labeled in violet. In NTD domain, 20YEML23 motif required for IFITM3 endocytosis are depicted in blue with red circle and 17PPNY20 motif recruiting NEDD4 E3 ligase are shown in green. In CIL domain, 81SVKS84 motif required for IFITM3 to inhibit IAV, DENV, and LLOV infection is indicated with purple circle. The residues with post-translational modification, including phosphorylation (Y20 and Y99 labeled with red circle), palmitoylation (C71, C72, and C105 marked with light blue), and ubiquitination (highlighted in orange), are indicated. In addition, two residues (F75 and F78) essential for oligomerization are marked with yellow. In IFITM1, C-terminal 12-aa residues critical for modulating human coronaviruses entry is indicated in blue, and 122KR123 dibasic motif constituted as IFITM1 sorting signal is depicted with red circle.



NTD of IFITM2 and IFITM3

Compared to IFITM1, IFITM2 and IFITM3 have N-terminal 20-aa or 21-aa extension which was previously regarded to be absent in rs12252-C encoding IFITM3 isoform. Although deletion of this N-terminal 21-aa region significantly impaired its ability to inhibit the infection by IAV, VSV, and DENV, the deletion apparently did not affect its ability to enhance HCoV-OC43pp infection (Weidner et al., 2010; John et al., 2013). Interestingly, Δ21-IFITM3 enhanced inhibition of HIV-1 fusion (Compton et al., 2016). Moreover, Δ20-IFITM2, a N-terminal 20-aa truncated isoform of IFITM2, which is derived from an alternatively initiated RNA transcript (Figure 1), demonstrated a more potent suppression on HIV-1 infection than that by full-length wild-type IFITM2 (Wu et al., 2017). In fact, a recent study argues that the Δ20-IFITM2, rather than the full-length IFITM2 and IFITM3, is the effective restriction factor of HIV-1 with CXCR4-tropism (Wu et al., 2017).

The 20YXXΦ23 motif of IFITM3 is an endocytic signal essential for endocytosis and localization of IFITM3 to endocytic vesicles and lysosomes (Jia et al., 2014). Artificial mutations of 20YEML23 motif (Y20D, Y20A, or L23A) result in an accumulation of IFITM3 in the plasma membrane and reduced inhibition of viruses that enter the cytoplasm at endocytic vesicles/lysosomes, such as IAV, human coronaviruses NL63 and -229E (Chesarino et al., 2014a; Jia et al., 2014; Williams et al., 2014; Zhao et al., 2018), but enhanced inhibition of viruses that directly enter cells at the plasma membranes, such as HPIV-3 and HIV-1 (Jia et al., 2012; Compton et al., 2016; Rabbani et al., 2016). Intriguingly, replacement of IFITM3 tyrosine (Y) 20 with either alanine (A) or aspartic acid (D) to mimic unphosphorylated or phosphorylated IFITM3 converted the antiviral protein to enhance the entry of SARS-CoV and MERS-CoV (Zhao et al., 2018). These studies suggest that the NTD, particularly 20YXXΦ23 motif, plays important roles in IFITM2/3 subcellular localization and antiviral activity. IFITM3 are phosphorylated by the protein-tyrosine kinase Fyn on tyrosine 20 (Y20), which results in its plasma membrane accumulation and decreased antiviral activity against influenza viruses (Jia et al., 2012, 2014; Chesarino et al., 2014a). This result is consistent with the mutagenesis studies of 20YXXΦ23 motif, where Y20 is part of an endocytosis signal that can be blocked by phosphorylation (Chesarino et al., 2014a). Additionally, phosphorylation of IFITM3 by Fyn and mutagenesis of Y20 also lead to decreased IFITM3 ubiquitination, suggesting modification of Y20 as an important mechanism to control IFITM3 trafficking and degradation (Chesarino et al., 2014a).

CTD of IFITM1

Compared to IFITM2 and IFITM3, human IFITM1 has a relatively long C-terminal region of 18 amino acid residues. The 122KRXX125 motif serves as a sorting signal for IFITM1. Substitution of two basic residues 122KR123 with alanine (KR/AA) in IFITM1 reduced its distribution in LAMP1-positive lysosomes but enriched its localization in CD63-positive multivesicular bodies (Li et al., 2015). The KR/AA mutant IFITM1 executed increased activity to inhibit the infection by Jaagsiekte sheep retrovirus (JSRV) and 10A1 amphotropic murine leukemia virus (MLV) (Li et al., 2015). Interestingly, although SARS-CoV and HCoV-NL63 share the ACE2 receptor for infection of host cells, deletion of the C-terminal 3, 6, or 9 amino acids did not apparently affect the activity of IFITM1 to inhibit SARS-CoV entry but enhanced the activity of IFITM1 to inhibit the entry of HCoV-NL63 (Zhao et al., 2018). However, further deletion of the C-terminal 12, 15, or 18 amino acids significantly attenuated or even abolished the ability of IFITM1 to inhibit the entry of SARS-CoV, but did not apparently affect the entry of NL63 (Zhao et al., 2018). More strikingly, deletion of C-terminal 12-aa or 18-aa converted IFITM1 to a potent enhancer of MERS-CoV and HCoV-OC43 entry (Zhao et al., 2014, 2018). A recent mutagenesis study indicated that amino acid residues 127–132 in the CTD domain of IFITM3 differentially modulates its activities in target cell protection and negative imprinting of progeny HIV-1 infectivity (Appourchaux et al., 2018). These studies clearly indicate that the CTD of IFITMs contains multiple structure motifs that regulate the subcellular localization and antiviral functions.

CD225 Domain

The canonical CD225 domain comprises IMD to CIL domains and is evolutionally conserved (Bailey et al., 2014). IMD domain (residues 58–80) is a hydrophobic region and possesses an amphipathic alpha helix spanning residues 59–68 (Chesarino et al., 2017). It was demonstrated recently that either deletion of this alpha helices or mutations altering amphipathicity largely impaired or even abolished IFITM antiviral activity, suggesting a critical role in IFITM antiviral function, presumably through affecting membrane physical properties (Chesarino et al., 2017). In addition, the 81SVKS84 motif residing in CIL domain is essential for IFITM3 to inhibit IAV and DENV infection, but replacement of this motif with four residues of alanine promoted cellular entry driven by Lloviu virus (LLOV) glycoprotein (Wrensch et al., 2015).

Palmitoylation of IFITM

IFITM proteins can be palmytoylated at three cystines in CD225 domain by multiple zinc finger DHHC domain-containing palmitoyltransferases (ZDHHCs) (McMichael et al., 2017). While Cys105 localizes close to the amphipathic alpha helix in the IMD domain, Cys71 and Cys72 are adjacent to the TMD domain. Mutagenesis studies indicated that substitution of those three cysteine residues with alanine alters the IFITM3 distribution from punctate clusters in the cellular membrane to a more diffused pattern and the resulting palmitoylation-deficient mutant showed impaired or even abolished antiviral activity (Yount et al., 2010). Interestingly, when other lipid modification sites, such as myristoylation and prenylation, were introduced in IFITM NTD or CTD domains, the antiviral function of palmitoylation-deficient IFITM3 mutant could be restored. These findings imply that anchoring IFITM protein to membranes, but not structure alteration by S-palmitoylation, is important for IFITM restriction of virus entry (Yount et al., 2012; Chesarino et al., 2014b).

Ubiquitination of IFITM

Human IFITM proteins possess four conserved lysine residues (Figure 2) that can be ubiquitinated by E3 ubiquitin ligase such as NEDD4 (Yount et al., 2012; Chesarino et al., 2015). Previous studies demonstrated that each lysine residue can be modified with mono- and poly-ubiquitination through Lys-48 and Lys-63 linkages (Yount et al., 2012). By replacing all four residues of lysine with alanine, the mutant IFITM3 demonstrated endolysosomal distribution and execute hyperactivity to restrict IAV infection than wild type (Yount et al., 2012). However, our studies demonstrated that ubi-deficient IFITM3 lost antiviral activity against all the viruses tested, including IAV (Zhao et al., 2014, 2018). The discrepancy of those studies is not clear. Importantly, ubiquitination and endocytosis of IFITM3 is required for mTOR inhibitor-induced degradation of IFITM3 (Shi et al., 2018). In addition, IFITM3 K88 can be monomethylated by lysine methyltransferase SET7 and demethylated by histone demethylase LSD1 (Shan et al., 2013, 2017). While vesicular stomatitis virus (VSV) and IAV infection increased IFITM3-K88me1 levels by promoting the interaction between IFITM3 and SET7 and disassociation from LSD1 to attenuate IFITM3 antiviral activity, IFN-α reduced IFITM3-K88me1 levels and increased its antiviral activity (Shan et al., 2013, 2017).

Oligomerization of IFITMs

IFITM proteins function as homo- or hetero-oligomers. Two phenylalanine residues (F75 and F78) are essential for IFITM homo- and hetero-oligomerization (John et al., 2013). IFITM3 bearing F75A and F78A mutations (IFITM3/2FA) showed reduced ability to inhibit the entry of HCoV-NL63, but lost ability to inhibit or enhance the entry of all other tested viruses (Zhao et al., 2014, 2018).



ANTIVIRAL ACTIVITY OF HUMAN IFITM VARIANTS

The antiviral activity of many naturally existing human IFITM variants has been tested in cell cultures. As shown in Table 1 and mentioned in previous sections, although SNP rs12252 is predicted to encode a splice variant specifying a N-terminally truncated isoform IFITM3 (Everitt et al., 2012), the putative Δ21-IFITM3 protein has not been detected in the tissues or cells of affected subjects (Wu et al., 2017; Makvandi-Nejad et al., 2018). However, subcellular localization and antiviral activity of genetically engineered Δ21-IFITM3 have been extensively investigated in cultured cells (John et al., 2013; Compton et al., 2016). Interestingly, IFITM2 was reported recently to have a similar N-terminally truncated isoform (Δ20-IFITM2) expressed in human innate immune cells and CD4+ T cells (Wu et al., 2017). Compared with the full-length wild-type IFITM2, Δ20-IFITM2 demonstrated an increased plasma membrane accumulation and enhanced antiviral activity against HIV-1, particularly, HIV-1 with CXCR4 tropism (Compton et al., 2016; Wu et al., 2017). In addition, expression and antiviral activity of some human nonsynonymous IFITM3 variants have also been investigated in cell cultures (John et al., 2013). While many of the SNPs results in undetectable levels of IFITM3 in the transfected cells, presumably due to the reduced stability of mutant proteins, and thus loss of antiviral activity against IAV, a few SNPs did not apparently alter the amount of IFITM proteins but impaired the antiviral activity against IAV. It will be interesting to test all the IFITM variants against a group of viruses and identify the SNPs that potentially impact the control and pathogenesis of specific viral infections in humans.

TABLE 1. Human IFITM variants and their biological functions.
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IFITM VARIANTS AND DISEASES

IFITM Variants in Human Populations

As a potent viral restriction factor, IFITMs play a pivotal role in limiting the infection by multiple viruses and any genetic variation affecting the IFITM expression or function might contribute to viral pathogenesis. Thus, natural variation in IFITM genes and its association with illness severity has been extensively investigated. Currently, a dozen of SNP in IFITM3 have been reported, some of which may modulate IFITM expression, affect RNA splicing, or result in nonsynonymous or synonymous variants (Table 1). Several SNPs affecting function of IFITMs have been investigated for their association with morbidity, severity and prognosis of microorganism infection (Everitt et al., 2012; Shen et al., 2013; Zhang et al., 2013, 2015; Wang Z. et al., 2014; Allen et al., 2017).

The most studied SNP associated with severe outcomes of IAV infection is SNP rs12252, which is a nonsynonymous variation in the first exon of IFITM3 (Everitt et al., 2012). The substitution of the major allele of T with alternative allele of C was predicted to alter IFITM3 mRNA splicing and generate a N-terminally truncated variant of IFITM3 with 21 amino acid residues deletion (Δ21-IFITM3) (Everitt et al., 2012). The SNP rs12252 has a higher prevalence in the population of East Asia than Europe (0.528 vs. 0.041) (Everitt et al., 2012). Moreover, the homozygous CC genotype and heterozygous TC genotype have significantly higher frequency in East Asia than that in Europe (0.300 vs. 0.000 and 0.456 vs. 0.082, respectively) (Everitt et al., 2012).

rs34481144 located at the IFITM3 promoter is associated with severe influenza in three human cohorts (Allen et al., 2017). SNP rs34481144, wherein the majority G allele is replaced with a minor A allele, controls IFITM3 promoter activity and determines the expression level. Compared to the G allele, A allele has activities of decreased IRF3 binding and increased CTCF binding, thus resulting in lower IFITM3 expression. SNP rs34481144 has diverse allele and genotypic frequencies in different human populations (Table 1). The allele frequency of rs34481144-G is higher in the population of East Asia and Africa than that in Europe (0.957 and 0.994 vs. 0.538, respectively) (Allen et al., 2017). Also, the homozygous GG genotype has significantly higher frequency in East Asia than Europe (0.988 vs. 0.294) (Allen et al., 2017).

IFITM3 Variants and Influenza A Virus Infection

Several groups previously reported that IFITM3 SNP of rs12252 is associated with the susceptibility and severity of patients with seasonal influenza and pandemic H1N1 and H7N9 IAV infection (Everitt et al., 2012; Zhang et al., 2013; Wang Z. et al., 2014; Pan et al., 2017). As summarized in Table 2, Everitt et al. (2012) first discovered that a higher allelic frequency of rs12252-C exists in Caucasian hospitalized influenza patients than healthy control. Moreover, they observed a remarkably higher frequency of the homologous CC genotype in hospitalized influenza patients compared to the normal European population (5.7% vs. 0.3%) (Everitt et al., 2012). Importantly, another group reported that the minor C allele of rs12252 in the Caucasian population is much more prevalent in Han Chinese and Japanese and is associated with disease severity in patients with pH1N1/09 IAV infection (Zhang et al., 2013). In line with this observation, results obtained from study of H7N IAV infection revealed that H7N9 infected patients with rs12252-CC genotype exhibited accelerated disease progression and increased mortality rate than patients with the TC and TT genotype (Wang Z. et al., 2014). These studies collectively suggest that rs12252-C is a risk allele associated with severe IAV infection. However, several recent studies from European or Africa-American ethnic groups did not support the association of rs12252 with severe influenza infection (Mills et al., 2014; Lopez-Rodriguez et al., 2016; Randolph et al., 2017). The rare frequency of rs12252-C in European population may account for this discrepancy. Through meta-analysis of 11 studies, rs12252 T > C was associated with risk to severe influenza infection with odds ratio of 1.69 (95% CI 1.23, 2.33) in both European and East Asian populations, but for the mild infection, the results remained uncertain (Prabhu et al., 2018).

TABLE 2. Association of IFITM rs12252 alleles on viral pathogenesis in humans.
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Although the association of rs12252 with the susceptibility to influenza infection and disease severity was observed by many studies, the mechanism for this association is largely unknown. As mentioned above, although rs12252-C is speculated to encode a N-terminal truncated IFITM3 with attenuated antiviral activity to impede IAV entry, the truncated variant has not been detected so far (Everitt et al., 2012; Makvandi-Nejad et al., 2018). Moreover, the homozygous CC genotype was demonstrated to only express full-length IFITM3 at a similar level to TT genotype (Wu et al., 2017). Thus rs12252-C genetic variant does not appear to affect the biochemical nature and expression of IFITM3. Obviously, further investigation to determine whether rs12252-C influences IFITM3 gene splicing or protein levels in a cell type-specific manner and whether this SNP co-segregates with a different causative allele is warranted.

A recent study found that another IFITM3 SNP rs34481144 has a strong association with disease severity in three influenza cohorts (Allen et al., 2017). rs34481144 is located in the promoter region of IFITM3 (Figure 1). The substitution of the majority allele of G with minority allele of C reduces IFITM3 expression level and consequently results in the reduced number of antiviral CD8+ T cells in lung tissue upon IAV infection (Allen et al., 2017). In cohort FLU09, a cohort of naturally acquired influenza infection, a higher frequency of homozygosity of risk A allele was observed in patients with severe illness than the mild cases (33.3% vs. 1.3%) (Table 3; Allen et al., 2017). Also, an increased frequency of the A allele was found in patients who suffered with severe influenza in other two cohorts (Table 3; Allen et al., 2017). Thus, rs34481144-A is a risk allele associated with severe IAV infection and its association with other viral infection disease deserves to be investigated in future.

TABLE 3. Impacts of IFITM variant rs34481144 on viral pathogenesis in humans.
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IFITM3 Variants and Other Viral Infections

In addition to influenza, SNP of rs12252 was also observed to have association with development of AIDS and Hantaan virus associated hemorrhagic fever with renal syndrome (HFRS) (Zhang et al., 2015; Xu-Yang et al., 2016). Zhang et al. (2015) reported that rs12252 is associated with rapid progression of AIDS, but not the susceptibility to HIV infection. Patients of AIDS rapid progressors had a higher frequency of rs12252 CC and CT genotype than non-progressors (Zhang et al., 2015). Compared with TT genotype, more patients with CC/CT genotypes were characterized with higher viremia level and more significantly reduced CD4 T+ cells (Zhang et al., 2015). In addition, the association of rs12252-C and homozygous CC genotype with disease severity in HFRS patients infected by Hantaan virus was reported recently (Xu-Yang et al., 2016). A higher allelic frequency of rs12252-C was observed in severe HFRS patients hospitalized than healthy Han Chinese controls (68.29% vs. 52.16%). Also, severe HFRS patients had a higher frequency of rs12252 CC than patients with mild HFRS and healthy Han Chinese. Along these lines, this group also reported that the viral titer detected in the plasma of HFRS patients with rs12252-CC genotype was more significantly alleviated than those with the TC and TT genotype (Xu-Yang et al., 2016). Thus, rs12252 C is a risk allele associated with severity of AIDS and HFRS, indicating that SNP rs12252 may have a profound impact on the pathogenesis of multiple viral diseases.



FUTURE DIRECTIONS

IFITMs are a group of small fusogenic proteins that restrict the infection of broad spectrum of viruses by inhibiting the fusion of viral and cellular membranes. However, whether IFITMs inhibit hemifusion, the process whereby the outer, but not the inner, leaflet of the viral and cellular membranes merge, or the transition from hemifusion to pore formation remains to be rigorously determined. It is also important to note that IFITMs do not always inhibit virus entry, but may promote membrane fusion under selected conditions, such as in the case of HCoV-OC43 infection (Zhao et al., 2014). Moreover, our recent studies indicated that specific mutations can flip the biological activity of IFITMs, from inhibiting to promoting the infection of selected human coronaviruses (Zhao et al., 2018). Those later findings strongly suggest that the fusogenic activity of IFITMs might be bidirectional and could be regulated by viral and host factors. The elucidation of molecular mechanisms underlying IFITM-mediated innate immunity via modulation of viral entry into host cells as well as the negative imprinting of progeny virions (virions incorporating IFITMs display decreased infectivity) will open new avenues for future research. We have only just begun to appreciate the role of IFITM proteins in innate antiviral defenses. Genetic association studies of rare and common variants may explain population-specific and individual variance in susceptibility to common viral pathogens and identify specific IFITM – virus interactions. Expansion of genetic studies incorporating gene knock-down or knock-off screens, single cell transcriptomics, epigenetic modification, and targeted sequencing for different viral infections will provide needed insights into cellular mechanisms and pathways involved in IFITM-mediated host response to viral exposure and infection.
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The course of Human Immunodeficiency Virus type 1 (HIV) infection is a dynamic interplay in which both host and viral genetic variation, among other factors, influence disease susceptibility and rate of progression. HIV set-point viral load (spVL), a key indicator of HIV disease progression, has an estimated 30% of variance attributable to common heritable effects and roughly 70% attributable to environmental factors and/or additional non-genetic factors. Genome-wide genotyping and sequencing studies have allowed for large-scale association testing studying host and viral genetic variants associated with infection and disease progression. Host genomics of HIV infection has been studied predominantly in Caucasian populations consistently identifying human leukocyte antigen (HLA) genes and C-C motif chemokine receptor 5 as key factors of HIV susceptibility and progression. However, these studies don’t fully assess all classes of genetic variation (e.g., very rare polymorphisms, copy number variants etc.) and do not inform on non-European ancestry groups. Additionally, viral sequence variability has been demonstrated to influence disease progression independently of host genetic variation. Viral sequence variation can be attributed to the rapid evolution of the virus within the host due to the selective pressure of the host immune response. As the host immune system responds to the virus, e.g., through recognition of HIV antigens, the virus is able to mitigate this response by evolving HLA-specific escape mutations. Diversity of viral genotypes has also been correlated with moderate to strong effects on CD4+ T cell decline and some studies showing weak to no correlation with spVL. There is evidence to support these viral genetic factors being heritable between individuals and the evolution of these factors having important consequences in the genetic epidemiology of HIV infection on a population level. This review will discuss the host-pathogen interaction of HIV infection, explore the importance of host and viral genetics for a better understanding of pathogenesis and identify opportunities for additional genetic studies.
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INTRODUCTION

Since the discovery of Human Immunodeficiency Virus type 1 (HIV) in the 1980s, a major goal of the infectious disease research community has been to study the pathogenesis of HIV disease to guide the development of therapeutics and, more recently, a functional cure. Since the start of the epidemic there have been an estimated 77.3 million (59.9–100 million) individuals infected with HIV and, in 2017, an estimated 36.9 million (31.1–43.9 million) individuals living with HIV globally (UNAIDS, 2018). More than 25 therapeutics have been developed for the treatment of HIV, although there is still no preventative vaccine and no functional cure (Tseng et al., 2015). The use of combination antiretroviral therapy (cART) has been shown to drastically improve the longevity and quality of life in people living with HIV infection.

While the vast majority of the infected population requires cART to achieve suppressed viral load, it has become widely accepted that some individuals are able to maintain suppression without the use of cART (reviewed in Deeks and Walker, 2007) and those who are entirely resistant to infection (Horton et al., 2010). The significance of a suppressed viral load was underscored in 2016 when it was determined that an undetectable viral load significantly reduced the risk of HIV transmission which has led to the statement “undetectable equals untransmittable” (U = U) (Cohen et al., 2011; Rodger et al., 2016). Therefore, achieving viral suppression in the majority of the infected population has become a major goal in ending the HIV epidemic. This is the motivation behind the UNAIDS (90-90-90) initiative which aims to have 90% of the global infected population diagnosed for HIV, 90% of diagnosed individuals on appropriate treatment, and 90% of individuals on treatment having viral suppression (UNAIDS, 2018). Meeting this goal by the year 2020 is a major ongoing effort by the global community with the hopes of ending the AIDS epidemic by 2030. It is likely that both existing and novel anti-HIV interventions will be required to meet this goal.

In this review, we will outline new advances in HIV host and viral genetic/genomic studies and discuss how genetic variability can modify susceptibility, disease progression and the dynamics of the host–pathogen interaction. We will also identify gaps in the current HIV genomics research and opportunities for future investigations.



BACKGROUND ON HIV AND DISEASE PROGRESSION

HIV Disease Progression

HIV disease progression consists of an acute phase where, after the initial infection, there is a peak of viral RNA and a drastic decrease of host CD4+ T cells (Figure 1), which can be accompanied with flu-like symptoms. The acute phase generally corresponds to a high viral titer and therefore increased transmissibility so early detection of individuals suspected of infection is important. Following acute infection, there is a brief recovery phase where there is some recovery of CD4+ T cells and a decrease of viral RNA, but then progressing into a persistent decrease of CD4+ T cells and increase of viral RNA associated with chronic stages of infection. The chronic phase can last over 10 years before an individual develops acquired immunodeficiency syndrome (AIDS) although rate of progression can vary dramatically. AIDS is defined as a CD4+ T cell count of less than 200 cells/mm3, taken from an individual living with HIV.


[image: image]

FIGURE 1. Summary of pathogenesis of HIV infection in the presence of combined antiretroviral therapy. The disease progression of HIV in this figure is represented by the relative CD4+ T cell count in cells/mm3 (blue) and HIV viral RNA in copies/mL plasma (red) and their relationship during HIV from acquisition to the development of AIDS [Figure was adapted from An and Winkler (2010)].



During chronic, untreated infection, the amount of viral RNA in blood can remain relatively constant in an individual and is referred to as the set-point viral load (spVL). SpVL can change quite drastically between individuals but has been shown to be relatively constant within a person with a higher viral load being strongly associated with a faster disease progression (Mellors et al., 1996; O’Brien et al., 1996). Rate of disease progression is also variable in the infected population, with the majority of untreated individuals progressing to AIDS in 5–10 years (Figure 1). Although research has shown there are some viral and host factors which can influence the rate of progression and spVL of an individual, much of the variance in these traits remains unknown (McLaren et al., 2015).

High spVL is a public health concern due to increased transmission risk in all risk groups including intravenous drug users, men who have sex with men (MSM), and heterosexual transmission (Crepaz et al., 2016). Although most individuals undergo viral suppression during ART, small populations of individuals, called HIV controllers, are able to achieve this suppression in the absence of therapy (Cao et al., 1995). There is substantial variance in viremia between HIV controllers and progressors, as well as rate of disease progression between the two groups. There have also been several observations of both extreme long-term non-progression and extreme rapid progression, although their definitions are not consistently held (Gurdasani et al., 2014; Olson et al., 2014). HIV controllers and progressors have been important populations of study to determine the effects of viral, host, and environmental factors which contribute to the variance in viral load and disease progression.

The ability of an individual to suppress their viral load, in the absence or with the assistance of cART, can significantly decrease HIV disease progression and greatly improve quality of life. This phenomenon has warranted a large amount of time to research the variability of HIV disease progression and has resulted in a wealth of knowledge regarding the complex interaction of HIV and host proteins. There are many factors which impact HIV disease progression such as viral and host genetic diversity, host–pathogen interaction and environmental factors. Although the root causes of variability in spVL and rates of progression are not fully understood, one area that has received significant attention, and produced significant discoveries, is the role of viral and host genetic variability, and the dynamics of host–pathogen interaction.

Methods for Studying Genetic Diversity

Genome-wide genotyping and sequencing studies have marked a shift in the direction of human genetic research from the use of candidate gene studies to genome-wide approaches allowing for the identification of large number of genetic variants associated with control of HIV infection. Genome-wide association studies (GWAS) provide an unbiased scan of the genome for common single nucleotide polymorphisms (SNPs) and small insertions and deletions (indels) associated with a particular trait (e.g., viral load). While these types of studies do not provide any causal information, they direct researchers to a region of interest which requires further studies to determine causality. However, GWAS require strict statistical standards and require large sample sizes which can make study designs difficult (Ioannidis et al., 2011).



HIV GENETIC IMPACT ON HIV PATHOGENESIS

HIV Viral Diversity

The global HIV pandemic originated from the independent zoonotic transmission events between non-human primates and humans which resulted in four different groups of HIV M, N, O, and P (Keele et al., 2006; reviewed in Taylor et al., 2008; Vallari et al., 2011). HIV group M, which is responsible for the majority of global infections, can be separated into eight genetically distinct subtypes: A, B, C, D, F, G, H, J, and K with additional circulating recombinant forms (CRFs) that have also been observed. Due to the high error rate of the reverse transcriptase (RT) enzyme and the rapid replication rate of HIV, the virus is able to generate large numbers of mutations within its genome (Fryer et al., 2010; Cuevas et al., 2015; Roberts et al., 2016). These viral mutations, if beneficial for survival, can create quasispecies that are resistant to immune responses (Crawford et al., 2009; Bronke et al., 2013) and antiretroviral therapy (Roche et al., 2011; Hayashida et al., 2016). If these mutations enhance the viruses’ ability to circumvent cART or host defense mechanisms, they are termed escape mutations. Escape mutations may be at a cost of viral fitness resulting in a more resistant virus but with decreased virulence within the host (Fryer et al., 2012; Song et al., 2012; Shahid et al., 2015). There have also been reports of specific escape mutations causing decreased viral fitness during transmission to a new host (Chopera et al., 2008). While the host immune system exerts strong selective pressure on HIV to develop escape mutations, evidence shows that this process is slowed in the presence of cART (Knapp et al., 2012).

Viral Sequencing

Since HIV has such a high mutation rate, viral sequencing is an essential process for determining potential drug resistance at the beginning of treatment. Early detection of drug resistance is necessary to help guide treatments options which are most suitable for a particular patient. This process is traditionally performed by sequencing plasma HIV RNA and looking for known variants in the RT, protease (PR), and integrase (IN) genes that are associated with resistance. Recently, the field of HIV sequencing has started a shift from traditional Sanger sequencing methods toward next generation sequencing (NGS) for the detection of low frequency viral variants. While NGS is able to detect more variants than traditional RNA or DNA Sanger sequencing, the clinical relevance of low frequency viral variants still requires more investigation before use in a clinical setting (Alidjinou et al., 2017; Inzaule et al., 2018). Particularly, HIV exists as a number of quasispecies within a host resulting in a large amount of intra-host genetic diversity which can make interpretation of sequencing results challenging.

Impact of HIV Viral Subtype and Sequence Diversity on Pathogenesis

Viral sequence diversity has been shown to affect disease progression independently of host factors (Pai et al., 2012). Current evidence suggests subtype D is associated with faster disease progression when compared to subtype A. In Africa, subtype D had a faster disease progression than subtype A during the pre-ART period (Vasan et al., 2006; Kiwanuka et al., 2008; Ssemwanga et al., 2013). In a large study using data from the CASCADE collection (3364 seroconverting individuals of known subtype), they observed slower CD4+ T cell decline in individuals infected by subtypes A, C, and CRF02 compared to those infected with subtype B (Touloumi et al., 2013). However, in an analysis adjusting for demographic factors there was no significant difference in time to AIDS or median viral load set point between individuals infected by different subtypes. The results of the study also show that recombinant CRF01 and CRF02 are not more virulent than parent isolates (Touloumi et al., 2013).

Investigations of within subtype diversity have also identified some differences in rates of progression. In a study looking at 8483 United Kingdom patients prior to antiretroviral therapy, genetic diversity in the polymerase gene explained roughly 5.7% of the variance of spVL in subtype B infected individuals (Hodcroft et al., 2014). More recently, studies of near full-length HIV sequences in the Swiss HIV Cohort Study have suggested that the viral genome can explain up to 30% of the observed variance in spVL (Bartha et al., 2017; Bertels et al., 2018). Additional studies in clade B and across multiple clades, have resulted in similar heritability estimates with viral genotype explaining between 26 and 44% of observed variance in spVL (reviewed in Bonhoeffer et al., 2015).

While viral sequence variation can have a direct impact on disease progression causing increased or decreased viral load, this may be reflecting host genetic pressure on spVL as variation of viral sequences can be attributed to escape mutations. In a joint host/viral genetic analysis, 23.6% of the variability in HIV spVL mapped to known epitope regions, suggesting that this variability is the result of pathogen evolution away from host HLA (Bartha et al., 2017). Furthermore, the authors showed that by not accounting for viral genetics that reliability of heritability estimates by host genetic studies may be impacted.

At the population level, adaptation of the viral genome to host HLA can impact the rate of disease progression to prevent detection and elimination of the virus by CD8+ T cells. There are many HLA alleles which have been associated with control of HIV infection. HLA-B∗57:01 is known to strongly decrease the rate of disease progression, however, across multiple continents; it has been shown that HIV is developing an escape mutation, I135X, which attenuates control (Kawashima et al., 2009). Similarly, the protective allele HLA-B∗52:01-C∗12:02 is associated with decreased viral load in Japan due to the development of escape mutations in the pol gene of HIV which causes poor viral fitness (Murakoshi et al., 2017). These escape mutations allow the virus to evade HLA detection and change the dynamics of disease progression, albeit at the cost of viral fitness. Additional studies in Africa (Payne et al., 2014) and North America (Brumme et al., 2018) have also demonstrated local adaptation of HIV to common HLA alleles, with a potential impact on disease progression rates in the population.

While the impact of HIV sequence variation on disease progression can be an important factor for determining the prognosis of disease and for the development of therapeutics, the impact of host genetics should not be ignored due to the complex interaction of host and viral proteins during disease progression.



HOST GENETICS IMPACT ON HIV PATHOGENESIS

Influence of Human Genetic Diversity on HIV

Previous research has shown that some individuals of European ancestry have homozygous loss-of-function of the C-C motif chemokine receptor 5 (CCR5) gene, the only genotype which has consistently associated with protection against acquisition of HIV infection (Samson et al., 1996). Several other genes have been claimed to confer resistance to infection, usually through candidate gene studies, however, these have not been replicated by large GWAS (McLaren et al., 2013). The class 1 human leukocyte antigen (HLA) genes, in particular HLA-B, have been consistently replicated as the major host genetic determinant of HIV viral load and rate of disease progression (McLaren et al., 2015). Similarly, -35 HLA-C variant has been shown to strongly influence spVL and that high HLA-C expression is associated with better control of HIV disease than individuals with lower expression (Thomas et al., 2009). While other genes have been proposed, it is uncertain whether common genetic variants outside of the HLA and CCR5 regions have significant impact on HIV disease progression.

Effect of Host Genetics on Acquisition

Before the use of GWAS, candidate genes studies were the primary method for identifying genes involved in the acquisition and progression of HIV. These types of studies required understanding of the biological mechanisms of infection, such as gp120 binding to cell surface receptors, for the identification of potential therapeutic or vaccine targets. In a study of HIV-exposed seronegative (HESN) patients in 1996, it was discovered that a 32-bp deletion in the gene CCR5 was able to greatly reduce or prevent infection in HIV-exposed individuals homozygous for the deletion allele (Dean et al., 1996). The CCR5Δ32 variant causes the truncated protein to no longer be expressed on the cell surface (Agrawal et al., 2004) and also associated with reduced disease progression in heterozygous individuals. To date, this deletion variant has not been observed at high frequency in any populations other than Europeans and is the only host genetic variant that has been consistently observed at preventing the acquisition of HIV.

Since the discovery CCR5Δ32, substantial research has been done to identify other genetic variants associated with reduction of HIV susceptibility. Many of these studies have focused on highly HIV exposed seronegative individuals and high-risk populations for identification of susceptibility factors. One large study attempting to determine genetic variants associated with acquisition of HIV examined 848 HIV-negative cases and 531 HIV-positive controls and tested approximately 800,000 SNPs (Petrovski et al., 2011). However, they did not detect any regions which met genome-wide significance following quality control and correction for multiple comparisons.

Recently, a study of the Urban Health Study (UHS) cohort of individuals of African (628 cases and 1376 controls) and European (327 cases and 805 controls) ancestry used a large population size in a high risk population to identify susceptibility variants (Johnson et al., 2015). They reported a region in chromosome 19 which met genome-wide significance (P < 5 × 10-8) and six other regions which had suggestive significance (P < 1 × 10-6). However, these results require further investigation as a 2013 study of 6334 patients and 7247 controls of European ancestry was unable to detect any SNPs, outside the major histocompatibility complex (MHC) region of chromosome 6, that met genome-wide significance (McLaren et al., 2013). Thus, the consistent identification of genes that limit HIV susceptibility remains an active area of research.

Effect of Host Genetics on Viral Load

Upon infection with HIV, the immune system recognizes the presence of the virus through the use of the MHC encoded by HLA genes. These proteins are highly variable and certain HLA variants have been implicated in control of HIV infection in diverse populations (Fellay et al., 2009; Pereyra et al., 2010; Leszczyszyn-Pynka et al., 2015). Specifically, HLA-B alleles have been identified in several populations as being significantly associated with viral load (Fellay et al., 2009; McLaren et al., 2015). These variants are thought to modify specificity of antigen presentation which can allow differential targeting of HIV-infected cells.

An international consortium study looking at 974 HIV controllers (cases) and 2648 progressors (controls), determined that in European samples (1712 individuals) and African American samples there were no variants that met genome-wide significance outside of the MHC region of chromosome 6 (Pereyra et al., 2010). This study emphasized that the major host genetic determinant of HIV control, in the context of the whole genome, are the HLA alleles and CCR5 genes. When considering the European subset, they identified 313 significant variants all in the MHC region and showed that four of these SNPs explained 19% of the variance in the HIV controller trait.

In a study of African HIV serodiscordant couples from Partners in Prevention HSC/HIV Transmission Study and Couples Observational Study cohorts to determine the effect of host genetics and genital factors (i.e., male circumcision, bacterial vaginosis, or use of acyclovir) of the transmitter on spVL (Mackelprang et al., 2015). HLA variants (B∗53:01, B∗14:01, and B∗27:03) and Toll-like receptors (TLR) polymorphisms (TLR2 rs3804100 and TLR7 rs179012) explained 13% and 5% of the variance in viral load, respectively. Other factors, such as plasma HIV levels of the transmitting partner and HLA-concordance between partners were able to explain 10% and 6% of the variance, respectively. Additionally, incorporation of genital factors of the transmitting partner was able to explain 46% of the variation of spVL in this population (Mackelprang et al., 2015).

In the largest spVL genome-wide association study to date including 6315 individuals of European ancestry, it was determined that 24.6% of the observed variability in spVL could be attributed to common human genetic polymorphisms (McLaren et al., 2015). This study again identified HLA alleles and CCR5Δ32 as the only two regions associated with viral load, with no other variants surpassing statistical significance. However, there was a small but measurable contribution (∼5%) from combined common additive effects outside the MHC and CCR5 regions (McLaren et al., 2015).

The MHC region was also observed in a study 538 individuals across three diverse Chinese populations (HAN, YUN, XIN) where it was the only region that met genome-wide significance (Wei et al., 2015). In this study, the authors note that, although the same region has been implicated in other populations (European and African American), the identification and significance of variants varied greatly. The authors proposed that this is because linkage patterns between tagged SNPs and causal variants may differ per population, and that there may be different causal variants in these Chinese populations compared to Europeans and African populations, and/or minor allele frequency in the populations may result in different associated SNPs (Wei et al., 2015).

Taken together, these studies show that host genetics can explain roughly 30% of variance in viral load, however, a majority of the remaining variance is still unknown but is thought to be environmental factors and/or unidentified host factors. Therefore, to better understand variation in HIV disease progression related to spVL, more research is needed in larger samples using novel analytical methods that provide more power for detecting smaller genetic effects and additional ancestry groups for identifying non-European variants.



CHARACTERIZING THE HOST–PATHOGEN INTERACTION THROUGH HIV HOST DEPENDENCY FACTORS

In order to understand the pathogenesis of HIV infection, it is important to explore how viral and host proteins interact. HIV only encodes nine genes and requires the use of host proteins to establish and maintain infection, termed HIV host dependency factors (HDFs) (Brass et al., 2008). Generally, there have been two different genome-wide methods employed to identify these interactions including: genome-wide siRNA knockout screens and more recently genome-wide CRISPR knockouts. These methods have identified multiple HDFs, however, the precise pathways involved often differ, possibly dependent on the specific methods used.

RNA-interference (RNAi) based studies are popular for identifying large numbers of HDFs required for establishing and maintaining infectious diseases and three initial studies proposed over 800 HDFs required during HIV infection (Brass et al., 2008; König et al., 2008; Zhou et al., 2008). The first RNAi-based HIV HDF study aimed to characterize HDFs involved in pathogenesis through two different screens (Brass et al., 2008). The first screen used HIV-IIIB to identify host proteins involved with viral entry and Gag translation but was unable to identify proteins involved in viral assembly and budding. This was subsequently addressed by a second screen performed in HeLa-derived TZM-bl cells, expressing transgenic CD4 and CCR5, to identify factors involved in viral assembly and budding (Brass et al., 2008). While HeLa cells are not physiologically relevant to HIV pathogenesis, they provide insight into some potential cellular functions that can be replicated or confirmed using primary CD4+ T cells.

Shortly after, König et al. (2008) used a similar RNAi method to determine host factors associated with early infection (König et al., 2008). This study identified 295 genes and, when compared to the 283 genes determined by Brass et al. (2008), discovered 13 genes that were statistically significant in both screens (Brass et al., 2008; König et al., 2008). The difference may be due to the different cell lines used between the studies or variation of the lentiviral vector used for transfection of the study (Table 1).

TABLE 1. Summary of RNAi and CRISPR-Cas9 genome-wide knockout experiment characteristics for the study of HIV disease.

[image: image]

Zhou et al. (2008) used β-gal activity after 48 h, to identify host factors associated with viral entry, or at 96 h to identify factors responsible at all stages of infection (Zhou et al., 2008). Of the 232 HDFs identified in this screen, 15 overlapped with Brass et al. (2008) (Zhou et al., 2008). Although, limited, it was determined that this overlap was higher than what would be expected by chance alone. The authors acknowledged that the differences between genes identified in their study and the previous Brass et al. (2008) study may be due to transfection time, type of reporter (Tat-driven or p24), and/or the nature of the algorithm-generated siRNA libraries (Brass et al., 2008; Zhou et al., 2008). While these screens have little consistency of identified genes, they do detect genes within the same biological processes. For example the SP1/mediator complex and the NF-κB signaling pathways (Zhou et al., 2008). Subsequently, a meta-analysis of these three screens determined that there was significant functional overlap of the implicated genes at the pathway level, implicating Nuclear Pore/Transport, GTP Binding, Protein Complex Assembly, and DNA repair (Bushman et al., 2009). These studies propose that ∼9.5% of human protein coding genes are now implicated in HIV replication (Brass et al., 2008; König et al., 2008; Zhou et al., 2008; Bushman et al., 2009).

In a more recent study by Zhu et al. (2014), they used Multiple Orthologous RNAi Reagent (MORR) screens as well as an RNAi Gene Enrichment Ranking (RIGER) method in order to minimize false positives and negatives (Zhu et al., 2014). This study identified c3orf58 (renamed GOLGI49∗), SEC13, COG, and THOC2 as key HDFs and characterized the roles of these genes in vitro. Notably, GOLGI49 was identified as a Golgi protein and during knock-down shown to decrease replication of both HIV IIIB (X4-tropic) and BaL (R5-tropic) viruses (Zhu et al., 2014). THOC2, and by association the THO/TREX complex, was identified as a potential key complex involved in regulation of HIV replication, however, more studies are needed to determine the mechanism of action (Zhu et al., 2014). SUPT16H was identified by the RNAi screen and later confirmed to play a key role in HIV transcription (Zhu et al., 2014; Huang et al., 2015). SEC13 was determined to play an essential role in viral replication prior to viral integration but after nuclear import in both Jurkat and primary CD4+ T cells.

Although strategies like MORR-RIGER and Genome-wide Enrichment of Seed Sequence (GESS) analysis can reduce false positives and off target effects, further techniques and standardizations are required. There is currently no standard cell line for HDF work with groups which may explain the variable results observed in these studies. HeLa-derived cell lines and MAGI cells require the addition of CCR5 to become susceptible to R5-tropic HIV infection which strains their physiological relevance. Therefore, without consistent use of cell-types, the physiological landscape of protein expression may cause increased variation and further deviation from the expected in primary cell lines.

Recently, genome-wide CRISPR knockouts screens have become more popular for generation of loss-of-function variants as they have increased knock-out reliability and decreased off target effects compared to siRNA methods (Shalem et al., 2014; Wang et al., 2014). This technology allows for targeting of various host cells with increased efficacy to address concerns that RNAi based screening can allow for low-level protein expression. Indeed, it has been shown that the use of CRISPR-Cas9 lentiviral single-guide RNA constructs can achieve greater specificity and sensitivity than the use of RNAi-based screens previously allowed (Park et al., 2017).

In a genome-wide CRISPR knockout study, novel host–pathogen interactions involving TPST2, SLC35B2, and ALCAM during HIV pathogenesis were identified, not seen by the previous RNAi-based screens (Park et al., 2017). They showed infection inhibition in primary human CD4+ T cells supporting these factors as key genes in HIV infection with loss-of-function variants without impairing cell viability. TPST2 and SLC35B2 were shown to be involved in sulfation of CCR5 on extracellular tyrosine residues (Park et al., 2017). Knockdown of TPST2 and SLC35B2 prevented proper extracellular folding of CCR5, thereby inhibiting interaction with viral gp120. While the role of ALCAM is not fully understood, Park et al. showed it was required for effective cell-to-cell transmission of HIV. Importantly, the genome-wide CRISPR knockout approach of Park et al. can be modified for use of studying entry of other viruses (Schott and König, 2017).

While CRISPR and RNAi technology has identified large numbers of potential HDFs in model systems, the relevance in humans is still unclear. While cell lines may be able to survive with a particular gene knockdown, whether the gene is essential for human life cannot be determined from the present screening data. However, the Genome Aggregation Database (gnomAD)a, has over 15,000 whole-genome and over 120,000 exome sequences which can be used to identify individuals with predicted homozygous loss-of-function alleles. If an individual is healthy with a homozygous loss-of-function allele, the gene is likely not essential for human life and may make a valuable drug therapy target.



CONCLUSION

It has been clearly demonstrated that both host and viral genetics play a vital role in determining HIV acquisition and disease progression. Current evidence supports the role that viral subtype has an effect on disease progression, however, there is also evidence against this claim. Overall, viral diversity has been demonstrated to have an impact of disease progression and therefore, it is important to study disease progression in the context of both host and viral genetics.

As GWAS have become a useful tool for discovering novel variants associated with a particular trait, it is important to recognize that their use is limited by the diversity of the target population. In 2016, it was reported that “genomics is failing on diversity” with the vast majority (81% over 2511 studies) of GWAS, in all disciplines, being performed in individuals of European ancestry in 2016 (Popejoy and Fullerton, 2016). These tools have not been used to their full potential and replication of studies within large, diverse populations may yield novel associations. While GWAS of other phenotypes have benefitted from cohorts of over 100,000, the largest cohort of HIV was only 6315 individuals. Larger sample sizes are required for the detection of genetic variants outside of the MHC and CCR5 regions, and this will require additional investment in developing new and diverse cohorts and acquiring the required clinical and genetic data.

Genome-wide knockout studies have great potential for studying the effects of HDFs for a variety of infectious diseases; however, translation of their physiological relevance in primary cells or in vivo remains an area of active research. Cross-referencing the genes from RNAi and CRISPR genome-wide studies with large databases such as gnomAD for identification of genes which have homozygous loss-of-function in individuals of various populations could provide interesting avenues for new therapeutics. This is akin to reading the natural experiment where healthy individuals with a homozygous loss-of-function gene purported to be necessary for HIV replication could act as valuable resources to determine the gene’s action in vivo.

As the field of genomics continues to evolve, there is opportunity to leverage the growing wealth of information available to better understand disease acquisition and progression.
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Apolipoprotein L1 (APOL1) has broad innate immune functions and has been shown to restrict HIV replication in vitro by multiple mechanisms. Coding variants in APOL1 are strongly associated with HIV-associated nephropathy (HIVAN) in persons with untreated HIV infection; however, the mechanism by which APOL1 variant protein potentiates renal injury in the presence of high viral load is not resolved. Little is known about the association of APOL1 genotypes with HIV viral load, HIV acquisition, or progression to AIDS. We assessed the role of APOL1 coding variants on HIV-1 acquisition using the conditional logistic regression test, on viral load using the t-test or ANOVA, and on progression to AIDS using Cox proportional hazards models among African Americans enrolled in the ALIVE HIV natural history cohort (n = 775). APOL1 variants were not associated with susceptibility to HIV-1 acquisition by comparing genotype frequencies between HIV-1 positive and exposed or at-risk HIV-1 uninfected groups (recessive model, 12.8 vs. 12.5%, respectively; OR 1.02, 95% CI 0.62–1.70). Similar null results were observed for dominant and additive models. APOL1 variants were not associated with HIV-1 viral load or with risk of progression to AIDS [Relative hazards (RH) 1.33, 95% CI 0.30–5.89 and 0.96, 95% CI 0.49–1.88, for recessive and additive models, respectively]. In summary, we found no evidence that APOL1 variants are associated with host susceptibility to HIV-1 acquisition, set-point HIV-1 viral load or time to incident AIDS. These results suggest that APOL1 variants are unlikely to influence HIV infection or progression among individuals of African ancestry.

Keywords: HIV-1, AIDS, APOL1, host susceptibility, genetic epidemiology


INTRODUCTION

Apolipoprotein L1 (APOL1) is a human innate immune factor against African trypanosomes responsible for human African trypanosomiasis (or sleeping sickness) (1). Two common APOL1 variants, G1 (rs73885319, p.S342G) and G2 (a 6-bp in-frame deletion removing two amino acids, rs71785313, p.N388_Y389del), extend APOL1 restriction to T.b.rhodesiense, the cause of acute human African trypanosomiasis. These variants are found only in individuals with recent African ancestry. The 12–14% of African Americans carrying two APOL1 renal risk alleles in the compound heterozygous or homozygous state (referred to as APOL1 high risk [HR] genotypes) have a 3-, 7-, and 17-fold increased risk for developing hypertension-attributed nephropathy, non-diabetic end-stage kidney disease, and focal segmental glomerulosclerosis, respectively, (2–4). APOL1 is most strongly associated with HIV-associated nephropathy (HIVAN), with odds ratio (OR) 29 in African Americans and OR 89 in South Africans (3, 5), suggesting a strong interaction between APOL1 and the HIV-1 virus. The lifetime risk of HIVAN, a form of collapsing focal segmental glomerulosclerosis associated with rapid progression to end-stage renal disease, is ~10% in African Americans with untreated HIV infection (6, 7). The pathogenesis of HIVAN is likely due to direct HIV infection of kidney epithelial cells, which leads to podocyte proliferation and APOL1-mediated podocyte injury and loss (8–11). APOL1 transcription is up-regulated by interferons and other pro-inflammatory cytokines (12).

Recently, Taylor et al. reported that APOL1 restricts HIV-1 replication in macrophages and differentiated monocytes (12). APOL1 was shown to target HIV-1 Gag for degradation by the endolysosomal pathway and to deplete HIV-1 Vif, which counteracts the APOBEC3G host restriction factor in lysosomes (12). However, it remains unknown if variant APOL1 affects HIV acquisition, viral replication, or HIV disease progression.

APOL1 renal risk variants are most common in West Africa, where the prevalence of APOL1 HR genotypes approaches 25% but are also found throughout sub-Saharan Africa (4, 13) where HIV-1 infection is notably prevalent. Although APOL1 renal risk variants are a risk factor for kidney disease in HIV-1 infected persons, it is unknown if APOL1 renal risk variants are associated with other HIV-1 phenotypes. In the present study, we evaluate the genetic associations between APOL1 variants and HIV-1 acquisition, set-point viral load, and rate of progression to AIDS among African Americans enrolled in the ALIVE HIV-1 cohort.



MATERIALS AND METHODS


Ethics Statement

Ethical approval for the study was obtained from the National Institute of Health Office of Human Subjects Research Protections (OHSRP #3314). Review Boards of participating institutions approved the study protocols, and written informed consent was obtained from all study participants.



Study Participants

Since APOL1 G1-G2 alleles are found only on African-origin chromosomes, we studied only African American participants enrolled in the ALIVE (AIDS Link to the Intravenous Experience) cohort.



The ALIVE Cohort

The epidemiological and clinical characteristics of the ALIVE cohort have been previously described (14). ALIVE is a prospective longitudinal natural cohort originally designed to characterize the incidence and natural history of HIV infection among injection drug users (IDUs) in Baltimore, MD, initiated in 1988 (14). At study entry, 88% of participants were African Americans. The participants were followed up semi-annually with blood draws for viral load and CD4+ T cell measurements and physical exam at each visit.

The study group comprises 227 African American incident HIV-1 seroconverters, 213 HIV-1 seroprevalent participants, and 335 uninfected, IDU participants. Seroconversion date was estimated as the midpoint between the last seronegative and the first seropositive HIV-1 antibody test date (mean interval 0.66 years, range 0.11–3.4 years) (15).



Genotyping of APOL1 G1-G2 Risk Variants

APOL1 renal risk variants G1 (rs73885319, p.S342G) and G2 (rs71785313, p.N388_Y389del) were genotyped by TaqMan genotyping assays (Applied Biosystems, Foster City, CA). The TaqMan allele discrimination assays were carried out on an ABI 7900HT sequencer detector system (Applied Biosystems, Foster City, CA, USA), according to the manufacturer's protocol as previously described (3). For quality control, water controls were included on each plate and 10% of samples were duplicated. No water contamination or genotype mismatches between duplicates was observed. The genotype results were also further validated by the Sanger sequencing, following the protocol previously described (16).



Defining APOL1 Risk Haplotypes

The G1 risk allele is defined by the presence of the G allele at rs73885319 (342G) and the G2 (6-del) risk allele by the 6 base pair deletion at rs71785313 (-/TTATAA), which leads to the loss of two amino acids (388–389NYK>K) (2, 3). The G1 and G2 risk alleles are in absolute negative disequilibrium and never occur together on the same chromosome (17)). APOL1 follows a recessive inheritance model for HIVAN and other kidney diseases: APOL1 HR status for kidney disease is defined by carriage of 2 risk alleles (G1/G1, G1/G2, and G2/G2) and low-risk (LR) status is defined by carriage of 1 or 0 renal risk alleles (18).



Statistical Analysis

We assessed the potential effects of APOL1 risk genotypes using additive (2 vs. 1 vs. 0 risk alleles), dominant (2 or 1 vs. 0), and recessive (2 vs. 1 or 0 risk alleles) models. All analyses were performed using SAS version 9.12 (SAS Institute, Cary, NC).



Analysis of Risk to HIV-1 Acquisition

We assessed the impact of APOL1 G1-G2 variants on HIV-1 infection susceptibility by comparing frequencies between the HIV-1 infected group comprising HIV-1 seroincident and seroprevalent subjects and the HIV-1 at-risk, uninfected group. Odds ratios (OR) and P-values were obtained by using a conditional logistic regression test. Statistical power was calculated with GAS-power-calculator available at http://csg.sph.umich.edu/abecasis/gas_power_calculator/.



Analysis of Viral Load

For the seroincident participants, HIV-1 viral load set-point was defined as the mean log10-transformed HIV-1 RNA plasma copies measured between 6 and 33 months after seroconversion (2–5 measurements). Viral load measurements exceeding 3-fold (0.5 log10) from the average of all remaining points were excluded, as previously suggested (19). We ran t-tests to estimate the difference of viral load means between APOL1 HR and LR subgroups. We used the one-way analysis of variance (ANOVA) to determine whether there were any statistically significant differences among the means for carriage of 2, 1, or 0 APOL1 risk alleles.



Analysis of Disease Progression to AIDS

In the ALIVE cohort, we tested the association of APOL1 risk alleles on disease progression to AIDS using Cox proportional hazards model (Cox model) and Kaplan-Meier survival curve analyses for incident HIV seroconverters. The disease progression endpoints were: CD4 T-cell <200 cells/mm3, or clinical AIDS diagnosis (20). The median time from seroconversion to AIDS was 7 years. To avoid the confounding effect of anti-retroviral therapy (ART) on disease progression, we censored the data after July 31, 1997 as few ALIVE participants received ART prior to this date (21). We included known genetic factors modifying AIDS progression as covariates in the adjusted Cox model analysis: HLA-B*57 and HLA Class I homozygosity (22). The analyses were stratified by sex and by age at seroconversion: 0–20, 20–40, and >40 years. Two-tailed P-values were computed using Wald tests.




RESULTS


Association of APOL1 Risk Alleles on the Risk of HIV-1 Acquisition

To determine whether APOL1 G1 or G2 variants affect host susceptibility to HIV-1 acquisition, we compared the distribution of G1 and G2 variants in HIV-1 seroincident subjects (n = 227) with at risk, seronegative individuals (n = 335) (Table 1). No associations with HIV-1 acquisition were observed for the additive (P = 0.61), dominant (P = 0.56) or recessive genetic models (P = 0.87) (Table 1). To increase power, we combined seroconverters and seroprevalents) but results remained non-significant (Table 1). Adjusting for sex and age did not affect the results (Table 1). These results suggest that APOL1 risk variants have no impact on host susceptibility to HIV-1 acquisition.



Table 1. Association of APOL1 G1-G2 variants with HIV-1 acquisition.
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Association of APOL1 Risk Alleles on HIV-1 Viral Load

Among HIV-1 seroincident participants, set-point HIV-1 viral load levels were found to be similar for carriers of 2, 1, or 0 APOL1 risk alleles (P = 0.79, ANOVA). In the recessive model comparing viral load between carriers of HR genotypes (VL = 4.23 ± 0.64, N = 27) and those with LR APOL1 genotypes (VL = 4.20 ± 0.73, N = 177), we also observed no differences in viral load (P = 0.48, Table 2).



Table 2. Association between APOL1 G1-G2 variant alleles and HIV-1 viral load.
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Association of APOL1 Risk Alleles on HIV-1 Disease Progression

To assess the impact of APOL1 HR on disease progression in untreated individuals from date of seroconversion to CD4 <200 cell/mm3 and to incident AIDS, we performed time-to-event analysis for 227 African American seroincident participants. APOL1 genotypes were not associated with the rate of progression to CD4 <200 cells/mm3 (Figure 1A) or AIDS in Kaplan-Meier survival analyses (Figure 1B, additive model, P > 0.12 for log-rank or Wilcoxon tests). In the crude (data not shown) and adjusted Cox models, APOL1 HR genotype (recessive model), APOL1 risk allele number (additive) or risk allele carriage (dominant model) were not associated with the rate of progression to AIDS (P > 0.70, Table 3).


[image: image]

FIGURE 1. Genetic effects of APOL1 G1-G2 variants on progression of HIV disease. Kaplan-Meier survival curves for carriage of 0, 1, and 2 APOL1 risk allele for progression to (A) CD4+ T-cell <200/mm3 and (B) clinical AIDS. RH and adjusted P-values were estimated from Cox proportional hazards models. P-values for survival curves were obtained from a log-rank test.





Table 3. Association between APOL1 G1-G2 variant alleles and incident clinical AIDS.
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DISCUSSION

In this genetic epidemiological study of an HIV-1 at-risk and natural progression cohort, we observed no evidence of association between APOL1 renal risk alleles and HIV-1 acquisition, HIV-1 viral load, and rate of progression to CD4 <200, AIDS, or the composite outcome. Our results indicate that APOL1 renal risk variants, which are highly prevalent among African Americans and sub-Saharan Africans, do not significantly contribute to the HIV-1 epidemic by increasing viral burden or potentiating HIV-1 transmission.

A recent in vitro study reported that APOL1 protein can inhibit HIV-1 infection of macrophage and monocytes by multiple mechanisms, including inhibition of transcription and degradation of HIV-1 Gag and Vif proteins (12). If APOL1 protein effectively inhibits HIV-1 in vitro, APOL1 coding variants might confer differential impact on HIV replication or disease progression by enhancing or attenuating the anti-HIV properties of APOL1 protein. However, our genetic association study revealed no in vivo evidence of association of APOL1 renal risk alleles with HIV-1 infection acquisition or disease progression. Our findings are supported by the observation that APOL1 gene expression is undetectable in CD4+ T cells, the primary target of HIV infection even with IFN-γ stimulation (12). In contrast, APOL1 gene expression is highly inducible by IFN-γ stimulation in monocytes and macrophages, which were used in the in vitro experiments testing for APOL1 restriction of HIV replication (12). CD4+ T lymphocytes are the principal target of HIV, while infected macrophages play a supportive role in viral pathogenesis involving HIV cell-to-cell spread, and certain tissue infections including lungs, gut and brain (23, 24). The in vivo role of APOL1 in HIV-1 pathogenesis thus warrants further investigation. An implication of this study is that development of HIVAN and eGFR decline among those with APOL1 HR status (18, 25, 26), is likely due to local podocyte injury in a setting of high viral load in patients with untreated HIV infection. A recent study demonstrated that variant APOL1 protein increases accumulation of HIV-1 in podocytes, inducing inflammatory responses via IL-1β priming (11).

This study has both strengths and limitations. A strength is that the ALIVE cohort is one of few well-characterized HIV natural history cohorts enrolling African Americans prior to the ART era, and the large number of treatment-naïve seroconverters makes it a choice cohort for unbiased exploration of HIV-related outcomes. The relatively modest sample size is balanced by the combined high frequency of these variants in the African American population. We had 80% power to detect a potential association of APOL1 G1-G2 with HIV-1 infection, with an OR 1.35 for additive model and 1.93 for recessive model. We were unable to control for mortality due to APOL1-associated ESKD or to HIVAN since biopsy data were unavailable; however, only 1 death was observed among 29 APOL1 HR individuals prior to censoring on July 31, 1997, suggesting that our null results are not due to frailty bias resulting from excess HIVAN or ESKD-related deaths in the HR group.

In summary, this population genetic study found no evidence that APOL1 renal risk variants contribute to the risk of HIV-1 acquisition or progression of HIV-1 disease progression to AIDS. APOL1 variants are unlikely to contribute to the prevalence of HIV infection in subSaharan Africa or among African Americans.
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Sarco/endoplasmic reticulum calcium-ATPase (SERCA) is a membrane-bound cytosolic enzyme which is known to regulate the uptake of calcium into the sarco/endoplasmic reticulum. Herein, we demonstrate for the first time that SERCA can also regulate virus replication. Treatment of Vero cells with SERCA-specific inhibitor (Thapsigargin) at a concentration that is nontoxic to the cells significantly reduced Peste des petits ruminants virus (PPRV) and Newcastle disease virus (NDV) replication. Conversely, overexpression of SERCA rescued the inhibitory effect of Thapsigargin on virus replication. PPRV and NDV infection induced SERCA expression in Vero cells, which could be blocked by Thapsigargin. Besides inducing enhanced formation of cytoplasmic foci, Thapsigargin was shown to block viral entry into the target cells as well as synthesis of viral proteins. Furthermore, NDV was shown to acquire significant resistance to Thapsigargin upon long-term passage (P) in Vero cells. As compared to the P0 and P70-Control, the fusion (F) protein of P70-Thapsigargin virus exhibited a unique mutation at amino acid residue 104 (E104K), whereas no Thapsigargin-associated mutations were observed in HN gene. To the best of our knowledge, this is the first report describing the virus-supportive role of SERCA and a rare report suggesting that viruses may acquire resistance even in the presence of an inhibitor that targets a cellular factor.

Keywords: SERCA, virus replication, paramyxovirus, antiviral drug resistance, host-targeting antiviral agents


INTRODUCTION

The control strategies against pathogens have classically relied upon targeting essential proteins of the pathogens (Kumar et al., 2011b). High mutation rates in viral genome allows the virus to become resistant to antiviral drugs and preexisting immunity (Andino and Domingo, 2015). Classically, antiviral drugs have been developed by directly targeting viral proteins (Chen et al., 2016). Due to high mutation rates, viruses with mutations at the druggable targets are selected for resistance. The rise in incidence of drug resistance has prompted a shift in the development of novel antiviral drugs (Ludwig et al., 2006). Viruses are obligate intracellular parasites that are highly dependent on the host. Host responses are equally important in determining the actual outcome of a disease. Upon viral infection, numerous cellular factors are dysregulated (increased or decreased expression); some of these host factors facilitate virus replication (proviral), whereas others may have antiviral function (Griffiths et al., 2013). Proviral host factors may serve as targets for the development of novel antiviral therapeutics (Kumar et al., 2008, 2011a,b).

Protein phosphorylation and dephosphorylation, mediated respectively via kinases and phosphatases, are ubiquitous cellular regulatory mechanisms during signal transduction which determines key cellular processes such as growth, development, transcription, metabolism, apoptosis, immune response, and cell differentiation (Coito et al., 2004). Kinome, the protein kinase complement of the human genome, completed in 2002, identified 518 protein kinase genes. These kinases have been shown to play a key role in cancer and many other diseases (Coito et al., 2004) including viral infections (Nousiainen et al., 2013), making these proteins potential drug targets.

In vertebrates, there are three families of P-type Ca2+-ATPases, which regulate homeostasis of intracellular Ca2+ level. Plasma membrane Ca2+-ATPase (PMCA), sarco/endoplasmic reticulum calcium-ATPase (SERCA), and secretory pathway calcium ATPAse (SPCA) are located in the plasma membrane, endoplasmic reticulum, and Golgi apparatus, respectively (Feng and Rao, 2013). SERCA transports Ca2+ from cytosol to the double membrane-bound (endoplasmic reticulum) intracellular compartments (Inesi et al., 2005; Arruda et al., 2007; Clapham, 2007; Primeau et al., 2018). SERCA is also involved in other cellular functions such as signal transduction, apoptosis, exocytosis (Kudla et al., 2010), cell motility (Qi et al., 2007), and transcription (Flavell and Greenberg, 2008). There are three genes (ATP2A1–3) in vertebrates that code for three SERCA isoforms, namely SERCA1–3 (Wuytack et al., 2002; Altshuler et al., 2012). Each of these genes undergoes alternative splicing and hence results in 10 SERCA proteins (two each from SERCA1 and 2 and six from SERCA3) (Martin et al., 2002). While some of these isoforms/variants are ubiquitously expressed in most cell types (SERCA2), others show a range of cell type-specific expression patterns (de Meis et al., 2005; Arruda et al., 2007; Altshuler et al., 2012). The role of these Ca2+-ATPases in virus replication is only beginning to be appreciated. Whereas the role of SERCA and PMCA in virus replication remains unknown, a recent study suggests that SPCA1 supports virus replication (Hoffmann et al., 2017).

Previously, we screened a library of kinase and phosphate inhibitors for their antiviral potential and identified several hits against influenza A viruses (Kumar et al., 2011a). Herein, we also screened a library of these chemical inhibitors for their antiviral effects against paramyxovirus-morbillivirus [(peste des petits ruminants virus (PPRV)] and avulavirus [(Newcastle disease virus (NDV)]. SERCA inhibitor (Thapsigargin) was identified as one candidate that blocked NDV and PPRV replication. We show that Thapsigargin can block multiple steps of paramyxovirus replication, thus revealing SERCA as a potential target for the development of antiviral therapeutics.



MATERIALS AND METHODS


Cells and Viruses

Vero (African green monkey kidney), 293 T (human embryonic kidney), MDBK (Madin-Darby bovine kidney), HeLa, and goat kidney cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with antibiotics and 10% heat-inactivated fetal bovine serum. PPRV, NDV, buffalopox virus (BPXV), and bovine herpesvirus 1 (BHV-1) were available in our laboratory and have been described elsewhere (Kumar et al., 2016). Viral titers were determined by plaque assay, as previously described (Kumar et al., 2016).



Inhibitor

Thapsigargin (SERCA inhibitor) was procured from Sigma (Catalog Number-T9033, Steinheim, Germany). Thapsigargin is a noncompetitive inhibitor of SERCA. It is extracted from a plant Thapsia garganica and structurally classified as a sesquiterpene lactone (Rasmussen et al., 1978).



Antibodies

SERCA2 ATPase Antibody (MA3-919) was procured from Invitrogen (Carlsbad, USA). HA Tag Monoclonal Antibody was procured from Thermo Fisher Scientific (Rockford, USA). Anti-PPRV serum that predominantly reacts with PPRV HN, F, and M proteins and anti-NDV serum that predominantly reacts with NDV F and HN proteins (in Western blot) are described elsewhere by our group (Khandelwal et al., 2017). Secondary fluorescein isothiocyanate (FITC)-conjugated anti-rabbit antibody and secondary tetramethylrhodamine isothiocyanate (TRITC)-conjugated anti-mouse antibody were purchased from Sigma (Steinheim, Germany).



MTT Assay

Cytotoxicity of Thapsigargin was analyzed in MTT assay, as previously described (Khandelwal et al., 2017).



Antiviral Efficacy

Vero/MDBK cells were infected with respective viruses at MOI = 0.1 in the presence of 0.5 μM Thapsigargin or vehicle control (0.05% DMSO). Progeny virus particles released in the supernatants were quantified by plaque assay.



Effect of Thapsigargin on NDV Replication in ovo

Specific pathogen-free (SPF) embryonated chicken eggs were procured from Immunetic Life Sciences Pvt. Ltd. Una, India. LD50 of Thapsigargin was determined by inoculating five-fold serial dilutions of Thapsigargin (concentration ranging from 6,250–10 ng/egg) or vehicle control, in 10-day-old embryonated SPF eggs, in a total of 100 μl volumes via allantoic route. Eggs were examined for viability of the embryos up to 5 days post-inoculation to determine the LD50 by the Reed-Muench method.

To analyze the effect of Thapsigargin on NDV replication in ovo, SPF eggs were infected with 100 μl of NDV (HA titer = 27) in 10-day-old embryonated SPF eggs via allantoic route. The allantoic fluid was collected at 6 and 96 h post-infection and quantified for NDV by hemagglutination assay (chicken red blood cells) as described previously (Kumar et al., 2016).



Virucidal Activity

Virus suspensions (PPRV/NDV) containing ~106 plaque forming units (pfu) were incubated in serum-free medium containing either DMSO or 10-fold dilutions of the Thapsigargin, for 1.5 h at 37°C. Thereafter, the samples were chilled at 4°C and diluted by 10−3-, 10−4-, and 10−5-fold before being applied onto Vero/MDBK cells in six-well plates for plaque assaying. The results were plotted as relative infectivity of virions against concentrations of the compound used.



Overexpression of SERCA

HeLa/goat kidney cells were transfected in 24-well plates, in triplicates with either 1 μg of pCR3 (empty vector) or with pCR3-SERCA2.HA (SERCA with HA tag at 3′ end) using Lipofectamine 3000 transfection reagent as per the instructions of the manufacturer. At 48 h post-transfection, cells were infected with virus (NDV to HeLa cells and PPRV to goat kidney cells) at MOI of 1. Virus particles released in the supernatant at 24 h post-infection (hpi) (NDV) or 96 hpi (PPRV) were quantified by plaque assay.



Attachment Assay

The attachment assay was performed as described previously (Khandelwal et al., 2014). Briefly, Vero cells were preincubated with 0.5 μM Thapsigargin or vehicle control for 1 h and then infected with PPRV or NDV at MOI of 5 for 2 h at 4°C. The cells were then washed six times with PBS, and the cell lysates were prepared by rapid freeze-thaw method. The virus titers were determined by plaque assay.



Entry Assay

Vero cell monolayers were prechilled to 4°C and infected with the respective viruses at MOI of 5 in Thapsigargin-free medium for 1 h at 4°C to permit attachment, followed by washing and addition of fresh medium containing 0.5 μM Thapsigargin or vehicle control (0.05% DMSO). Entry was allowed to proceed at 37°C for 1 h after which the cells were washed again with PBS to remove any extracellular viruses and incubated with cell culture medium without any inhibitor. The progeny virus particles released in the cell culture supernatants in the treated and untreated cells were titrated by plaque assay.



qRT-PCR

The levels of viral RNA in the infected cells were quantified by quantitative real-time PCR (qRT-PCR). Viral RNA/DNA Purification Kit (Thermo Scientific, Vilnius, Lithuania) was used for extraction of viral RNA from the infected cell lysate. cDNA was synthesized as per the protocol described by the manufacturer (Fermentas, Hanover, USA) using random hexamer primer. The resulting cDNA was stored at −20°C until use. qRT-PCR was carried out with a 20 μl reaction mixture containing gene-specific primers, template and Sybr green DNA dye (Promega, Madison, USA), and run on LineGene 9600 Bioer Real-Time PCR Detection Systems. Thermal cycler conditions were as follows: a denaturation step of 5 min at 94°C followed by 40 cycles of amplification (30 s at 94°C, 30 s at 55°C, and 30 s at 72°C). The levels of viral RNA, expressed as threshold cycle (Ct) values, were analyzed to determine relative fold change in RNA copy number as described previously (Kumar et al., 2016). The primers used for qRT-PCR were as follows: NDV (F gene) (forward primer: 5′-CAGCTGCAGGGATTGTGGT-3′ and reverse primer: 5′-TCTTTGAGCAGGAGGATGTTG-3′) and PPRV (nucleoprotein gene) (forward primer: 5′-ACAGGCGCAGGTTTCATTCTT-3′ and reverse primer: 5′-GCTGAGGATATCCTTGTCGTT-3′).



Viral Protein Synthesis

Vero cells were either mock-infected or infected with PPRV or NDV at MOI of 10 for 3 h followed by washing with PBS and addition of 0.5 μM Thapsigargin or vehicle control (0.05% DMSO). The cells were scrapped at 9 and 20 hpi, respectively, for NDV and PPRV to prepare the cell lysate. Viral proteins were probed by Western blot analysis.



Virus Release Assay

Virus release assay was performed as described previously (Kumar et al., 2011a). Briefly, confluent monolayers of Vero cells were infected with PPRV or NDV, in triplicates, for 2 h at MOI of 5 followed by washing and addition of fresh media. At 36 and 10 hpi, respectively, for PPRV and NDV, cells were washed six times with chilled PBS followed by addition of fresh medium containing 0.5 μM Thapsigargin or vehicle control. Virus released at 1 and 2 h (PPRV) or 30 min and 1 h (NDV) was quantified by plaque assay.



Immunofluorescence Assay

Vero cells were grown in chamber slides at ~20% confluency and infected with PPRV/NDV at MOI of 5 for 2 h followed by washing with PBS and replacement with fresh medium. Thapsigargin was applied at 3 and 10 hpi, respectively, in NDV- and PPRV-infected cells. The intracellular localization of viral proteins in the virus-infected cells was detected by immunofluorescence assay. Briefly, cells were fixed with 4% paraformaldehyde for 15 min and blocked by 1% bovine serum albumin for 30 min at room temperature. After washing with PBS, cells were stained with primary antibody (rabbit anti-NDV/rabbit anti-PPRV or mouse SERCA2 ATPase) for 30 min in the presence of 0.2% saponin. Thereafter, cells were washed three times with PBS and incubated with a secondary fluorescein isothiocyanate-conjugated anti-rabbit antibody or secondary rhodamine-conjugated anti-mouse antibody in the presence of 0.2% saponin for 30 min. After being washed again with PBS, the cells were mounted with a medium containing 4,6-diamidino-2-phenylindole (DAPI; Sigma) and examined by fluorescence microscopy.



Selection of Thapsigargin-Resistant Viral Mutants

NDV was sequentially passaged (70 passages) in Vero cells in the presence of either 0.25 μM Thapsigargin or vehicle control (0.05% DMSO). At each passage, confluent monolayers of Vero cells were infected with NDV, washed five times with PBS before a fresh aliquot of DMEM was added, and incubated for 72–96 h or until the appearance of cytopathic effect (CPE) in ≥75% cells. The virus released in the supernatant was termed as passage 1 (P1). The virus was quantified by plaque assay, and it (at MOI of 0.01) was used in the second round of infection, which was termed as passage 2 (P2). Seventy passages of virus infection were similarly carried out. In order to study the relative resistance against Thapsigargin at various passages, Thapsigargin-passaged and DMSO-passaged viruses were used to infect Vero cells at MOI = 0.1 and grown in the presence of either 0.05% DMSO or 0.5 μM Thapsigargin. The virus released in the supernatant was quantified by plaque assay, and fold-inhibition level was determined.




RESULTS


SERCA Inhibitor Blocks Paramyxovirus Replication

Thapsigargin is a potent inhibitor of SERCA (Rogers et al., 1995; Eastman and Fidock, 2009). It was identified from a protein kinase inhibitor library described previously (Kumar et al., 2011a). In order to determine the in vitro efficacy of Thapsigargin against paramyxoviruses (PPRV and NDV) and DNA viruses (BHV-1 and BPXV), we first determined its cytotoxicity in cultured Vero/MDBK cells by MTT assay. As shown in Figures 1A,B, Thapsigargin at concentrations between 0.00064 and 2 μM did not significantly affect the cell viability even when incubated in cell cultures for 96 h. However, at higher concentrations (>2 μM), it was found to be toxic to the cells. The CC50 was determined to be 3.37 and 3.30 μM, respectively, for Vero and MDBK cells. At 2 μM, Thapsigargin cytotoxicity levels varied between 0 and 18% (from experiment to experiment). However, no absolute cytotoxicity was detected at <1 μM (data not shown). Therefore, a highest sub-cytotoxic concentration of 0.5 μM was determined using subsequent experiments.
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FIGURE 1. Antiviral efficacy of Thapsigargin. Cytotoxicity (MTT assay): five-fold serial dilutions of Thapsigargin (50–0.00064 μM) or equivalent volume of vehicle control (0.05% DMSO) were incubated with cultured Vero/MDBK cells for 96 h, and percentage of cell viability was measured by MTT assay. Cell viability of Vero (A) and MDBK (B) cells is shown. Antiviral efficacy: Vero/MDBK cells were infected with respective viruses at MOI = 0.1 in the presence of indicated concentration of Thapsigargin or vehicle control (0.05% DMSO). Progeny virus particles released in the supernatants were quantified by plaque assay. Antiviral efficacy of Thapsigargin against NDV (C), PPRV (D), BHV-1 (E), and BPXV (F) is shown. Virucidal activity: 10-fold dilutions of the Thapsigargin or DMSO were mixed with ~106 pfu of the indicated viruses and incubated for 1.5 h at 37°C. Thereafter, the residual viral infectivity was determined by plaque assay in Vero (NDV, PPRV, and BPXV) or MDBK (BHV-1) cells (G). Effect of Thapsigargin on replication of NDV in embryonated chicken eggs. Embryonated SPF chicken eggs, in triplicates, were inoculated with indicated concentration of Thapsigargin via allantoic route. At 96 h post-Thapsigargin inoculation, eggs were visualized for viability of the embryos. LD50 was determined by the Reed-Muench method (H). To analyze the effect of Thapsigargin on NDV replication in ovo, embryonated SPF chicken eggs, in triplicates, were infected with NDV via allantoic route, along with administration of Thapsigargin (10 ng/egg). At 6 and 96 hpi, the allantoic fluid was examined for NDV yield by HA (I). Error bars indicate SD. Pair-wise statistical comparisons were performed using Student’s t test (** = p < 0.01, *** = p < 0.001). NS represents no statistical significance.
 

In order to determine the in vitro antiviral efficacy of Thapsigargin, we measured the yield of infectious PPRV and NDV in the presence of indicated concentrations of the Thapsigargin or vehicle control (0.05% DMSO). Thapsigargin significantly inhibited NDV (Figure 1C) and PPRV (Figure 1D) replication (paramyxoviruses) in a dose-dependent manner at an EC50 of 5.9 and 14.2 nM, respectively. The therapeutic index (CC50/EC50) was determined to be 571.18 and 237.32, respectively, for NDV and PPRV. Thapsigargin also inhibited BHV-1 (Figure 1E) but not BPXV (Figure 1F) replication (DNA viruses), suggesting its antiviral efficacy against paramyxoviruses and BHV-1 virus.

Furthermore, in order to determine whether the antiviral efficacy of Thapsigargin against paramyxoviruses is partially due to direct inactivation of the cell free virions, we incubated the infectious virions with either 0.5 or 5 μM Thapsigargin for 1.5 h and subsequently tested the residual infectivity on Vero/MDBK cells. Thapsigargin did not exhibit any virucidal effect on any of the prototype virus tested (Figure 1G), suggesting that the antiviral activity of Thapsigargin is due to the inhibitory effect on virus replication in the target cells.

We also analyzed the effect of Thapsigargin on replication of NDV in embryonated SPF chicken eggs. The lethal dose 50 (LD50) of the Thapsigargin was determined to be 250 ng/egg (Figure 1H). At a noncytotoxic concentration of Thapsigargin (10 ng/egg) and at 96 hpi, NDV yield (allantoic fluid) was significantly lower in Thapsigargin-treated eggs, as compared to the vehicle control-treated eggs (Figure 1I), suggesting that Thapsigargin has the potential to inhibit virus replication in vivo. There was no detectable virus (HA titer <4) at 6 hpi (Figure 1I) in both Thapsigargin-treated and control-treated eggs, suggesting that the decreased viral titers in Thapsigargin-treated eggs at 96 hpi are actually due to inhibition in virus replication, not simply due to Thapsigargin toxicity.



SERCA Facilitates Paramyxovirus Replication

In order to further confirm the role of SERCA in virus replication, the inhibitory effect of Thapsigargin was rescued by overexpression of the SERCA. The expression of exogenous/recombinant SERCA was confirmed by probing HA Tag (present at 3′ end of the SERCA) in Western blot analysis (Figure 2A). As compared to the control plasmid (empty vector)-transfected cells, overexpression of SERCA2-HA not only facilitated NDV and PPRV replication but also rescued the inhibitory effect of Thapsigargin on virus replication, suggesting that SERCA2 supports paramyxovirus replication (Figures 2B,C).
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FIGURE 2. SERCA facilitates paramyxovirus replication. Evaluation of the expression of recombinant SERCA2: HeLa cells were transfected with either an empty vector or with a construct expressing SERCA2-HA. At 48 h-post transfection, cell lysates were probed for expression of HA in Western blot analysis (A). Effect of overexpression of SERCA on paramyxovirus replication: HeLa/goat kidney cells were transfected with SERCA-expressing plasmid (pCR3-SERCA2) or control plasmid (pCR3, empty vector). At 48 h post-transfection, cells were infected with virus (NDV to HeLa cells and PPRV to goat kidney cells) at MOI of 1. Virus released in the supernatant at 24 hpi (NDV) (B) or 96 hpi (PPRV) (C) was quantified by plaque assay. Error bars indicate SD. Pair-wise statistical comparisons were performed using Student’s t test (** = p < 0.01).
 



Paramyxoviruses Induce SERCA Expression

SERCA2 is expressed by most cell types. We also evaluated whether virus infection induces any alteration in SERCA expression. PPRV infection of Vero cells resulted in enhanced SERCA2 expression. As compared to mock-infected cells, a significant induction in SERCA2 expression was observed at 3 hpi, which remained at the peak level between 24 and 72 hpi, before beginning to decline at 96 hpi (Figure 3A, upper panel). However, the levels of house keeping control gene (GAPDH) were similar at all the time points, suggesting that the enhanced levels of SERCA2 expression were related to viral infection (Figure 3A, lower panel). Besides, we also observed that NDV-induced SERCA2 expression could be blocked by Thapsigargin treatment (Figure 3B).


[image: image]

FIGURE 3. Paramyxovirus infections induce SERCA expression. (A) PPRV infection induces SERCA2 expression: Vero cells were infected with PPRV at MOI 5, and the cell lysates were prepared at indicated time points. The levels of SERCA2 (upper panel) or house-keeping control protein (GAPDH) (lower panel) were examined by Western blot analysis. (B) Thapsigargin inhibits NDV-induced SERCA2 expression in Vero cells: Vero cells were infected with NDV at MOI of 5 for 1 h followed by washing with PBS and addition of fresh medium containing Thapsigargin or vehicle control (0.05% DMSO). Cell lysates were prepared at 16 hpi to probe SERCA2 and GAPDH by Western blot analysis. Relative fold-change in the levels of viral/cellular proteins was determined by ImageJ (NIH).
 



Time-of-Addition Assay

In order to ascertain the stage(s) of the viral life cycle which can be impaired by Thapsigargin, we performed a time-of-addition assay (one-step growth curve), in which the inhibitor was applied at different times post-infection, and the virus released into the supernatant was quantified by plaque assay. The NDV and PPRV vary in their length of replication cycle, ~10 and ~24 h, respectively; therefore, time-of-addition of inhibitor and time of virus harvest varied from virus to virus. As shown in Figure 4A, the magnitude of viral (NDV) inhibition gradually decreased. The highest inhibition was observed when the inhibitor was applied 30 min before infection. The inhibition levels progressively decreased from 1 to 6 hpi. Thapsigargin did not exhibit any inhibitory effect on virus replication if it was applied at 10 hpi, a later time point in NDV life cycle when the virus is presumably undergoing budding. Similar findings were observed with PPRV; highest inhibition in viral titers was observed when the inhibitor was applied 30 min prior to infection, magnitude of inhibition progressive decreased from 4 to 24 hpi (Figure 4B). The time-of-addition assay, therefore, suggested that Thapsigargin may inhibit multiple prebudding steps of paramyxovirus replication.
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FIGURE 4. Time-of-addition assay. Confluent monolayers of Vero cells were infected, in triplicate, with PPRV or NDV at MOI of 5, washed six times with PBS and fresh medium with either 0.5 μM Thapsigargin or 0.05% DMSO were added at indicated times. Supernatants were collected at 12 (NDV) or 48 hpi (PPRV) and quantified by plaque assay. Time-of-addition assay for NDV (A) and PPRV (B) is shown.
 



Effect of Thapsigargin on Specific Steps of Viral Life Cycle


Attachment

To analyze the effect of Thapsigargin on attachment of the virus on cell surface, virus was allowed to adsorb (attach) at 4°C (to restrict the entry) in the presence or absence of Thapsigargin. We did not observe any significant difference in the viral titers (adsorbed onto cell surface) between Thapsigargin and vehicle control-treated cells (data not shown), suggesting that Thapsigargin has no effect on attachment of virus to the host cells.



Entry

In order to determine whether the pre-attached virus was able to enter into the cells in the presence of Thapsigargin, a standard entry assay was performed. Pre-attached virus (4°C) was allowed to enter at 37°C in the presence of Thapsigargin, and infectious virus released in the cell culture supernatant was measured. Thapsigargin treatment resulted in reduced NDV (Figure 5A) and PPRV (Figure 5B) titers, suggesting that SERCA inhibitor blocks paramyxovirus entry.
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FIGURE 5. Viral entry. Vero cell monolayers were prechilled to 4°C and infected with the respective viruses at MOI of 5 in Thapsigargin-free medium for 1 h at 4°C to permit the attachment, followed by washing and addition of fresh medium containing Thapsigargin or vehicle control. Entry was allowed to proceed at 37°C for 1 h after which the cells were washed again with PBS to remove any extracellular viruses and incubated with cell culture medium without any inhibitor. The progeny virus particles released in the cell culture supernatants in the treated and untreated cells were titrated by plaque assay. Entry assay for NDV (A) and PPRV (B) is shown. Vero cells were pretreated with Thapsigargin or DMSO for 1 h followed by washing with PBS and infection with NDV/PPRV at MOI of 5. NDV (C) and PPRV (D) released in the supernatant were quantified by plaque assay. Error bars indicate SD. Pair-wise statistical comparisons were performed using Student’s t test (** = p < 0.01, *** = p < 0.001, NS = nonsignificant difference).
 

In order to ascertain that SERCA functions were restored after withdrawal of the Thapsigargin from the cell culture medium (during entry assay) and did not affect post-entry steps of the viral life cycle, we performed an additional experiment where cells were pretreated with Thapsigargin for 1 h at 37°C followed by its removal by washing with PBS. The cells were then infected with NDV/PPRV and grown in the absence of the inhibitor. There was no significant difference in the viral titers between Thapsigargin- and DMSO-pretreated cells in both NDV (Figure 5C) and PPRV (Figure 5D), suggesting that the SERCA functions might have been restored after the removal of Thapsigargin from the cell culture medium.



RNA and Protein Synthesis

In order to determine the effect of Thapsigargin on the synthesis of viral genome/protein, Thapsigargin was applied to the virus-infected cells when early steps of the virus life cycle (attachment/entry) were expected to occur (>3 h). Cell lysates were prepared at 9 and 20 hpi, respectively, for NDV and PPRV to examine the levels of viral RNA and proteins. No significant difference was observed in viral RNA copy number between Thapsigargin- and control-treated cells (Figures 6A,B), suggesting that Thapsigargin has no impact on the synthesis of paramyxoviral genome. However, as compared to the vehicle control (0.05% DMSO)-treated cells, lower levels of viral [NDV (Figure 6C) and PPRV (Figure 6D)] proteins were observed in Thapsigargin-treated cells.
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FIGURE 6. RNA and protein synthesis. Vero cells were either mock-infected or infected with the indicated viruses at MOI of 10 for 3 h followed by washing with PBS and addition of 0.5 μM Thapsigargin or vehicle control (0.05% DMSO). The cells were scrapped at 9 and 20 hpi, respectively, for NDV and PPRV to prepare the cell lysate. Viral RNA was quantified by qRT-PCR. Ct values were normalized with β-actin house-keeping control gene, and relative fold-change was calculated by ΔΔCt method. Relative fold-change in RNA copy number of NDV (A) and PPRV (B) is shown. The levels of viral proteins were analyzed by Western blot analysis. The levels of viral proteins in NDV (C) and PPRV (D) infected cells are shown. NS = No significant difference.
 



Budding

We also analyzed the potential effect of Thapsigargin on the release (budding) of progeny virus particles from infected cells. In budding assay, Thapsigargin was applied at the time when the virus presumably starts budding (during logarithmic phase but before attaining a stationary phase viz; 10 and 36 hpi, respectively, for NDV and PPRV). Viral titers in the supernatants were comparable in Thapsigargin-treated and control-treated cells (data not shown), suggesting that Thapsigargin has no impact on the release of the virus from infected cells.



SERCA Inhibition Results in Enhanced Formation of Cytoplasmic Foci in Virus-Infected Cells

To further examine whether SERCA inhibitor impacts other intermediate step(s) of viral replication, immunofluorescence assay was performed to monitor the subcellular localization of PPRV and NDV proteins in the cytoplasm of the infected cells. The inhibitor or respective vehicle control (0.05% DMSO) was applied at 3 hpi (NDV) or 10 hpi (PPRV); a time point at which the early events of virus replication (attachment, entry and RNA synthesis) are believed to occur. At 12 hpi (NDV) or 36 hpi (PPRV), when the progeny virus particles presumably bud from the plasma membrane, we observed more number of cytoplasmic foci in Thapsigargin-treated cells, as compared to DMSO-treated cells (Figures 7A,B). Thapsigargin treatment showed cytoplasmic foci in ~70% of the cells, as compared to DMSO control wherein this proportion was 10–30% (Figures 7C,D).
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FIGURE 7. Thapsigargin treatment induces enhanced formation of cytoplasmic foci. Vero cells at ~20% confluence were infected with NDV or PPRV at MOI of 10. At 3 (NDV) or 10 hpi (PPRV), cells were incubated with either 0.5 μM Thapsigargin or 0.05% DMSO. At 10 (NDV) or 36 hpi (PPRV), cells were fixed and subjected for immunofluorescence assay for localization of the viral proteins in the virus-infected cells. Virus was stained with FITC (green), whereas SERCA was stained with rhodamine conjugate. DAPI was used as nuclear stain. Subcellular localization of NDV (A) and PPRV (B) is shown. Virus-infected cells (FITC) were usually of two types – with or without punctuate structures. To quantitate the subcellular localization, 100 cells (under several different fields) were randomly counted. The percentage of the cells with or without punctuate structures in Thapsigargin-treated and control-treated is shown for NDV (C) and PPRV (D).
 




Selection of Thapsigargin-Resistant Viral Mutants

Due to the high genetic barrier to resistance, host-targeting agents provide an interesting perspective for novel antiviral strategies, rather than the directly acting agents. NDV, when passaged sequentially in the presence of a SERCA inhibitor (Thapsigargin, a host-targeting agent), did not generate a completely resistant phenotype against Thapsigargin, even upon 70 passages in Vero cells (Figure 8A). However, resistance began appearing at ~P25 and significant resistance was observed at P35 (~100-fold inhibition compared to ~10,000-fold inhibition at zero passage) after which it became stable without acquiring complete resistance (Figure 8A). As compared to P0 and P70-Control viruses, P70-Thapsigargin virus exhibited significantly lower sensitivity to Thapsigargin, though a completely resistant phenotype could not be observed (Figure 8B). Control-passaged viruses did not exhibit any significant resistance against Thapsigargin even upon 70 passages (Figures 8B,C), suggesting that resistance against Thapsigargin (NDV) is not a general phenomenon due to sequential high passages but rather a specific event acquired in the presence of Thapsigargin.


[image: image]

FIGURE 8. Selection of Thapsigargin-resistant viral mutants. Vero cells were infected with NDV or PPRV at MOI of 0.01 and grown in the presence of either 0.25 μM of Thapsigargin or vehicle control (0.05% DMSO). The progeny virus particles released in the supernatant were harvested either at 72–120 hpi or when ~75% cells exhibited CPE. Seventy (70) such sequential passages were made. (A) The levels of NDV inhibition at various passage levels in Thapsigargin-treated and untreated cells are shown. (B) Sensitivity of P70-Thapsigargin NDV to Thapsigargin: Vero cells, in triplicate, were infected with P0, P70-Thapsigargin, or P70-Control passaged viruses at MOI of 0.1 in the presence of either 0.5 μM Thapsigargin or 0.05% DMSO, and the progeny virus particles released in the supernatant at 24 hpi were quantified. (C) Relative growth (fold reduction) of P0, P70-Thapsigargin, and P70-Control viruses in the presence of Thapsigargin. (D,E) Sensitivity of plaque purified (P70) viruses to Thapsigargin: P70-Thapsigargin or P70-Control viruses were plaque purified [(four plaques each of P70-Control (C1, C2, C3, and C4) and P70-Thapsigargin (T1, T2, T3, and T4)] and amplified in Vero cells. To evaluate the sensitivity to Thapsigargin, plaque purified viruses were infected at MOI of 0.1, and virus yield was measured in the presence of 0.5 μM Thapsigargin or 0.05% DMSO. Error bars indicate SD. Pair-wise statistical comparisons were performed using Student’s t test (*** = p < 0.001).
 

Alternatively, it is possible that the original NDV stock might have contained defective interfering (DI) particles, which suppressed the virus yield. Therefore, we plaque purified P70-Control and P70-Thapsigargin virus stocks – a process which presumably eliminated DI particles. Plaque purified viruses (4 plaques each from P70-Thapsigargin and P70-Control stocks) were again evaluated for their sensitivity to Thapsigargin, wherein P70-Thapsigargin plaques (viruses) were found to replicate at relatively higher titers (~20-fold) (compare Figures 8D,E), as compared to the control viruses, suggesting that the higher growth of P70-Thapsigargin virus was presumably due to mutations in the viral genome, rather than simply due to the suppression of DI particle. Furthermore, we also analyzed the mutations in the F protein of P70-Thapsigargin and P70-Control viruses. As compared to WT [(n = 18, sequences retrieved from GenBank with a global representation)], P0 and P70-Control, P70-Thapsigargin virus showed a unique mutation viz., E104K (Figure 9). In addition, as compared to WT, K395R mutation was present in both P70-Control and P70-Thapsigargin, which might have been simply acquired due to sequential cell culture passages (adaptation) (Figure 9). These mutations were invariably present in both passaged virus stock (P70) and respective plaque purified viruses (Figure 9). However, we could not observe any Thapsigargin-associated mutations in HN gene (data not shown).


[image: image]

FIGURE 9. Nucleotide sequencing of passaged virus. RNA was extracted from P70-Control and P70-Thapsigargin viruses as well as plaque purified viruses (two plaques each of P70-Control and P70-Thapsigargin) followed by amplification and sequence analysis of F gene. Nucleotide sequences were translated into amino acid sequences and compared with P0 as well as WT sequences retrieved from GenBank (n = 18). Amino acid mutations associated with Thapsigargin resistance as well as those acquired simply due to sequential cell culture passage (present in both P70-Control and P70-Thapsigargin) are shown.
 




DISCUSSION

High mutation rates in RNA viruses enable resistance to antiviral drugs and preexisting immunity to develop. The rise in incidence of drug resistance has prompted a shift towards the development of novel antiviral drugs. As compared to the viral genome, genetic variability of the host is quite low, and therefore, host-targeting agents are considered to impose a higher genetic barrier to generation of resistant viruses (Fofana et al., 2010, 2012; Lupberger et al., 2011; Khandelwal et al., 2017). Thus, a potentially better approach for the development of novel antiviral therapeutics would be to target host factors required for viral replication, although cytotoxicity of such antiviral agents is of considerable importance. Targeting host factors could have a significant impact on multiple virus genotypes (strain/serotype) and could provide broad spectrum inhibition against different families of viruses which might use the same cellular pathway(s) for replication (Pawlotsky, 2012; Ruiz and Russell, 2012; Conteduca et al., 2014; Shahidi et al., 2014; Khandelwal et al., 2017). This novel approach has led to the development of some promising compounds for the treatment of HCV and HIV (Gilliam et al., 2011; von Hahn et al., 2011). In this study, we have shown that targeting SERCA (a Ca2+ ATPase) by a small molecule chemical inhibitor (Thapsigargin) can block paramyxovirus replication. The inhibitory effect of Thapsigargin could be rescued by overexpression of SERCA, suggesting the virus supportive role of SERCA. Therefore, SERCA may be a novel target for antiviral drug development. Hoffmann and coworkers identified that SPCA1 [a secretary pathway calcium (Ca2+) transporter that facilitates Ca2+ and Mn2+ uptake into the trans-Golgi network] also facilitates replication of the members of the family, Flaviviridae, Togaviridae, and Paramyxoviridae (Hoffmann et al., 2017), suggesting the involvement of multiple calcium transporters in paramyxovirus replication. Mechanistically, SERCA inhibitor was shown to block viral entry and synthesis of viral proteins, besides inducing enhanced formation of cytoplasmic foci. While the precise mechanism of formation of enhanced cytoplasmic foci remains elusive, this might probably have occurred due to general dysregulation of endoplasmic reticulum/altered calcium homeostasis. Furthermore, how SERCA2 regulates both viral entry and synthesis of viral proteins is intriguing and needs further investigation.

It is generally believed that viruses do not acquire resistance against host-targeting antiviral agents (Kumar et al., 2011b, 2014; Pawlotsky, 2012; Chaudhary et al., 2015). However, in a recent study (van der Schaar et al., 2012), Schaar and colleagues identified Coxsackievirus B3 (CVB3) mutants that replicate efficiently in the presence of several potent antiviral drugs known to inhibit phosphatidylinositol-4-kinase IIIα (PI4KIIIα), a key cellular factor for CVB3 replication. The authors observed that a single point mutation in the viral 3A protein confers resistance, and the drug-resistant escape mutants of CVB3 can replicate in cells with low PI4KIIIα. Additionally, cyclosporine A (CsA)-resistant hepatitis C virus (HCV) mutant has also been identified (Coelmont et al., 2009; Chatterji et al., 2010). In our study, resistance acquired by NDV against SERCA inhibitor adds another example to a short list of viruses, which can acquire resistance to host-targeting antiviral agents. To the best of our knowledge, this is the first documented example wherein a paramyxovirus significantly bypasses its dependency on a cellular factor that is targeted by a small molecule inhibitor. While not yet understood, one possible mechanism underlying acquisition of drug resistance is due to change in host factor requirement (Hopcraft and Evans, 2015). For example, under selection pressure in CLDN1 (tight junction protein claudin-1, which serves as an entry factor for HCV) knock-out cells, CLDN1-dependent HCV evolved to use alternate host factors – CLDN6 or CLDN9 (Hopcraft and Evans, 2015). Alternatively, resistant viruses may simply have enhanced affinity for its natural substrate, thereby allowing the virus to propagate despite reduction in concentration of the cellular factors (Kaufmann et al., 2018).

We mapped at least one mutation (E104K) in F protein of Thapsigargin-resistant NDV. Further studies on recombinant NDV harboring point mutation(s) in F and/or other viral proteins are required to precisely understand the mechanism underlying acquisition of drug resistance against Thapsigargin. Though a complete Thapsigargin-resistant NDV phenotype could not be achieved even up to passage level 70, it is a matter of conjecture as to how NDV became less dependent on SERCA (under the selection pressure of Thapsigargin). In immunofluorescence assay, we could not observe a perfect co-localization of SERCA and viral proteins. A co-immunoprecipitation assay to detect a direct interaction between SERCA and virus was also unsuccessful; therefore, in this study, we could not determine any direct interaction between SERCA and viral proteins.

To conclude, we have provided strong evidence for SERCA as a crucial host factor in facilitating optimal paramyxovirus replication, thus validating this as a candidate drug target for the development of antiviral therapeutics. The drug resistance against host-targeting antiviral agents is not an unprecedented event.
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Human immunodeficiency virus type one (HIV-1) tissue compartments are established soon after viral infection. However, the timing in which virus gains a permanent foothold in tissue and the cellular factors that control early viral-immune events are incompletely understood. These are critical events in studies of HIV-1 pathogenesis and in the development of viral reservoirs after antiretroviral therapy. Moreover, factors affecting the permanence of viral-tissue interactions underlie barriers designed to eliminate HIV-1 infection. To this end we investigated the temporal and spatial viral and host factors during HIV-1 seeding of tissue compartments. Two humanized NOD.Cg-Prkdcscid IL2rgtm1Wjl/SzJ mouse models were employed. In the first, immune deficient mice were reconstituted with human CD34+ cord blood hematopoietic stem cells (HSC) (hu-HSC) and in the second mice were transplanted with adult mature human peripheral lymphocytes (hu-PBL). Both, in measure, reflect relationships between immune activation and viral infection as seen in an infected human host. Following humanization both mice models were infected with HIV-1ADA at 104 50% tissue culture infective doses. Viral nucleic acids and protein and immune cell profiles were assayed in brain, lung, spleen, liver, kidney, lymph nodes, bone marrow, and gut from 3 to 42 days. Peripheral CD4+ T cell loss began at 3 days together with detection of HIV-1 RNA in both mouse models after initiation of HIV-1 infection. HIV-1 was observed in all tested tissues at days 3 and 14 in hu- PBL and HSC mice, respectively. Immune impairment was most prominent in hu-PBL mice. T cell maturation and inflammation factors were linked directly to viral tissue seeding in both mouse models. We conclude that early viral tissue compartmentalization provides a roadmap for investigations into HIV-1 elimination.

Keywords: humanized mice, host immune responses, HIV-1 seeding, viral tissue compartments, immune activation, host inflammatory responses


INTRODUCTION

Following the introduction of antiretroviral therapy (ART) in the mid-1990s, remarkable progress was made toward reducing disease morbidities and mortality during a life-long human immunodeficiency virus type one (HIV-1) infection (1–3). While ART efficiently controls viremia and preserves immune function (4) it does not eradicate infection (5). Recent discoveries suggested that HIV-1 persistence is established within 2 weeks of viral exposure (6). Thus, complete understanding of viral tissue compartmentalization needs be made in efforts to eliminate HIV-1 infection.

To reflect the temporal and spatial challenges of human infection, animal models must reflect essential features of HIV-1 pathobiology in its human host (7). Insights into HIV-1 transmission and tissue distribution were made through studies of simian immunodeficiency virus (SIV) infection of nonhuman primates (8, 9). However, there are limitations. First, SIV and HIV are genetically and biologically distinct (10). Second, divergent viral and host factors affect progression to the acquired immune deficiency syndrome which commonly occurs more rapidly during SIV than HIV (10). Therefore, an HIV-1 susceptible animal model would be preferable for studies that reflect human infection. To such ends, humanized mouse models were developed. These models received engraftment of human cells into immunodeficient rodents resulting in the establishment of a functional human immune systems and tissue microenvironment that support long-term HIV-1 replication in target cells and tissues (11). Studies conducted by our group and others using such humanized mice have provided new insights into HIV-1 virology, immunology, pathology, therapeutics, and modes of viral eradication (12–16). However, to date, limited studies were performed to dissect when and to what extent HIV-1 establishes persistent infection in tissue compartments. If this information is gleamed they could prove instrumental in developing improved antiretroviral therapies.

In our prior works, chronic HIV-1 infected CD34+ hematopoietic stem cell (hu-HSC) reconstituted NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were investigated (17–19). They were used successfully to identify viral replication patterns and virus-induced injuries in diverse cell and tissue types. In the current study, attempts were made to better understand the temporal and spatial dynamics of viral seeding that followed HIV-1 inoculation. To this end we tracked early viral footprints in tissue compartments. To compare how the host microenvironment could affect viral seeding we used both infected adult peripheral blood lymphocyte (hu-PBL) and hu-HSC mouse models. Animals were evaluated in parallel after infection and were necropsied at days 3, 5, 7, 14, 28, and 42. Results showed that peripheral CD4+ T cells decreased rapidly in infected hu-PBL mice with viral detection in all tissues within 3 days of infection. In contrast, in hu-HSC mice virus was detected in gut, kidney, spleen, lung, liver, and lymph nodes and in brain only by 14 and 28 days. HIV-1 nucleic acids and proteins demonstrated that the viral life cycle was completed in both humanized mice. Transcriptomic analysis demonstrated substantive immune activation and pro-inflammatory signature in hu-PBL compared to HSC mice that paralleled viral tissue compartmentalization. These data, taken together, demonstrate the dynamics and extent of HIV-1 tissue infections and its link to human immunity in relevant humanized mouse models of viral infection.



MATERIALS AND METHODS


Generation and HIV-1 Infection of Humanized Mice

NSG mice were purchased from the Jackson Laboratory (Bar Harbor, ME) and housed under pathogen-free conditions in accordance with ethical guidelines for the care of laboratory animals at the National Institutes of Health and the University of Nebraska Medical Center. All experimental protocols were approved by the University of Nebraska Medical Center Institutional Animal Care and Use Committee (IACUC).

To generate human CD34+ mice, the new born NSG mice were irradiated with a RS 2,000 biological irradiator (Rad Source Technologies Inc.), followed with intrahepatic engraftment of human CD34+ HSCs that were isolated from human cord blood. Humanization of the animals was monitored monthly from peripheral blood using flow cytometry analysis on human cell markers. At 20–22 weeks of age, a total of 31 animals with replicate levels of human cell reconstitution were selected then divided into uninfected (n = 5) and HIV-1 infected mouse groups (n = 26). The latter animals were infected intraperitoneally with HIV-1ADA at 104 TCID50 and then randomly distributed into groups that were sacrificed at days 3 (n = 5), 5 (n = 5), 7 (n = 5), 14 (n = 5), 28 (n = 3), and 42 (n = 3) post viral challenge for further immune and viral analysis.

Adult human PBL mice were generated by intraperitoneal injection of adult human peripheral blood lymphocytes purified from HIV-1 seronegative donor leukopaks into 8-week old NSG mice at 25 × 106 PBLs/mouse. Ten days after engraftment, animal humanization was confirmed by flow cytometry. In total, 28 mice with replicate numbers of engrafted human cells were divided into uninfected (n = 4) and HIV-1 infected groups (n = 24) used for analyses. HIV-1ADA challenge was given intraperitoneally at 104 TCID50. Infected animals were then randomly distributed into groups that were sacrificed at days 3, 5, 7, and 17 (n = 6, 5, 5, and 8) after viral infection for further immune and viral evaluations.



Flow Cytometry

Peripheral blood was collected at designated time points into EDTA-coated tubes by cardiocentesis at the study end. Cellular phenotypes were analyzed for human antigens CD45, CD3, CD19, CD4, CD8, and CD14 (BD Pharmingen, San Diego, CA) using the fluorescence-activated cell sorting (FACS) system BD LSR2 (BD Immunocytometry Systems, Mountain View, CA) system. CD45+ human cells were gated from total lymphocytes. The percentages of CD4+ and CD8+ cells were obtained from the gate set for human CD3+ T cells. Results were analyzed using FlowJo software (BD Pharmingen, San Diego, CA).



Viral Load Analyses

Plasma samples were isolated from animal peripheral blood by centrifugation. Plasma HIV-1 RNA levels were measured using an automated COBAS Amplicor V2.0/Taqman-48 system (Roche Molecular Diagnostics, Basel, Switzerland) as per the manufacturer's instructions.



Nucleic Acid Extraction and Quantification

Animal tissues were homogenized using a Qiagen Tissue Lyser II followed total nucleic acids (DNA and RNA) extraction with Qiagen All Prep DNA/RNA Mini Kit (QIAGEN). Serial dilutions of HIV-1 DNA from the ACH-2 cell line, which contains one integrated viral copy per cell, served as the standard control (20). Tissue HIV-1 RNA was first reverse-transcribed to complementary DNA using a cDNA synthesis kit (Invitrogen, MA) (21). HIV-1 DNA and RNA were quantified by semi-nested real-time PCR as previously described (19). The first round of the PCR was performed on a conventional PCR machine (T100 Thermal Cycler, BioRad, CA). The products were subsequently applied to the second round real-time PCR using TaqMan fluorescent probes on an ABI Prism 7000 real-time PCR machine (Applied Biosystems, MA). The expression levels of tissue HIV-1 DNA and RNA were normalized to those for the human CD45 gene (Life Technology, CA). The sensitivity of our assay is around 10 copies.



RNAscope

RNA scope was performed on 5-μm thick paraffin-embedded spleen sections (Advanced Cell Diagnostics, Hayward, CA) according to the manufacturer's instructions. Anti-sense HIV-1 Clade B probe designed for targeting 854–8291 base pairs of HIV-1 sequence was used for viral detection. Positive signals were expressed as single or clusters of brown dots. Human peptidylprolyl isomerase B (PPIB) was applied as controls for human genome. All the images were captured for 40X magnification.



Immunohistochemistry

Tissue samples were collected at the time of animal autopsy, fixed with 4% paraformaldehyde, and embedded in paraffin. Tissue sections of 5-μm thickness were cut and immuno-stained with HLA-DR (clone CR3/43, 1:100, DAKO, Carpinteria, CA) and HIV-1 p24 (1:10, DAKO) antibodies. The DAKO EnVision polymer-based system was used for staining development, and all the sections were counterstained with Mayer's hematoxylin (12). Images were obtained with a Nuance EX camera fixed to a Nikon Eclipse E800 microscope using Nuance software (Cambridge Research & Instrumentation, Woburn, MA). Human HLA-DR images were taken at 20 × magnifications and HIV-1p24 images were captured at 40 × objective magnifications.



Human mRNA Analysis of Immune Responses

Humanized mouse spleen was harvested at animal necropsy followed with total RNA isolation using an RNease Mini Kit (QIAGEN). Complementary DNA (cDNA) was generated using a cDNA synthesis kit (Invitrogen, MA) and subscribed to RT2 PCR arrays for T & B cell activation analysis (QIAGEN). Quantitative RT-PCR was performed on an Master cycler® ep realplex as per the manufacturer's instructions (Eppendorf) and analyzed using RT2 Profiler PCR Array web-based data analysis software, version 3.5 (QIAGEN). Gene networks analysis was performed using Ingenuity Pathway Analysis (QIAGEN).



Statistical Analyses

Data were analyzed using GraphPad Prism 7.0 software (La Jolla, CA). The Student's t-test was used for two-group comparison. A value of p < 0.05 was considered statistically significantly different. All results were presented as the means ± the standard error of the mean (SEM). Fisher's Exact Test was used to validate the IPA data of spleen of each canonical pathway.




RESULTS


Immune Profiles in HIV-1 Infected Humanized Mice

NSG mice were irradiated at birth then were transplanted by intrahepatic injection with human CD34+ cord blood hematopoietic stem cells (hu-HSC) (12). Monthly whole blood flow cytometry showed that by 22 weeks mouse blood contained 30–60% human immunocytes. Following HIV-1ADA infection at 104 50% tissue culture infection dose (TCID50)/animal, assays for viral, and immune profiles were performed in blood and tissues at days 0, 3, 5, 7, 14, 28, and 42. Replicates of 3 to 5 animals were tested at each of the time points before and after infection (at the time of sacrifice) (Figure 1A).
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FIGURE 1. Human lymphocyte responses following HIV-1 infection of hu-HSC mice. (A) The illustrated experimental design for hu-HSC mice human cell reconstitution, HIV-1 infection, and serial animal sacrifice performed at days 0, 3, 5, 7, 14, 28, and 42. Animal numbers are N = 5, 5, 5, 5, 5, 3, and 3 at each of the time points. (B) Peripheral blood CD45+, CD4+, and CD8+ cell counts before/mock infection (blue) and after HIV-1 infection (red) for each of the time points by flow cytometry tests. Data are expressed as mean ± SEM and considered *, **, *** statistically different, at p < 0.05, p < 0.01, and p < 0.001.



Our flow cytometric gating strategy is illustrated in Figure S1A. Prior to HIV-1 infection, the percentages of human CD45+ cells in hu-HSC mouse blood ranged between 30 and 60% (Figure 1B). A significant decline was seen by 42 days (10.9% ± 0.9), but not much decline was observed in the earlier time points (Figure 1B). Percentages of human cells stayed consistent between HIV-1 infected and mock infected controls in hu-HSC spleen and bone marrow that ranged from 45 to 55% (Figures S1B,C).

Progressive loss of CD4+ T cells in blood was observed in infected hu-HSC mice. The mean decreases in CD4+ T cells were 4.7% ± 5.1, 10.2% ± 2.2, 14.0% ± 0.8, 11.9% ± 1.6, 14.0% ± 2.9, and 18.8% ± 1.8, at days 3, 5, 7, 14, 28, and 42, respectively. In parallel, CD8+ T cell counts were increased by 4.6% ± 3.8, 9.7% ± 2.0, 10.6% ± 1.6, 9.1% ± 1.3, 3.8% ± 2.6, and 14.4% ± 1.1, at respective time points (Figure 1B). Splenocytes and bone marrow cells were collected at necropsy and showed parallel losses and increases in CD4+ and CD8+ T cells, respectively, in HIV-1 infected vs. mock infected mice (Figures S1B,C).

To compare virus-host interactions during early HIV-1 infection with immunologically “mature” hu-PBL mice, replicate evaluations were performed. Due to expected graft-vs.-host disease in this model (22) testing was conducted up to 14 days. Adult NSG mice were engrafted with hu-PBL 10 days prior to HIV-1ADA infection with up to eight animals/time point evaluated at days 0, 3, 5, 7, and 14 (Figure 2A). No significant changes of peripheral human CD45+ cell counts were observed in hu-PBL mice before and after infection. The values ranged from 25 to 45% of total immunocytes (Figure 2B). The depletion of CD4+ T cells was robust in infected hu-PBL mice. These equaled 24.1% ± 4.6, 18.2% ± 3.0, 20.6% ± 2.6, and 37.4% ± 6.9, at days 3, 5, 7, and 14, respectively, following infection. In parallel, peripheral CD8+ T cell counts rose by 24.1% ± 4.3, 22.1% ± 3.8, 21.3% ± 3.9, and 40.5% ± 7.6, at equivalent time points (Figure 2B). Taken together, the early and progressive impairment of human immune cells was observed during HIV-1 infection in both hu-HSC and hu-PBL mouse models, but more vigorously in hu-PBL than in hu-HSC mice.
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FIGURE 2. Human lymphocyte responses following HIV-1 infection of hu-PBL mice. (A) The illustrated experimental design for hu-PBL mice human cell reconstitution, HIV-1 infection, and serial animal sacrifice performed at days 0, 3, 5, 7, and 14. Animal number are N = 4, 6, 5, 5, and 8 at each of the time points, respectively. (B) Peripheral blood CD45+, CD4+, and CD8+ cell counts before/mock infection (blue) and after HIV-1 infection (red) for each of the time points by flow cytometry tests. Data are expressed as mean ± SEM and considered **, *** statistically significant, at p < 0.01 and p < 0.001.





Plasma Viral Loads in HIV-1 Infected Humanized Mice

HIV-1 RNA appears before antiviral antibodies in blood at 10 to 14 days after viral exposure. To recapitulate these findings blood was collected from humanized mice and analyzed for viral loads by the COBAS Ampliprep V2.0 and Taqman-48 assay (Figure 3). In hu-HSC mice, plasma HIV-1 RNA was detected in all animals with a mean of 5.0 ± 3.4 × 104 copies/ml at 14 days after infection. At days 3, 5, and 7 after infection plasma viral loads were observed in 2/5 animals at or near to the detection limit of 400 copies/ml. Peak viremia was recorded at day 28 at a mean of 5.9 ± 3.4 × 105 copies/ml. At 42 days plasma viral load was at 6.6 ± 1.4 × 105 copies/ml (Figure 3A).
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FIGURE 3. Peripheral viral loads during the course of HIV-1 infection. Plasma samples were collected following animal sacrifice from HIV-1 infected (A) hu-HSC and (B) hu-PBL mice. Fifty microliter mouse sera was collected then diluted to 1 ml with sterile filtered healthy human sera enabling a detection limit (DL) of 400 HIV-1 RNA copies/ml that is illustrated by the dashed line. Each dot represents an individual animal. The mean HIV-1 copy value from each group of animals was labeled.



In contrast, HIV-1 RNA was readily observed in all infected hu-PBL mice at day 3 with the mean of 4.7 ± 0.8 × 103 copies/ml. A 2-log increase in viral copies were observed at days 5 and 7 with means of 5.4 ± 2.6 × 105 and 8.0 ± 3.5 × 107 copies/ml, respectively. At day 14, plasma viral load was 8.3 ± 4.8 × 107 copies/ml (Figure 3B).



Tissue Compartments in HIV-1 Infected Humanized Mice

HIV-1 infection is established in target tissues before viremia can be detected (23). To determine the early distribution of HIV-1 infection in tissues, gut, spleen, lung, liver, brain, and kidney were procured then evaluated after animal sacrifices (Figures 1A, 2A). Tissue HIV-1 DNA and RNA were quantified by ultrasensitive semi-nested real-time qPCR (19). In general, tissue viral levels were higher in longer infected hu-HSC and hu-PBL mice. In addition, tissue viral DNA and RNA corresponded to what was detected in plasma in both animal models (Figures 4A,B, Figures 5A,B).
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FIGURE 4. Viral tissue compartments in HIV-1 infected hu-HSC mice. Gut, spleen, lung, liver, brain, and kidney tissues were collected at necropsy at times indicated from HIV-1 infected hu-HSC mice, followed by assay of viral DNA and RNA by qPCR. The kinetics of (A) HIV-1 DNA and (B) HIV-1 RNA in each tissue are shown by colored straight lines assigning viral copies/106 hCD45+ cells (left Y axis) vs. time (X axis). The temporal relationship of viral load (acquired from Figure 3A) was plotted in red dashed line (right Y axis). Data are expressed as the means. (C) HIV-1 DNA and (D) HIV-1 RNA in tissues at single time point were listed with each dot representing an individual animal. Values below the horizontal line indicated that viral DNA and RNA were below the DL.
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FIGURE 5. Viral tissue compartments in HIV-1 infected hu-PBL mice. Gut, spleen, lung, liver, brain, and kidney tissues were collected at necropsy at times indicated from HIV-1 infected hu-PBL mice, followed by assay of viral DNA and RNA by real-time qPCR. The kinetics of (A) HIV-1 DNA and (B) HIV-1 RNA in each tissue are shown by colored straight lines assigning viral copies/106 hCD45+ cells (left Y-axis) vs. time (X axis). The temporal relationship of viral load (acquired from Figure 3B) was plotted in red dashed line (right Y axis). Data are expressed as the means. (C) HIV-1 DNA and (D) HIV-1 RNA in tissues at single time point were listed with each dot representing an individual animal. Values below the horizontal line indicated that viral DNA and RNA were below the limit of detection.



In hu-HSC mice, HIV-1 DNA, and RNA were detected at low levels within 3 days after viral challenge, from spleen, lung, and liver in 1/5 animals (Figures 4C,D). The same tissues examined at days 5 and 7 showed infection in 2/5 animals while HIV-1 remained undetected in other tested tissues. In the animals infected for 14 days, viral DNA, and RNA were observed in 3/5 gut, spleen, lung, and kidney tissues, and 2/5 liver samples (Figures 4C,D). However, HIV-1 was not detected in hu-HSC mouse brain until day 28. At 28 and 42 days, virus was readily observed throughout all tested tissues from all infected animals (Figures 4C,D).

HIV-1 was detected earlier and at higher levels in hu-PBL vs. hu-HSC mouse tissues at all-time points (Figures 5C,D). Viral DNA and RNA were seen by day 3 in 81% (29/36) gut, spleen, lung, liver, brain, and kidney tissues examined. At day 5, 93% (28/30) infected tissue were HIV nucleic acid positive. Notably, 67% (6/9) brain tissue samples from days 3 and 5 showed absent virus that supported later seeding for this tissue compartment. In the animals infected for 7 and 14 days virus was readily observed in all tissues (Figures 5C,D). HIV-1 DNA levels in gut were higher than that in all other tissues and supported the notion that gut serves as a prominent virus tissue compartment (Figure 5A). Altogether, these data suggested that both peripheral and tissue HIV-1 compartments were rapidly established in hu-HSC (day-14) and hu-PBL (day-3) mouse models, but much faster in hu-PBL than in hu-HSC mice.



Confirmatory Tests of Viral Gene Expression in Infected Humanized Mice

To confirm tissue compartmentalization in early HIV-1 infected humanized mice, spleen sections were obtained then tested by RNAscope that can detect up to 1–2 copies of viral RNA (representative images shown in Figure 6). An antisense HIV-1 Clade B probe was employed which covers nearly entire viral genome (except LTR region). To this end, spleen HIV-1 RNA was shown as a single or cluster of brown dots, at the earliest stage of infection in both mouse models. In hu-HSC mice, HIV-1 RNA was visualized within 3 days of infection, which reaffirmed the rapid set-up of viral tissue compartment. As infection proceeded, virus spread as shown in multiple clusters of brown dots within each tissue section. By day 42, viral burden was much more prominent with invaded cells aggregated throughout the observed field of interest (Figure 6A). In hu-PBL mice, HIV-1 RNA was observed in all infected animal spleens at each time point. Viral RNA levels were comparable or higher in hu-PBL than hu-HSC mice at equivalent time courses (Figure 6B).
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FIGURE 6. Viral RNA tissue expression in infected humanized mice. Spleen tissues of hu-HSC (A) and hu-PBL (B) mice were collected with formalin fixed and paraffin embedded at necropsy. Five micrometer thick slices were prepared for RNAscope assays. Representative images from each group were shown with HIV-1 RNA labeled as single or cluster of brown dots. Images were taken at 40 x objective magnifications.





Viral Protein Expression in Infected Humanized Mice

HIV-1p24 is a capsid component that is among the earliest expressed viral proteins. To assess its presence in infected tissues we employed immunohistochemistry assays to trace HIV-1p24 along with human HLA-DR staining. Representative photomicrographs were taken from each tissue sample stained with both antibodies (Figure 7). In hu-HSC mice, while HLA-DR+ cells were easily seen in the observation field, HIV-1p24 cells, however, were observed only in 1/5 animal spleens infected for 5 or 7 days. No infected cells were seen at 3 days. By day 14, 3/5 animals were HIV-1p24 positive. These three animals were the same ones where virus was detected by viral qPCR and RNAscope tests (Figures 4, 6). At 28 and 42 days, HIV-1p24 stained cells were demonstrated in all infected animals (Figure 7A). In hu-HSC lymph nodes, HIV-1p24 antigens were detected starting at 14 days after infection and increased over time (Figure 7A).
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FIGURE 7. HIV-1p24 expression in infected humanized mice. Spleen and lymph node samples were collected from (A) hu-HSC and (B) hu-PBL mice at necropsy then formalin fixed and paraffin embedded. Five micrometer thick sections were cut then stained with human HLA-DR and HIV-1p24 antibodies. Representative images from each group were selected and pictures were captured for both markers (shown as brown dots) from individual animals. Human HLA-DR images were taken at 20 x objective magnifications and HIV-1p24 images were captured at 40 x objective magnifications.



In hu-PBL mice, HIV-1p24 antigens were captured in all infected animal spleens and lymph nodes during serial necropsies while human HLA-DR+ cells were well reconstituted (Figure 7B). Levels of HIV-1 p24 and nucleic acids in spleen measured by immunostaining and qPCR and RNAscope tests paralleled one another (Figures 5, 6B). During the equivalent infection windows, tissue HIV-1p24 expansion was more aggressive in hu-PBL than that in hu-HSC mice (Figure 7B). These data together confirmed that the quickly established HIV-1 infection in both models were replication-competent and virus spread more aggressively in hu-PBL than in hu-HSC mice.



Host Immunity in Humanized Mouse Models

Different strategies of humanization shape unique cellular integrations in humanized mice. Previous studies observed that the engrafted human T cells in hu-PBL mice expressed a predominated memory/activated (CD45RO) phenotype that supports HIV-1 infection (24) while in hu-HSC mice approximately 50% of human T cells are naive (CD45RA) that are less susceptible to HIV-1 infection (19). Therefore, viral infection is usually more aggressive in hu-PBL mice than that in hu-HSC mice (10). In the current study, we also observed a similar pattern during early HIV-1 infection where virus was seeded at accelerated rates in hu- PBL than in HSC mice. To further characterize and compare the intrinsic host environment in both mouse models that may affect HIV-1 infection, we adopted naïve hu-HSC and hu-PBL mice (n = 3/group) with comparable human cell reconstitutions (Table S1). In these animals, immune-linked host gene expression was tested. Total RNA was isolated from individual animal spleen and a total of 84 gene expressions were evaluated. Overall, increases in gene expressions paralleled adaptive immune activation and were most prominent in hu- PBL vs. HSC mice (Figure 8 and Table S2). Upregulated T cell genes were readily observed affecting cell activation (e.g. CD2, CD3, CD4, CD8, FOXP3, and LAG3), proliferation (e.g. CD28, IL2, IL1β, IL18, and TNFSF14), and differentiation (e.g. CD27, CD80, CD86, and IL15). Two major co-receptors for HIV-1 entry, CCR5, and CXCR4, were also found to be upregulated in hu-PBL compared to HSC mice. The elevated B cell activation and proliferation markers included CD27, CD40, CD80, CD81, IL2, and IL10. To investigate how these differentially expressed molecules may impact the host environment, we subjected the genes with fold changes above 2 (81/84) to Ingenuity Pathway Analysis (IPA). These tests revealed that the top canonical pathways affected in hu-PBL over HSC mice were (1) Th1 and Th2 activation pathway (p = 4.62E-56); (2) innate and adaptive immunocyte communications (p = 3.03E-47); (3) Th2 (p = 5.58E-43); (4) Th1 (p = 2.14E-42) and (5) T-helper cell differentiation (p = 1.76E-39, Figure 9A). All five pathways are engaged in T cell regulation. Downstream Effects Analysis was performed to assess regulatory hierarchy. A total of 500 gene-related diseases or functions each with a minimum of 10 molecules related were predicted and top 10 functions were listed (Table S3). The differential genetic network in the hu-PBL mice was most significantly correlated with the activation of lymphatic systems with 80% (65/81) of the input genes involved and 83% (54/65) led to systemic activation responses (Figure 9B). A spectrum of inflammation-associated genes was also upregulated in hu-PBL as compared to hu-HSC mice, including both pro-inflammatory (e.g., IL1, IL17, IFN γ, TNFα, CXCL3, and CXCL8) and anti-inflammatory (e.g., IL4, IL6, IL10, IL12, IL13, and TNFβ) molecules (Figure 8 and Table S2). IPA analysis confirmed that this genetic pattern was associated with inflammatory responses with 67% (54/81) of the input genes involved and 81% (44/54) linked to cell activation pathways (Table S3 and Figure S2). Taken together, these data support the notion that an established immune activated and inflammatory tissue environment facilitates HIV-1 infection and dissemination.
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FIGURE 8. Expression of human immune activation markers in humanized mice. Total RNA was isolated from uninfected humanized mouse spleens and analyzed for the expression of markers for human immune activation. A total of 84 genes were evaluated and compared between the two animal models. (A) Heatmap depicted the differentially expressed genes (for 1–12) associated with immune activation in hu- PBL compared against HSC mice (for A–G). The log2 fold change of the individual gene is listed in the bottom panel. (B) Differentially expressed genes with log2 fold change of ≥3 are outlined that are expressed in hu-PBL spleens over what was found in HSC mice. A complete gene list can be found in Table S2.
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FIGURE 9. Gene expression patterns analysis by IPA in humanized mice. (A) Canonical pathway gene analyses. The stacked bar chart demonstrates the percentage of upregulated (red) and downregulated (green), as well as non-overlapped (white) genes from the prestored genebank in IPA (numbers listed at the top of each bar). The right y-axis displays the –log of p-Value calculated by Fisher's Exact Test illustrates the significance of each canonical pathway. (B) Downstream biological effects prediction. The most relevant downstream effect predicted by IPA was lymphoid activation. A set of 65 genes that were differentially expressed between hu-PBL and hu-HSC mice co-regulate this pathway. The putative function was located in the center while the related regulator listed at the periphery. The type of interaction is indicated by red (prediction of activation), blue (prediction of inhibition), yellow (inconsistent), and gray (related, not predicted).






DISCUSSION

Early ART intervention restricts the HIV-1 reservoir size (25–27) and may achieve long-term viral remission in select infected individuals (28, 29). However, all patients inevitably experience viral relapse even when treatment is started as early as 14 days after infection (6). It is thus important to determine viral compartmentalization in cells and tissues. Nonetheless, it is not possible to accurately answer this question in an infected human. Therefore, in the current study we traced HIV-1 peripheral and tissue dissemination after infection in humanized mice used to reflect the temporal dynamics of tissue infection. The major advancements of this study were direct comparisons between hu- HSC and PBL mice using a dual tropic HIV-1 strain (HIV-1ADA) in study (30). Multiple time points after HIV-1 infection to reflect a complete picture of early viral dynamics as well as host immune responses. By comparing the viral-host kinetics, we were able to identify the host factors that affect early events of HIV-1 infection. Limitations in accessing human samples to correlate immune responses can be achieved through the use of humanized mice.

Herein, two well-studied chimeric humanized mouse models were used in this report with divergent biologic and immune characteristics. Hu-HSC mice were made after engrafting human CD34+ HSC into new born NSG mice (31). After cell differentiation and maturation, mice are reconstituted with multiple lineages of human immune cells. The cellular type and composition in hu-HSC mice are more similar to human (T and B cells and monocyte-macrophages) with a life expectancy of more than a year. Hu-PBL mice are produced by implanting human peripheral blood lymphocytes into the adult NSG mice. This leads to dominant human lymphocyte reconstitution of up to 95% T cells within 2–3 days (32). However, as a result of GvHD, the life span of the viral immune responses in these animals can only be measured for a single month. Results from both models allowed us not only able to trace early HIV-1 infection, but investigate how host environments may affect viral-host outcomes (33). Peritoneal infections were performed to ensure reproducibility between animals.

Effector memory CD4+ T cells are the primary targets of HIV-1 and their depletion parallels the development of the acquired immune deficiency syndrome (23). CD4+ T cell loss is observed within months of HIV-1 infection from both peripheral blood and lymphoid tissues (34). In the current study, we observed modest CD4+ T depletion in blood of hu-HSC mice as early as 3 days after infection that progressed over time. A similar trend was also observed in infected splenocytes and bone marrow. Altogether, such results indicate that human immune function is impaired at the earliest stage of infection (35). CD8+ T cell percentages were elevated in parallel to CD4+ T cell losses. In hu-PBL mice, peripheral CD4+ T cell depletion was more significant than what was observed in hu-HSC mice. This reflected a highly activated cell phenotype facilitating productive HIV-1 infection and cellular degradation.

Plasma HIV-1 RNA is first seen within 3 weeks after HIV-1 infection in humans (36, 37). Due to the difficulty of early HIV-1 screen in the clinic, a gap between initial viral exposure, and estimated infection period is inevitable, which can be bridged using suitable animal models. In the current study, peripheral viral load was detected in 40% (2/5) of hu-HSC animals by days 3, 5, and 7 after infection each and 100% by day 14. It implied that peripheral viral replication might be established earlier than what is usually observed in humans given the possibility that highly sensitive techniques may further improve detection limit. In hu-PBL mice peripheral viral load was fully expressed in all monitored animals within 3 days of infection with a peak viremia seen at day 7. The data clearly support the notion that viral replication is linked to immune activation.

Tissue HIV-1 DNA and RNA was first detected by semi-nested qPCR at 3 days after infection in hu-HSC mouse spleen, lung, and liver, demonstrating that infection was established and disseminated to multiple tissues rapidly while plasma viral load is extremely low or undetectable. Interestingly, at 5 and 7 days after infection, viral nuclear acids were recovered from each of these tissues in 2/5 animals and supported the fact that all three tissue compartments were seeded by virus at the earliest stage of infection. The observation of HIV-1 RNA and HIV-1p24 antigen on spleen sections supported that it could serve as a major anatomical infectious site (38). In addition, infected cells were highly enriched within the lymphoid follicles. This is likely due to known higher numbers of reconstituted human cells in follicular regions and indicates that this lymphoid subregion may play a major role during early establishment of tissue infections. As the germinal centers are poorly developed in humanized mice, their role in viral compartmentalization, and as potential reservoirs for infection requires further research if a potential viral sanctuary can be realized and most notably during effective ART (39). At 14 days after HIV-1 infection, virus was easily seen in spleen, lung, liver, gut, and kidney. Tissue viral DNA and RNA levels were dramatically increased compared to the early time points, accordant with plasma HIV-1 RNA. One can speculate that multiple peripheral and tissue sanctuaries have been established at early points after viral infection, which may illustrate the hurdles that need be overcome to achieve viral eradication (6). These observations highlight hu-HSC mice as a robust model for studying the earlier stages of HIV-1 infection and support our own prior works using the model to investigate viral cellular and tissue replication patterns during chronic infections (19). Indeed in hu-HSC mice, HIV-1 replication is readily identified in a broad range of bone marrow, spleen, lung, gut, brain, kidney, and liver tissues as well as CD34+ progenitors, monocyte-macrophages, dendritic cells, and CD4+ stem cell memory, naïve memory, central memory, effector memory, and regulatory T cells. All were identified in animals after 5 to 14 weeks of viral infection.

Lymph nodes are major tissue compartments that harbor HIV-1 (40). In the current study, we did not detect HIV-1p24 in hu-HSC mouse lymph nodes until 14 days after infection. This reflected, in measure, the underdeveloped lymph nodes in immune deficient animals (41). While gut-associated lymphoid tissue or GALT is one of the earliest observed infected tissue during acute HIV-1 infection (42) we also were not able to detect HIV-1 infection in hu-HSC mouse GALT until day 14. This was later than what was observed from spleen, lung, and liver. These data reflect the relatively low humanization operative in hu-HSC mouse GALT (43). This limitation restricts studies of viral transmission (44). However, even considering the limitations of the model infection of GALT showed high levels of infection at later time points. The low reconstitution of human immune cells may also explain delayed HIV-1 infection in hu-HSC mouse brains. A recent study reported that within early infected individuals (median 15 days), HIV-1 RNA was observed in cerebrospinal fluid from 83%, 15/18 infected subjects, with the earliest detection by 8 days (37). However, according to variant humanized mouse models studied, HIV-1 seeding in the central neural system was generally much more delayed (16, 19, 45). This discordance demonstrates some of the limitation of our current humanized mouse models. Of interest to the current studies are our prior experiences in using hu-HSC mice that showed sustained bone marrow viral burden (19, 46). Although bone marrow HIV-1 infection was not measured in the current study, the progressive decline of CD4+ T cells indicated that active viral replication was rapidly established in the hu-HSC mouse bone marrow. Notably and distinct from hu-HSC mice, HIV-1 was seeded into tissue compartments more rapidly in hu-PBL mice. At 3 days post-infection, HIV-1 DNA and RNA were readily detected across a wide range of tested tissues, including brains. HIV-1p24 was also observed in the 3-day infected lymph node sections. Viral levels were higher in hu-PBL mice at the same time courses compared to that in hu-HSC mice. Altogether, these results strengthen the notion that the host microenvironment is closely linked to early HIV-1 replication dynamics.

Previous studies by others showed that low levels of T cell activation and proliferation lead to reduced HIV-1 susceptibility (47, 48). Nevertheless, comorbid factors such as sexually transmitted infectious diseases substantially increased the risks of HIV-1 acquisition and transmission as well as affecting viral load. All are known to be associated with inflammation and immune activation (49–51). Our data support the idea that immune activation markers predict viral susceptibility in mouse models of human disease. Comparisons in host tissue environments were made at the transcriptional level in tissues from both models. After identifying viral dynamics after HIV-1 infection of hu-PBL mice, immune-activated genes linked to T and B cells were upregulated when compared to hu-HSC mice. These data support the idea that immune activation that occurs prior to infection could predict early HIV-1 infection dynamics in these animal models. In addition, a wide range of inflammation-associated genes was upregulated in the hu- PBL compared to HSC mice. While pro-inflammatory conditions facilitate viral acquisition, and promote T cell activation (52) anti-inflammatory factors serve to maintain systemic homeostasis. Noteworthy, a recent report demonstrated that a systemic proinflammatory signature was established by as early as 24 h after SIV infection of rhesus macaques (9). It will be interesting to evaluate how early inflammasome activated in HIV-1 infection affects early viral dynamics. We posit that immune-activation and inflammation explains early HIV-1 infection, rapid viral dissemination, and accelerated CD4+ T cell loss in the hu-HSC mice.

Recently we demonstrated that hu-HSC mice infected with HIV-1NL4−3 strain (53) expressed high levels of HIV-1 replication in peripheral blood, gut, spleen, lung, liver, brain, kidney, lymph node, and bone marrow. These results illustrated that viral factors also affect the formation of HIV-1 infection in tissue compartments. In addition, a recent report found that after acute intravaginal challenge of HIV-1BaL on humanized Rag1KO.IL2RγcKO.NOD mice expressing HLA class II (DR4) molecule (DRAG) mice (16), virus was detected at certain tissues by day 4 while brain was lastly infected until day 21. This also suggested that different infection routes and genetic background should be considered in reflecting what would be operative in an infected human host. While we understand that the intraperitoneal route used to establish viral infection does not reflect what is operative during natural conditions. However, we performed this route to ensure infection was operative in 100% of challenged animals and was able to explore viral compartmentalization during the evolution of persistent viral infection. While early HIV-1 infection remains challenging to identify and investigate in the clinic, humanized mouse models allow researchers to determine how, where and at what levels virus gains a foot hold in tissue sites and prior to any or all therapeutic or cure strategies. Indeed, based on this work, our group has shown that combinations of long acting slow effective release antiretroviral therapy (LASER ART) and CRISPR-Cas9 for viral excision can lead to permanent HIV-1 elimination. In up to one third of infected humanized mice (our unpublished observations) and supports the use of this model in viral eradication schemes.

In conclusion, by using humanized mouse models, our study identified a wide range of tissue compartments, and their temporal and spatial dynamics during early HIV-1 infection. The four major findings from this study are summarized as First, HIV-1 infection was identified in multiple tissue compartments as early as 3 days post-infection using highly sensitive detection techniques in two different humanized animal models. Second HIV-1 was detected in all tissue by day 14 in hu-HSC mice. Third, tissue viral replication patterns were linked to markers of immune activation and immunity for each animal model that included T cell maturation and inflammation. Fourth, spleen, lung, and liver were among the earliest infected tissues and sustained heavy viral burden throughout the monitoring period as shown in proviral DNA amplifications. It is noteworthy that the tissue types listed above do not cover all the human anatomical viral sanctuaries. Others tissues that require analyses in humanized mice include but not limited by thymus, male and female reproductive tract, skin, and adipose tissue (54, 55). Even accepting the limitation of both models and underdevelopment of secondary lymphoid tissues this information will instruct us on the guideline of early ART intervention and development of tissue-specific ART. It has been an intriguing question that whether a window exists for “HIV-1 cure,” if ART is administrated soon after viral exposure to maximize the restriction of viral replication followed by combinational strategies targeting the residual proviral DNA. Using humanized mouse model under controlled conditions, we will be able to answer this question, which will benefit the translation of clinical investigation.
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Currently, the major measures of preventing and controlling microbial infection are vaccinations and drugs. However, the appearance of drug resistance microbial mounts is main obstacle in current anti-microbial therapy. One of the most ubiquitous actin-binding proteins, non-muscle myosin II (NM II) plays a crucial role in a wide range of cellular physiological activities in mammals, including cell adhesion, migration, and division. Nowadays, growing evidence indicates that aberrant expression or activity of NM II can be detected in many diseases caused by microbes, including viruses and bacteria. Furthermore, an important role for NM II in the infection of some microbes is verified. Importantly, modulating the expression of NM II with small hairpin RNA (shRNA) or the activity of it by inhibitors can affect microbial-triggered phenotypes. Therefore, NM II holds the promise to be a potential target for inhibiting the infection of microbes and even treating microbial-triggered discords. In spite of these, a comprehensive view on the functions of NM II in microbial infection and the regulators which have an impact on the roles of NM II in this context, is still lacking. In this review, we summarize our current knowledge on the roles of NM II in microbial-triggered discords and provide broad insights into its regulators. In addition, the existing challenge of investigating the multiple roles of NM II in microbial infection and developing NM II inhibitors for treating these microbial-triggered discords, are also discussed.

Keywords: non-muscle myosin II, co-factors/receptors, mammalian cells, regulatory pathways, regulators, microbial-triggered discords


INTRODUCTION

Diseases caused by microbial infections including viruses and bacteria post a significant risk to public health, even resulting in social panic and huge economic loss duo to the outbreaks, such as Human immunodeficiency virus (HIV) and herpes simplex virus type 1 (HSV-1) (Looker et al., 2017; Bengtson et al., 2018). The most effective methods against microbial infections are vaccines and/or drugs. However, the emergence of drug-resistant strains and viral mutations in some cases are the main issues for antimicrobial means, as these antimicrobial ways mainly target microbial proteins or DNA (De Clercq, 2002). For this reason, novel therapeutic approaches, in particular, new targets should be further explored to develop antimicrobial drugs.

As intracellular parasitic pathogens, viruses and some bacteria utilize host co-factors including receptors to complete a series of life cycles. There are different receptors/co-factors on the host cell surface or inside the cell, which interact with the microbial proteins and participate in microbial entry, proliferation, and release. Therefore, these host proteins can be employed as potential antimicrobial drug targets. For instance, hepatitis B virus (HBV) utilizes heat shock protein 90 (HSP 90) to facilitate the formation of the HBV capsid through the interaction of HSP 90 and HBV core protein dimers, and treating HepG2.2.15 cells with HSP 90 inhibitors clearly decreases HBV replication by interfering with HBV capsid assembly and polymerase activity (Shim et al., 2011).

Non-muscle myosin II (NM II) is a molecular motor that provides force for cell movement via catalyzing hydrolysis of ATP and participates in a wide range of biological processes in many eukaryotic cells, such as cell adhesion, cell migration (Vicente-Manzanares et al., 2009), cell division (Ding and Woollard, 2017), and cell pinocytosis (Ding and Woollard, 2017). NM II forms a hexamer protein complex consisting of three pairs of polypeptides: two heavy chains (NMHC II, ∼200 kDa) that comprise two globular heads and an alpha-helical tail, a pair of regulatory light chains (∼20 kDa) that are involved in the regulation of NM II activity, and a pair of essential light chains (∼17 kDa) which stabilize the heavy chain conformation (Vicente-Manzanares et al., 2009; Zhang and Gunst, 2017). In mammals, the NM II family can be divided into three isoforms (NM IIA, NM IIB, and NM IIC) with their heavy chains encoded by MYH9, MYH10, and MYH14 genes, respectively (Conti and Adelstein, 2008). These three isoforms share high similarity at amino acid level and have distinct dynamic properties, thereby playing overlapping and different roles in the biological processes of eukaryotic cells (Newell-Litwa et al., 2015; Pecci et al., 2018). For instance, the function of NM IIA in visceral endoderm cell-cell adhesion was able to be replaced by NM IIB in vivo, while the isoform-specific role of NM IIA in mouse placenta formation could not be substituted (Wang et al., 2010), suggesting the existence of special function of NM II isoforms in certain tissues/cells (Ma et al., 2010; Wang et al., 2010). As an actin-binding protein, NM II is ubiquitously expressed in various mammalian cell types and tissues (Newell-Litwa et al., 2015). However, the contents and distribution of those three isoforms of NM II are different in mammalian tissues/cells (Pecci et al., 2018). Relative high abundance of NM IIA (∼100%) but not NM IIB or NM IIC is detected in mouse spleen, while the relative abundance of NM IIB (∼65%) is higher than those of NM IIA (∼29%) or NM IIC (∼6%) in mouse spinal cord (Golomb et al., 2004). Additionally, the relative abundance of NM IIA is higher in Human Hela and HT29 cell types, but lower in Cos-7 cell type, compared with other two isoforms (Pecci et al., 2018). Notably, aberrant expression/activity of NM II has been detected in many microbial-triggered discords including virus-triggered discords and bacteria-triggered discords. For example, NM IIA is found to interact with Gn proteins of severe fever with thrombocytopenia syndrome virus (SFTSV) and its total expression is also augmented during SFTSV infection, while the application of siRNA specially inhibiting NM IIA expression suppresses the viral infection of cells, suggesting that SFTSV may utilize NM IIA to promote the efficiency of viral infection (Sun et al., 2014).

Considering the involvement of NM II in many physiological processes, a tight association of it with a range of disease pathologies has been established (Roberts and Baines, 2011). In particular, the participation of NM II in microbial-triggered discords has become a new focus in this field, as new findings have been obtained and important progress has recently been made. Additionally, the exploration of NM II as a therapeutic target has achieved fruitful results and novel regulators including inhibitors involved in the regulation of NM II’s expression and activity have been identified. Therefore, in this review we intend to provide an updated summary of such new information, with an emphasis on the involvement of NM II and NM II-related pathways in microbial-triggered discords, as well as its novel regulators.



NM II IN MICROBIAL-TRIGGERED DISCORDS

The microbial-triggered discords in which NM II has been identified to participate are summarized in Table 1, also shown in Figure 1 and separately illustrated in the following.

TABLE 1. Involvement of non-muscle myosin II (NM II) in microbial-triggered discords.
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FIGURE 1. The involvement of NM II in the different processes of microbial infection.[image: image]During the process of intracellular bacterial attachment, the potential roles of NM IIA in NG (Neisseria gonorrhoeae) adhesion to the target cells (Wang et al., 2017) were determined;[image: image]In the process of viral entry, the interactions between the glycoprotein H/glycoprotein L (gH/gL) protein of EBV and the C-terminal 1,665–1,960 aa region of NM IIA (Xiong et al., 2015); the adaptor protein (c-Cbl) and NM IIA (KSHV) (Valiya Veettil et al., 2010); the HSV-1 glycoprotein B and NM IIA, NM IIB (Arii et al., 2010, 2015); the glycoprotein Gn of SFTSV and NM IIA (Sun et al., 2014); and the glycoprotein GP5 of PRRSV and the C-terminal domain of NM IIA (Gao et al., 2016) were confirmed. In addition, the potential roles of NM II in EHV-1 (Cymerys et al., 2016), SGIV (Wang et al., 2014) entry were also speculated;[image: image]During the process of KSHV particle uncoating (Valiya Veettil et al., 2010), the vital roles of NM IIA were conjectured;[image: image]During the process of viral replication, the potential roles of NM IIA in KSHV infection (Zhu et al., 2005; Lyman and Enquist, 2009) were surmised;[image: image]During the process of viral intracellular capsid assembling and transport, the vital roles of NM IIA in KSHV (Valiya Veettil et al., 2010), RDV (Wei et al., 2008b) infection were suggested;[image: image]During the process of microbial release, the essential roles of NM IIA/NM II in KSHV (Valiya Veettil et al., 2010), EHV-1 (Cymerys et al., 2016), PRRSV (Guo J. et al., 2016), RDV (Wei et al., 2008b), and NG (Wang et al., 2017) intercellular spread were concluded. Note: The infection of microorganisms that NM II or its specific isoform was involved was marked with blue, that NM II or its specific isoform might be involved was marked with green and a “?”.



NM II in Virus-Triggered Discords

Herpesvirus

The Herpesvirus family, which can affect a variety of organisms including humans, fish, frogs and reptiles, contains over 150 enveloped viruses with double-stranded linear DNA encoding 80 to 100 open reading frames (ORFs) (Boss et al., 2009; Roberts and Baines, 2011). According to the host tissue specificity and replication features, this family can be divided into three subfamilies, namely, α-, β-, and γ-herpesvirina (Roberts and Baines, 2011). Notably, Herpes simplex virus type 1 (HSV-1) and Equid herpesvirus type 1 (EHV-1) of α-herpesvirina, Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV) of γ-herpesvirina, have been extensively studied due to their leading infection to humans or animals. The earliest report that NM II is involved in the infection of the Herpesvirus family was described by van Leeuwen et al. (2002). Thereafter, accumulating evidence indicates that NM II is implicated in the infection of this virus family and the role/function of NM II during virus infection may be distinct depending on the virus types and infectious processes as illustrated in the following sections.

Epstein-Barr Virus (EBV)

Epstein-Barr virus (EBV) is a nearly ubiquitous pathogen that causes damage to the health of human beings as EBV infects almost 90% of the global population (Hau and Tsao, 2017). EBV infection is associated with approximately 1.5% of all cancers including Hodgkin’s lymphoma and Burkitt’s lymphoma (Hau and Tsao, 2017; Teow et al., 2017). The implication of NM II in EBV infection was revealed by a recent report. In a series of exploratory experiments, Xiong et al. (2015) first discovered that immunoprecipitation with myc-tagged EBV gH/gL can pull down a 250 kDa protein in EBV infected sphere-like cell (SLCs) lysates and this protein is identified to be non-muscle myosin heavy chain IIA (NMHC IIA), suggesting that EBV gH/gL may interact with NM IIA, as further confirmed in subsequent co-immunoprecipitation and GST pull-down assays (Xiong et al., 2015). Moreover, the interaction of EBV gH/gL with NM IIA is verified to be mediated by the C-terminal 1,665–1,960 amino acids region of NM IIA. Co-localization assay also reveals that EBV infection leads to the redistribution NM IIA to the cell membrane and allows it to more extensively colocalized with the proteins of EBV (Xiong et al., 2015). Additionally, down-regulation of endogenous NM IIA expression by a NM IIA siRNA-mediated knock-down assay and a blocking assay with NMHC IIA antibody lowers the entry efficiency of EBV virions in nasopharyngeal epithelial cells, while over-expression of NM IIA in the cell membrane but not cytoplasm can significantly promote EBV infection efficiency (Xiong et al., 2015). These findings not only demonstrate the important role of NM IIA in mediating the entry of EBV into its target cells, but also imply that any inhibitor interrupting the interaction of NM IIA with the proteins gH/gL, gB, or BMF2 of EBV holds the promise to be an effective agent for preventing EBV entry or infection.

Kaposi’s Sarcoma-Associated Herpesvirus (KSHV)

Kaposi’s sarcoma-associated herpesvirus (KSHV), etiologically relevant to various tumors including Kaposi’s sarcoma (KS), plasmablastic lymphoma, and primary effusion lymphoma (PEL), can infect various target cells both in vivo and in vitro via diverse patterns of endocytosis. Among these ways, macropinocytosis is regarded as a major route of entry for KSHV and many other viruses (Valiya Veettil et al., 2010). During KSHV entry, the multi-domain adaptor protein of c-Cbl is found to play a major role in membrane blebbing and macropinocytosis (Valiya Veettil et al., 2010). Moreover, immunoprecipitation of c-Cbl with the lysates from KSHV-infected cells followed by mass spectrometry identifies NM IIA as a molecular partner of c-Cbl. The direct interaction of c-Cbl with NM IIA is mediated by the C-terminal region encompassing the proline rich domain (PRD) of c-Cbl. Furthermore, this interaction between c-Cbl and NM IIA is critical for triggering bleb-associated macropinocytosis of KSHV. Either inhibiting NM IIA ATPase activity by its inhibitor blebbistatin or silencing c-Cbl with shRNA, leads to the decreased entry and infection efficiency of KSHV virions (Valiya Veettil et al., 2010). Notably, NM IIA mediated bleb formation in KSHV macropinocytosis is also regulated by other cellular factors, e.g., tyrosine kinase EphrinA2 (EphA2) (Chakraborty et al., 2012), and calcium and integrin binding protein-1 (CIB1). For instance, CIB1, widely expressed in human tissues, is crucial for KSHV entry by promoting the activity of EphA2 to facilitate the interaction of NM IIA with the cytoskeletal cross linker alpha actinin 4, thereby providing the mechanical forces for macropinocytosis (Bandyopadhyay et al., 2014). Additionally, NM IIA is found inside the KSHV virions, suggesting that it may participate in intracellular capsid assemble, transportation and viral egress of KSHV (Zhu et al., 2005; Lyman and Enquist, 2009). However, further investigations are required to substantiate the roles of NM II in these processes.

Herpes Simplex Virus Type 1 (HSV-1)

Herpes simplex virus type 1 (HSV-1) is a world-spread pathogen which infects over a half of adult humans, resulting in diverse ocular, oral, and genital manifestations (Antoine and Shukla, 2014; Lathe and Haas, 2016). Currently, we still have no effective means for treating HSV-1. HSV-1 infection is regarded as a crucial factor for increasing the possibility of being infected with human immunodeficiency virus (HIV), which is characterized by lymphadenectasis and fever with high mortality (Han et al., 2018). An earlier study suggested that NM II may play a role in virus transport and egress during the virus life cycle of HSV-1. This speculation is mainly based on the following observations. NM IIA is firstly found to interact with the HSV-1 major tegument protein VP22 (van Leeuwen et al., 2002). Furthermore, HSV-1 infection leads to the reorganization of NM IIA. Meanwhile, blocking NM II ATPase activity using a myosin-specific inhibitor dramatically reduces the yield of extracellular HSV-1 virus production (van Leeuwen et al., 2002). Subsequent investigations further indicated that members of the NM II family were also involved in other aspects of HSV-1 infection and had overlapping functions during these processes (Arii et al., 2010, 2015). In the course of HSV-1 entering into host cells, both NM IIA and NM IIB are employed as cellular receptors/factors by directly associating with the HSV-1 envelope glycoprotein B (gB) on the cellular surface (Arii et al., 2010, 2015). The HL 60 cell line is relatively insensitive to HSV-1 infection (Pientong et al., 1989). However, over-expression of NM IIA improves the susceptibility of HL60 cells to HSV-1 infection (Arii et al., 2010). On the contrary, antibody blockage and down-regulation of NM IIA in permissive cells inhibit HSV-1 infection. In accordance with the role of NM IIA, knockdown of NM IIB expression in cultured cells that are sensitive to HSV-1 infection significantly suppresses the susceptibility to HSV-1 infection at viral entry and cell-to-cell fusion. On the other hand, up-regulation of NM IIB in target cells dramatically increases their susceptibility to HSV-1 infectivity (Arii et al., 2015). Though more fundamental studies are required, the ubiquitous expression of NM IIA and IIB, together with these important findings above, make them a target for developing medicinally relevant drugs to prevent HSV-1 infection.

Equid Herpesvirus Type 1 (EHV-1)

Equid herpesvirus type 1 (EHV-1) is the main pathogen that affects horses worldwide, causing huge economic loss in the horse industry (Lunn et al., 2009). EHV-1 virions are mainly transmitted from the lymphoid tissue of the upper respiratory tract to the central nervous system, the uterus as well as monocytes which regulate viremia (Shakya et al., 2017), thereby resulting in various clinical symptoms including respiratory disease, abortion, and neonatal death (Lunn et al., 2009; Dunowska, 2014). During EHV-1 infection in cultured cells, the actin cytoskeleton of the infected cells is induced to rearrange its distribution and intimately contact neighboring cells to promote the spread of virions from cell to cell (Dunowska, 2014). A recent study indicated that both application of blebbistatin or 2, 3-butanedione monoxime (BDM) which are well-recognized NM II inhibitors before and after EHV-1 infection are negative factors for viral entry and egress (Cymerys et al., 2016), respectively. Therefore, it is suggested that EHV-1 utilizes NM II and NM II-associated proteins for viral entry and the egress of progeny virions (Cymerys et al., 2016). However, further studies should be implemented for substantiating what kind of NM II isoforms is essential for EHV-1 infection.

Iridoviridae

The Iridoviridae family can be divided into five genera: Ranavirus, Lymphocystivirus, Megalocytivirus, Iridovirus, and Chloriridovirus (Murphy et al., 2012). Members of Iridoviridae, having a single double-stranded DNA with icosahedral cytoplasm, infect a wide variety of invertebrates and poikilothermic vertebrates, e.g., fish, insects, reptiles, and amphibians. Outbreaks of Iridoviridae infection in aquaculture have been reported in recent years and cause severe economic losses to cultured fish worldwide (Jeong et al., 2008; Dong et al., 2017).

Infectious spleen and kidney necrosis virus (ISKNV) of Iridovirus genera, Grouper iridovirus (GIV) and Singapore grouper iridovirus (SGIV) of Ranavirus genera that mainly infect mandarin and grouper fish, respectively, have initially been studied. The mechanisms of action between the host cells and Iridoviridae are intricate. Xu et al. (2011) showed that VP15R protein encoded by the fifteenth ORF of ISKNV is firstly transcribed within 12 h post infection and is verified to be able to bind to the heavy chains of NM II from zebra fish, mice and humans during ISKNV infection. Furthermore, Wang et al. (2014) demonstrated that blocking NM II activity using a NM II kinase inhibitor (ML-7) has a negative impact on SGIV entering into a host cell. Additionally, the transcriptional expression level of NM II A is changeable in GIV-infected grouper kidney (GK-2) cells at different time quantum (Yeh et al., 2008). Though these initial observations suggest a role for NM II in the viral infection of Iridoviridae, the exact role/function of NM II requires further investigation too.

Other Viruses

Human immunodeficiency virus type 1 (HIV-1)

Human immunodeficiency virus type 1 (HIV-1) is an enveloped and single-stranded positive sense RNA virus of the Retrovirus family, within the order Lentivirus. The genome of HIV-1 is approximately 9 kb in length, only encoding a transcription unit and expressing 15 proteins (Stoltzfus, 2009; Hidalgo and Swanson, 2017). HIV-1 infection is a major threat to humans globally, with especially high morbidity and mortality in sub-Saharan Africa. People of African descent infected with HIV-1 is prone to HIV-associated nephropathy (HIVAN) (Husain et al., 2018; Rednor and Ross, 2018). Accumulating evidence indicates that the genetic variants or aberrant expression of MYH9 gene which encodes the heavy chains of NM IIA is closely related with HIVAN (Hays et al., 2012; Colares et al., 2014).

MYH9 (the gene encoding the heavy chains of NM IIA) is found to be abundantly expressed in glomeruli, and specifically podocytes of human tissue. However, glomerular expression of MYH9 was reduced in the kidneys of the transgenic mice that ubiquitously express the HIV provirus genome that lacks gag/pol genes. Furthermore, MYH9 expression was also decreased in the podocytes from these transgenic mice aforementioned or the podocytes transduced with pseudotyped lentivirus containing pNL4-3 Δgag/pol (HIV-1)-EGFP vectors (Hays et al., 2012). Similarly declined expression of MYH9 was also observed in human podocytes transduced with HIV-1. Additionally, the expression of MYH9 was markedly reduced in human glomeruli in the setting of HIVAN (Hays et al., 2012). By using community structure analysis, further evidence showed that NM IIA interacts with protein networks including those of Rho, which mediates podocyte cytoskeletal structure and function, and networks regulated by the HIV-1 gene nef (a key mediator of podocytopathy in HIVAN), as well as pathways less well characterized in podocytes. Notably, HIV nef regulates signaling cascade including Rho proteins, while Rho pathway stabilizes the formation of actin-myosin filaments. Moreover, the involvement of NM IIA in the Rho cytoskeletal regulating pathway is confirmed (Hays et al., 2012, 2014). Therefore, it is speculated that the reduction of NM IIA expression may be of significance to HIV-1 infection and the pathogenesis of HIVAN (Hays et al., 2012, 2014). Though these observations imply that NM II can be the disturbance target for preventing or treating the infection of HIV, these initial findings warrant further investigation.

Severe fever with thrombocytopenia syndrome virus (SFTSV)

Severe fever with thrombocytopenia syndrome virus (SFTSV) is a novel enveloped, single-stranded negative sense RNA virus of the Bunyaviridae family. A case of SFTSV infection was first reported in hilly areas of Henan province of central China in 2009 (Yu et al., 2011). Subsequently, several deaths due to SFTSV infection were confirmed in Japan and South Korea (Kim et al., 2013; Takahashi et al., 2014). Disease manifestations linked to SFTSV include weakness, hemorrhagic fever, thrombocytopenia, encephalitis, and gastrointestinal symptoms, which results in multiple-organ failure with a lethality rate ranging from 12 to 30% in the reported countries (Li et al., 2017).

Sun et al. (2014) showed that the recombinant envelope glycoprotein Gn of SFTSV binds to several kinds of SFTSV susceptible cells such as human umbilical vein endothelial cells and inhibits the infection of this virus to these cells. Importantly, glycoprotein Gn is confirmed to bind to NMHC IIA in immunoprecipitation coupled with the mass spectrometry assay (Sun et al., 2014). Supporting evidence for the involvement of NM IIA in SFTSV infection comes from a series of observations. The expression of NM IIA in susceptible cells incubated with SFTSV displays an initially increased and then decreased alteration when the cells pre-exposed to 4°C for 2 h are then shifted to 37°C for indicated time (i.e., 0–15 min) (Sun et al., 2014). It is suggested that SFTSV may utilize NM IIA for the entrance into the target cells, because 4 and 37°C are permissible temperatures for viral adsorption and penetration of the cell membrane, respectively. Notably, the total protein level of NM IIA is increased during viral infection (Sun et al., 2014). Additionally, application of different NM IIA inhibitors (including siRNA, anti-NM IIA antibody, and ML-7) can effectively suppress SFTSV infection (Sun et al., 2014). On the contrary, over-expression of NM IIA promotes the efficiency of SFTSV entry into HeLa cells that are less susceptible to this virus (Sun et al., 2014). These findings demonstrate that NMIIA is critical for the entry of SFTSV into target cells. However, it remains unidentified whether NM IIA plays other roles in the virus infection.

Porcine reproductive and respiratory syndrome virus (PRRSV)

Porcine reproductive and respiratory syndrome virus (PRRSV) is an enveloped and single-stranded positive sense RNA virus which belongs to the family Arteriviridae, within the order Nidovirales (Lunney et al., 2016). PRRSV is considered as one of the most significant pathogens that affects pigs globally, causing porcine reproductive and respiratory syndrome (PRRS) and leading to huge economic losses to the pork industry worldwide (Nieuwenhuis et al., 2012).

Consistent with the role that NM IIA plays as a receptor in HSV-1 infection. NM IIA has been identified to act as a receptor in PRRSV infection as well. Gao et al. (2016) found that the C-terminal domain of NM IIA interacts with glycoprotein GP5 of PRRSV at the early stage of its infection (binding and absorption). During the entry of PRRSV into the target cells, NM IIA is redistributed from the cytoplasm to the plasma membrane and its expression is increased. Suppression of NM IIA expression decreases the yield of PRRSV, while overexpression of NM IIA markedly contributes to viral infection. On the contrary, NM IIB has no these effects (Gao et al., 2016). Further research showed that PRRSV may make use of intercellular nanotubes for the transmission of virions from cell to cell, and the inhibition of NM IIA activity suppresses intercellular nanotube formation as well as the efficiency of intercellular spreading of virions (Guo R. et al., 2016). The latest research of Li et al. (2018) further confirmed that recombinant NM IIA C-terminal domain can block PRRSV infection via interaction with viral glycoprotein GP5. These observations suggest that NM IIA plays multiple roles in the infection of PRRSV at these critical steps such as the entry, cellular transport, even egress of this virus. Therefore, it is believed that NM IIA may directly contribute to the pathogenesis of PRRSV and be utilized as an important target for the development of potential agents against the viral infection.

Rice dwarf virus (RDV)

Rice dwarf virus (RDV), a non-enveloped and double-stranded RNA virus that belongs to Phytoreovirus, multiplies in plants as well as invertebrate insect vectors (Wei et al., 2008b). RDV was first discovered in Japan in 1883, and then widely spread in Asian countries including China, Korea, and Nepal, where it causes the loss of rice production. Pns 10 is a non-structural protein responsible for forming tubules which is involved in RDV intercellular spread (Wei et al., 2006). By using a selective myosin motor activity inhibitor (BDM), Wei et al. (2008b) found that the formation of Pns 10 tubules is prevented and the intercellular spread of RDV is inhibited. Similarly, the formation of RDV spherical structures is also inhibited (Wei et al., 2008a). These lines of evidence indicate that the myosin motor (NM II) does mediate RDV infection. However, when NM II executes its fundamental role, i.e., providing force for intracellular transportation, or whether NM II is involved in other processes of viral infection, remains unsolved.

Bacteria-Triggered Discords

Listeria monocytogenes

Listeria monocytogenes (L. monocytogenes) is a Gram-positive, non-sporulating and rod-shaped bacterium belonging to the family Acidobacteriaceae. It is regarded as a food-borne pathogen with 13 serotypes based on their antigenic diversity. L. monocytogenes affects humans globally and causes low morbidity but high mortality (Radoshevich and Cossart, 2017). The clinical symptoms such as gastro-enteritis, bacterial sepsis and meningitis or abortion, vary with the physical conditions and ages of humans, and ingestion of the content of L. monocytogenes (Chen et al., 2017; Radoshevich and Cossart, 2017).

Plasma membrane blebs relying on NM II activity are the positive factor for pathogen dissemination (Fackler and Grosse, 2008). Furthermore, NM IIA might have multiple roles in the reaction of intracellular L. monocytogenes infection. For instance, Mesquita et al. (2017) found that listeriolysin O (LLO) induces the reorganization of the NM II A network into cortical bundles for the formation of plasma membrane blebs, whereas NM IIA protects plasma membrane integrity against LLO intoxication during L. monocytogenes infection (Mesquita et al., 2017). Almeida et al. (2015) also reported that NM IIA is tyrosine-phosphorylated by the Src tyrosine kinase in response to several bacterial pathogens. Importantly, the intracellular level of L. monocytogenes was found to positively correlate with the level of NM IIA activity or expression, because the inhibition of NM IIA activity by its inhibitor or the prevention of NM IIA tyrosine-phosphorylation or the depletion of NM IIA expression using siRNA, limited the infection of L. monocytogenes. Though in-depth study is required, these facts do confirm the involvement of NM IIA in the infection of these bacterial pathogens (Almeida et al., 2015).

Neisseria gonorrhoeae

Neisseria gonorrhoeae (N. gonorrhoeae) is a Gram-negative, non-flagellum and globular bacterium belonging to the family Neisseria bacteria. This pathogen is regarded as a crucial sexual concern because of its worldwide distribution, high susceptibility as well as widespread antimicrobial resistance (Berntsen et al., 2017). As a special human pathogen, N. gonorrhoeae infects the mucosal surface of humans via sexual transmission and causes gonorrhea (Wang et al., 2017).

N. gonorrhoeae infection alters actin reorganization, in which NM II plays multiple roles (Wang et al., 2017). As the first line of defense, the epithelial cells protect the host against the invasion of N. gonorrhoeae, whereas, N. gonorrhoeae infection induces exfoliation of endocervical epithelial cells. Wang et al. (2017) discovered that activated NM II is accumulated and redistributed to the N. gonorrhoeae adherent sites during their interaction. Inhibition of Ca2+ or myosin light chain kinase (MLCK)-dependent NM II activity decreases the percentage of epithelial exfoliation during N. gonorrhoeae infection. Additionally, the ability of N. gonorrhoeae to transmit across target cells, to penetrate into target cells and to induce the disassembly of junctions, is also suppressed (Wang et al., 2017).



NM II INHIBITORS WITH POTENTIAL DRUG APPLICATION

Since most of the microbial infections discussed in this review lead to increased expression and/or activity of NM II, one would imagine that inhibiting its expression and or activity could result in decreased infection by microbials. It becomes clear that there are two ways for NM II inhibitors to affect the functions of NM II. The first one is to interfere with NM IIA expression at the post-transcriptional level, including microRNAs (e.g., let-5p-7f) and siRNA. The other one is to suppress NM II activity via the inhibition of MLCK or the ATPase, which is mediated by a series of inhibitors such as ML-7, ML-9, BDM, and Blebbistatin (see Table 2). Despite tremendous progress in identifying and developing NM II inhibitors in recent years, these NM II inhibitors have not been applied to drug development and clinical conditions. The unsolved problems mainly include: (a) the novel NM II inhibitors (microRNA and siRNA) show excellent specificity to the targeted MYH9 mRNA gene and down-regulate NM IIA expression. However, the potential toxicity (Guo J. et al., 2016) and off-target effects (Farooqi et al., 2018) limit their further application; (b) those traditional inhibitors, which are commercial and can be easily obtained, have low specificity, potency, and solubility, as well as (photo) toxicity, and furthermore interfere the activity of all three isoforms of NM II (Roman et al., 2018), restrict their further application.

TABLE 2. NM II inhibitors with potential drug application.
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There are mainly two kinds of kinase phosphorylation that modulates NM II activity, namely MLCK and Rho-associated kinase (ROCK), both MLCK and ROCK act on the myosin light chain molecule at the residues of Thr18 and Ser 19 (Croft et al., 2005). In addition, the regulation of NM II ATPase can also affect its activity (Kim et al., 2008). Traditional NM II inhibitors, including ML-7, ML-9, BDM, and Blebbistatin, usually act via affecting MLCK, ROCK, or ATPase activity. Newly emerging NM II inhibitors (such as microRNA and siRNA) act via modulating the expression of NM II. Application of NM II inhibitors is a good strategy for determining the roles of NM II in cultured cells and tissues under the conditions of microbial infection. More importantly, these NM II inhibitors might be applied as potential drugs/vaccines in treating/preventing these diseases. NM II inhibitors, their mechanisms of action, and chemotherapeutic effects are summarized in Table 2.

Novel Inhibitors

MicroRNAs

MicroRNAs (miRNAs) are a family of endogenous, non-coding small RNAs which typically consist of 22 ∼ 24 nucleotides, taking part in regulating gene expression by binding to corresponding mRNA to suppress its formation or translation. Growing evidence indicates the emerging roles for miRNAs in various pathological processes including viral infection and mycoplasm infection (Zhao et al., 2017; Zheng et al., 2018). For example, miRNA let-7f-5p is found to inhibit PRRSV infection via suppression of NM IIA expression which is mediated by directly binding to the 3′ UTR of its target MYH9 mRNA (Li et al., 2016). Therefore, overexpression of let-7f-5p could be a good way to suppresses PRRSV replication in infected cells (Li et al., 2016). However, whether this miRNA can be used as a target for the development of clinical drug/vaccine against PRSSV or the treatment/prevention of other NM II-related microbial infection, and the way to deliver miRNA into target tissues, requires further investigations.

Small Interfering RNA (SiRNA)

Small interfering RNA (siRNA), belonging to the family of RNA interference (RNAi), is a double-stranded RNA which typically consists of 20 ∼ 25 nucleotides. In recent years, siRNA has been widely employed as an effective tool for exploring gene function and drug targets. Based on its unique role in triggering the cleavage of target mRNA (Meng and Lu, 2017), it has been used to inhibit viral infection. For instance, the use of siRNAs targeting NM IIA decreases SFTSV infection efficiency by over 75%, and silencing NM IIB expression via siRNA reduces SFTSV infection efficiency by 11% (Sun et al., 2014). However, application of siRNA targeting NM IIA in RAW264.7 macrophage cells not only suppresses phagosome acidification and recruitment of LAMP-1, but also impairs the ability of host cells to defend against Escherichia coli infection (Gomez and Descoteaux, 2018). These facts suggest that the requirement for NM IIA in host defense against infections may depend on the types of microbials. It seems that downregulation of NM IIA alleviates viral infection but promotes the susceptibility to bacteria, respectively (Sun et al., 2014). Whether this is a general rule warrants further investigation.

Traditional Inhibitors

ML-7 and ML-9

Both ML-7 and ML-9 are chemical products of naphthalene sulfonamide, which are effective NM II inhibitors via blocking MLCK (Shi et al., 2007; Arii et al., 2010). Compared with ML-9, ML-7 has been used more widely in experimental studies and clinical applications because of its higher inhibiting effect on smooth muscle MLCK and other MLCK isoforms (Saitoh et al., 1987; Xiong et al., 2017). Arii et al. (2010) found that ML-7 reduces Vero cell susceptibility to HSV-1 infection at the virus entry level by inhibiting NM IIA activity. Moreover, treatment of the murine model with ML-7 before viral inoculation could significantly inhibit HSV-1 infection and improve survival rate. Therefore, both ML-7 and ML-9 are used as novel therapies to block HSV-1 infection by inhibiting MLCK activity (Antoine and Shukla, 2014).

BDM

BDM is an actin-activated myosin ATPase inhibitor, which has been widely applied to cell biological studies (McKillop et al., 1994). As a small molecule, BDM has similar effects to ML-7 in some cases (Forer and Fabian, 2005). For example, both BDM and ML-7 could reduce the efficiency in the protein delivery from Golgi bodies to the endoplasmic reticulum in cells (Durán et al., 2003). When BDM was applied to cultured cells, Cymerys et al. (2016) revealed that progeny virions of EHV-1 could not “escape” from the infected cells, and transmission of virions from cell to cell was inhibited as well. Thus, it is suggested that BDM can be used as a drug for treating NM II-related viral infection.

Blebbistatin

Blebbistatin is a small molecule NM II inhibitor which shows high affinity and selectivity (Kovács et al., 2004). This inhibitor specially binds to the ATPase site of NM II heads and decreases the phosphate release rate, thereby suppressing the activity of NM II (Kovács et al., 2004). In recent years, Blebbistatin has been widely applied in many viral researches including EHV-1 (Cymerys et al., 2016), HSV-1 (Antoine and Shukla, 2014), HIV (Kadiu and Gendelman, 2011), and KSHV (Valiya Veettil et al., 2010). For example, Blebbistatin interferes with the KSHV and HSV-1 internalization process to inhibit the entry of virions (Valiya Veettil et al., 2010; Antoine and Shukla, 2014). Additionally, Blebbistatin could also inhibit EHV-1 intercellular spread (Cymerys et al., 2016).



SUMMARY

Microbial infection is a complex process, which needs to utilize a series of receptors and co-factors on/in the cells for microbial entry, then pathogens multiply inside and release their descendants outside the cell (Tomlin and Piccinini, 2018). In this review, we have comprehensively summarized the essential roles of NM II in diverse microbial-triggered discords, which occur in human beings (Valiya Veettil et al., 2010; Hays et al., 2012; Sun et al., 2014), animals (Cymerys et al., 2016; Gao et al., 2016), and plants (Wei et al., 2008b). Interestingly, most of these reported microbial infections can similarly result in NM II alterations, mainly leading to the up-regulation of NM II expression or activity (see Table 1). Developing NM II inhibitors would be a considerable therapy against microbial infection. Therefore, we also in this review discuss the recently reported NM II inhibitors which are applied to the investigation of the effects and the underlying mechanisms of NM II in microbial-triggered discords. These NM II inhibitors have been applied to demonstrating the effect on resisting microbial infections in vitro, even in vivo (Gao et al., 2016).

Notably, we are still at the beginning of understanding the roles of these important cellular skeleton proteins which are ubiquitously expressed in almost all cell types. Of these skeletal proteins, lines of evidence indicate that NM II acts as a crucial receptor/co-factor for microbial infection, which is mainly confirmed via two methods. The first one is to investigate the expression or activity of the members of the NM II family during microbial infection, the second is to analyze virus infection after the application of NM II inhibitors. However, understanding the precise mechanisms of NM II in microbial infection is ambitious, understanding how altered NM II activity or expression contributes to microbial infection may open a novel approach against these discords if the following questions are well solved: these include what the exact mechanisms of microbial infection leading to the abnormality of NM II activity or expression are; what the exact roles of NM II in the distinct processes of virus infection are; how we can improve the specificity of NM II inhibitors and reduce the side-effects of them and how many virus types there are in which NM II is involved in the infection. In spite of these unsolved problems, NM II does have the potential as a therapeutic target. For example, Blebbistatin (NM II activity inhibitor) was confirmed to inhibit PRRSV infection both in vitro (cell model) and in vivo (piglet model) without considering its side-effects (Gao et al., 2016). Indeed, due to its properties such as poorly water soluble, cytotoxic, and prone to (photo) degradation, the wide applicability of Blebbistatin is hindered (Rauscher et al., 2018). These facts suggest Blebbistatin is still druggable if enough efforts are taken to improve these adverse features. Meanwhile, in vitro studies also demonstrated that downregulated expression of NM II using miRNA or siRNA approach effectively prevents the infection of PRRSV and SFTSV (Sun et al., 2014; Li et al., 2016), whereas in vivo evidence conducted in knockdown or knockout animals is still lacking. Therefore, further investigations are required to provide substantial facts.

In summary, NM II, as a molecular motor, plays a major role in cell movement as well as other physiological activities. Confronted with many microbial infections, collective evidence clearly confirms that NM II may act as an important receptor/co-factor and play multiple roles, such as microbial entry, replication and release (Cymerys et al., 2016; Gao et al., 2016). However, our knowledge of the precise mechanisms remains obscure. More detailed understanding of the interaction between NM II and microbial infection should be further explored in this field, which would provide new insights for developing special NM II inhibitors as promising drugs for the control and treatment of these and other microbial-triggered discords at a clinical level, which differs from the traditional therapeutic strategy.
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Background and Aims: Polymorphisms in the immune response genes can contribute to clearance of hepatitis C virus (HCV) infection but also mediate liver inflammation and cancer pathogenesis. This study aimed to investigate the association of polymorphisms in PD-1 (PDCD1), IFNL3 (IL28B), and TLR2 immune related genes in chronic HCV patients with different hepatic and lymphoproliferative HCV-related diseases.

Methods: Selected PDCD1, IFNL3, and TLR2 genes were tested by molecular approaches in 450 HCV-positive patients with increasing severity of underlying liver diseases [including chronic infection (CHC), cirrhosis and hepatocellular carcinoma (HCC)], in 238 HCV-positive patients with lymphoproliferative diseases [such as cryoglobulinemia and non-Hodgkin lymphoma (NHL)] and in 94 blood donors (BD).

Results: While the rs12979860 IFNL3 T allele was found a good marker associated with HCV-outcome together with the rs111200466 TLR2 del variant, the rs10204525 PD-1.6 A allele was found to have an insignificant role in patients with HCV-related hepatic disorders. Though in Asian patients the combination of IFNL3 and PD-1.6 markers better define the HCV-related outcomes, in our series of Caucasian patients the PD-1.6 A-allele variant was observed very rarely.

Conclusion: Differences in the incidence of HCV-related HCC and clinical response between Asians and Europeans may be partially due to the distribution of PD-1.6 genotype that we found divergent between these two populations. On the other hand, we confirmed in this study that the polymorphic variants within IFNL3 and TLR2 immune response genes are significantly associated with HCV-related disease progression in our cohort of Italian patients.

Keywords: hepatitis virus C, hepatocellular carcinoma, cirrhosis, lymphoproliferative disorders, gene polymorphism, PD-1, IFNL3, TLR2


INTRODUCTION

Hepatocellular carcinoma is the primary malignancy of the liver that often occurs in the setting of underlying chronic liver disease, mostly HBV and/or C virus infection (HBV and HCV, respectively), alcoholic liver disease, and non-alcoholic fatty liver disease. In the last years the incidence rate of HCC has increased in the European and American populations (Ryerson et al., 2016), mostly related to the increase of HCV infection acquired before the availability of the serologic test.

Curative treatment options for HCC are local resection, radioembolization and multikinase inhibitors. Available options in patients with unresectable HCC are liver transplantation, percutaneous ethanol injection, radiofrequency ablation, and transcatheter arterial chemoembolization (Hernaez and El-Serag, 2018).

Unfortunately, most patients have locally advanced or metastatic HCC at diagnosis and are not eligible for either liver resection or transplantation. In these cases, despite the attempt to improve the OS of patients by chemotherapy, radioembolization, and multikinase inhibitor sorafenib, the OS remains poor (Llovet et al., 2008). The role of tumor-infiltrating leukocytes in mediating cancer progression and efficacy of immunotherapy in other malignancies, like melanoma, are now well recognized. Thus, although liver represents an “immune privileged” organ, immunotherapy now quickly evolves as a treatment option for HCC (Prieto et al., 2015). Based on programmed cell death 1 (PD-1) and PD-L ligands checkpoint blockade, the immunotherapy for HCC has shown encouraging results in phase I/II trials of Nivolumab (Checkmate 040 trial) (El-Khoueiry et al., 2017).

The PD-1/PD-L pathway has been demonstrated to be engaged in the inhibition of activated T-cells with PD-1 up-regulated in exhausted CD8 T-cells, a mechanism involved in hepatic viral persistence. The PD-1 expression has been shown to associate with the development of HBV-related liver diseases and the prognosis of HCC patients (Zhang et al., 2010; Li et al., 2013; Li et al., 2016). A recent proteomic study analyzing HCC cancer-immune landscape across tumor, non-tumor, and peripheral blood cells demonstrated the existence of a cancer-immune gradient which become progressively suppressive from the non-tumor to the tumor microenvironment (Chew et al., 2017). Specifically, authors have demonstrated the importance of the immunosuppressive action caused by exhausted tumor-infiltrating memory CD8+ T cells expressing high levels of PD-1, that allows immune evasion by the virus and cancer cells (Blank et al., 2005; Park et al., 2015). The increase number of exhausted PD-1+ T-cells was significantly higher in HBV-related vs. non-viral-associated HCC, and much more increased during the HCC progression stage (stage 1 vs. stage ≥2) (Chew et al., 2017). PD-1 was also found significantly up-regulated in CD8+ cytotoxic T-cells in patients with chronic HCV-infection compared to either HCV-negative subjects or patients with spontaneous HCV resolution (Golden-Mason et al., 2007). In vitro blockade of PD-1 has been shown to restore the functional competence of the HCV-specific T-cells (Golden-Mason et al., 2007).

Two SNP on the chromosome 2 within the PDCD1 gene, the rs36084323 G/A (PD-1.1) located -606 base pairs upstream the promoter region at position 242801596 and the rs10204525 G/A (PD-1.6) located at +8669 base pairs in the 3′ UTR at the position 241850169, have been found to be significantly associated with the risk to develop HBV-related cirrhosis and HCC among a Chinese Han population (Zhang et al., 2010; Li et al., 2013; Peng et al., 2015). The mechanisms underlying this association are likely due to the rs36084323 G allele, positioned in a putative binding site for the UCE-2 transcription regulators, causing the increased expression of PD-1 (Sasaki et al., 2014), and the rs10204525 A allele, disrupting the binding sequence for miR-4717 inhibitor within the 3′ UTR of PD-1 mRNA, which drives increased PD-1 expression (Zhang et al., 2015). In fact, the miRNA-4717 was demonstrated to affect the luciferase activity in a dose-dependent manner in cells transfected with a recombinant vector expressing the luciferase reporter gene under the transcription control of the PD-1 promoter containing the rs10204525 G polymorphic variant (Zhang et al., 2015).

Hepatitis C virus leads to chronic hepatitis (CHC) and is a major cause of liver cirrhosis and HCC. HCV is also a lymphotropic virus that triggers B-cells and promotes favorable conditions for B lymphocyte proliferation, including the autoimmune condition MC and B-cell non-Hodgkin lymphoma (B-NHL) (De Re et al., 2007; Sansonno et al., 2007).

By exploring the relationship between innate immunity and HCV-related disorders we found that the IFNL3 C rs12979860 and TLR2 -196-174 ins polymorphisms, both associated with interferon-treatment response and spontaneous HCV-clearance as well as with lower HCV viral load, are associated with a decreased risk of HCV-related diseases and delay the occurrence of cirrhosis and HCC (De Re et al., 2016).

In the present study, we simultaneously analyzed the distribution of polymorphic variants in the PD-1, IFNL3, and TLR2 immune-related genes among Italian patients affected by HCV-related CHC, cirrhosis and HCC (n = 450) and we compared the genotype and allele frequencies with those obtained in patients affected by HCV-related lymphoproliferative diseases, such as MC and NHL, (n = 238) and in healthy BD (n = 94).



PATIENTS AND METHODS

Study Design

A total of 148 HCV-infected patients with CHC without cirrhosis or HCC (48.3% male; median age 57.1 years), 113 patients with HCV-associated cirrhosis (65.4% males; median age 64.5 years), 189 patients with HCV-associated HCC (73.6% male; median age 68.9 years), 238 HCV-infected patients with lymphoproliferative disorders (130 MC, 29.1% male, median age 68.0 and 108 NHL, 47.5% male, median age 66.5 years), and 94 healthy BD (89.6% male; median age 42.5 years) were included in this study. Some of the individuals recruited for the study are part of a previous study [18]. Cases added as new are: BD n = 94, CHC n = 76, cirrhosis = 13, HCC = 102, MC = 130, NHL = 12. Demographic characteristics of the enrolled patients as well as HCV genotype and viral load were summarized in Table 1. Patients with CHC and healthy BD have a lower mean age. Female gender was more frequent among patients with MC.

TABLE 1. Clinical characteristics and PD-1.6 genotype of 688 HCV-positive patients and 94 HCV-negative BD.
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The diagnosis of chronic HCV infection was based on anti-HCV antibodies, elevated ALT serum levels and HCV RNA positivity for at least 6 months. The diagnosis of HCC was based on the standard criteria listed in the European Association for the Study of the Liver (EASL) that incorporate both invasive and non-invasive measures. Non-invasive criteria include two imaging techniques, both demonstrating a focal lesion >2 cm in diameter with features of arterial hypervascularization. Detection and immunochemical characterization of cryoglobulins were performed according to the consensus protocol proposed by the “Associazione Italiana per la Lotta alle Crioglobulinemie.” The diagnosis of NHL in the course of HCV infection has been histopathologically confirmed based on the WHO classification.

The study is in accordance with the principles of the Helsinki Declaration and all subjects provided written informed consent. The study was approved by institutional review boards and independent ethics committees since this was a multicenter study. Particularly, the study of HCC cases was approved by the ethical committee EUDRACT (No. 2010-023602-12), Comitato Etico Indipendente of the Azienda Ospedaliero-Universitaria “Consorziale Policlinico” di Bari, the scientific board and the ethics committee of the Istituto Nazionale Tumori “Fond Pascale”; the institutional review board code SPE 14.084_ AOUC; comitato Etico Area Vasta Centro AOU Careggi, Firenze.

The HCV antibody test was performed by an enzyme immunoassay (III-generation EIA) against HCV-core and HCV-non-structural antigens. The HCV viral load (RNA UI/mL) was assessed by branched DNA technology (Chiron, Emeryville, CA, United States) in serum samples of 201 patients at the time of diagnosis of the HCV-related disorder. HCV genotype was determined by a commercial, certified, diagnostic test (Versant HCV Genotype 2.0, Siemens Healthcare Diagnostics, Deerfield, IL, United States).

Genotyping of PD-1, IFNL3, and TLR2 Polymorphisms

We collected 2 mL of whole blood from each patient and cryopreserved at -20°C until use. Total genomic DNA was extracted from peripheral blood using Qiagen DNAeasy Kit (QIAGEN, Grand Island, NY, United States). We analyzed four polymorphisms within the PD.1, IFNL3, and TLR2 genes, previously described as genetic factors involved in the immune response and hepatic disease progression (Zhang et al., 2010; Park et al., 2015; Li et al., 2016; Asian liver center, 2018; CDC, 2018). They include 3 single-nucleotide changes at positions -606 G/A (rs36084323, PD-1.1) (Xiao et al., 2015) and +8669 G/A (rs10204525, PD-1.6) within the PD-1 gene (Xiao et al., 2015), at position +1825 C/T (rs12979860) in the IFNL3 gene (De Re et al., 2016) and a 22-bp nucleotide del/ins from the position -196 to -174 (rs111200466) in the untranslated 5′-region of TLR2 gene (De Re et al., 2016).

Oligonucleotides used for genotyping were listed in Supplementary Table S1. Particularly, PD-1.1 and PD-1.6 were amplified as described by Zhang et al. (2010) by using PCR and products subjected to automated bidirectional direct sequencing analysis (Eurofins Genomics GmbH, Ebersberg, Germany). Briefly, PCR reactions were performed in 50 μL reaction mixture containing 30–300 ng of genomic DNA, 10 pmol of each primer, 1.25 Unit of Hot Master Taq DNA Polymerase (5 Prime GmbH, Hamburg, Germany) and 25 μL of PreMixJ (MasterAmpTM PCR, Epicentre, Madison, WI, United States). DNA was amplified in Sure Cycler 8800 thermal cycler (Agilent Technologies, SantaClara, CA, United States) starting with an initial denaturation at 94°C for 3 min, followed by 30 amplification cycles of denaturation at 94°C for 30 s, annealing at 65°C for 30 s, elongation at 72°C for 1 and 10 min final elongation at 72°C. PCR amplification generated a fragment of 730 and 490 bp for the PD-1.1 and PD-1.6, respectively.

IFNL3 genotyping was performed using a specific custom TaqMan SNP-genotyping Assay (SNP rs12979860; Applied Biosystem, Foster City, CA, United States) on a 7900HT Fast Real-Time PCR system (Applied Biosystem, Foster City, CA, United States) (De Re et al., 2016). Determination of TLR2 polymorphism was performed by allele-specific PCR method. Fragments of different length (264 and 286 bp), depending on the presence or absence of the del mutation were visualized by electrophoresis on a 3.5% agarose gel stained with ethidium bromide (Supplementary Figure S1). Amplicon sequencing was used to validate the genotyping techniques.

Statistical Analysis

Specific tests including Fisher’s exact test and one or two-way analysis of variance were used to compare allele and genotype frequency of PD-1, TLR2, and IFNL3 polymorphisms between patient groups with different pathologies and control subjects. Multivariate logistic regression analysis was performed with diagnosis as a dependent variable and independent variables, including age, gender (0 female; 1 male), and each genotype was also considered. P-value, OR and 95% CIs were calculated. Genotypes of each polymorphism were assessed according to dominant (0 wild-type homozygote; 1 heterozygote and variant homozygote), recessive (0 wild-type homozygote and heterozygote; 1 variant homozygote) and additive genetic models. Statistical power calculation was performed by using OSSE online tool1. Statistical analyses were performed using GraphPad Prism v6 and SNPStats. P value < 0.05 was considered statistically significant.



RESULTS

Genotype Frequencies

The genotype and allele frequencies of PD-1.6 in HCV-related cases and healthy BD are listed in Table 1. Male gender was predominant in our cohort of BD (89.6%), due to psychological, cultural, and social reasons. The analysis of PD-1.6 genotype distributions among HCV-related cases, compared to that of BD showed no significant association with the risk of development of liver diseases or lymphoproliferative disorders.

The A-allele MAF PD-1.6 was 0.09 in patients with liver diseases, 0.10 in patients with lymphoproliferative disorders and 0.10 in BD. The frequency of PD-1.6 A/A genotype ranged between 0.5 and 2% in HCV-related cases; 0.8–0.9% in lymphoproliferative disorders and the allele A, and thus the genotype A/A, was not found among BD subjects. Differences in allele frequencies and genotype distribution between HCV-related diseases and BD were not statistically significant. By comparing the distribution of PD-1.6 alleles among all HCV-related liver diseases (CHC, cirrhosis, and HCC) with HCV-related lymphoproliferative disorders (MC, NHL) a significantly higher frequency of A allele was found in the latter group (83/817 and 50/426, respectively, p = 0.018). However, no statistically significant difference was observed by comparing the A allele distribution in HCV-related liver diseases or in HCV-related lymphoproliferative disorders with that determined in the BD group. Age and gender of BD did not affect the result of the study: chi-squared test for trend among individuals with <40; <50, and ≥50 years old was p = 0.74, 0.22, and 0.62 for PD-1, IFNL3, and TLR2, respectively; chi-square test for gender (female vs. male) was p = 0.67, 0.83, and 0.92 and for PD-1, IFNL3, and TLR2, respectively. The allele frequency and genotype distribution were also found independent of HCV viral load and HCV genotype (Table 1).

The PD-1.1 polymorphism was analyzed in 109 HCC cases and consistently with the allele frequency distribution in the Caucasian population all samples were found G/G homozygous for such polymorphism (data not shown).

The analysis of IFNL3 rs12979860 polymorphism was shown in Table 2. There was an increase of T allele frequency, showing an additive genotype trend, in patients with liver diseases, particularly CHC (OR = 1.57; 95% CI, 1.06–2.31), cirrhosis (OR = 2.10; 95% CI, 1.40–3.16), and HCC (OR = 1.79; 95% CI, 1.21–2.64) compared to BD controls. This analysis had 78% power to detect differences in IFNL3 C/T allele distribution.

TABLE 2. IFNL3 and TLR2 genotypes among 688 HCV-positive cases and 94 HCV-negative BD.
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The frequency of IFNL3 T allele was also higher in patients with hepatic diseases compared to the lymphoproliferative diseases (MAF 0.44 vs. 0.36; OR = 1.77, 95%CI 1.40–2.25, p < 0.0001). In particular, patients with more advanced HCV-related liver diseases (i.e., cirrhosis and HCC) the frequency of IFNL3 T/T homozygous genotype was 1.4-fold higher than in MC and NHL, and 3.3 higher than in BD (Figure 1 and Table 2). The IFNL3 T/T genotype was also 2.3-fold higher in MC and NHL patients compared to BD (Figure 1).
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FIGURE 1. Frequency of IFNL3 genotype distribution among patients stratified on the basis of their HCV-related disease (n = 643) and blood donors (BD) (n = 94). The frequency of IFNL3 T allele was found increased in HCV-associated liver diseases (CHC, cirrhosis, and HCC) compared to BD and to lymphoproliferative disorders (MC and NHL). BD, blood donors (controls); CHC, chronic hepatitis C; HCC, hepatocellular carcinoma; MC, mixed cryoglobulinemia; NHL, non-Hodgkin lymphoma. ∗p < 0.05; ∗∗p < 0.001; and ∗∗∗p < 0.005.



The distribution of TLR2 ins/del genotypes is shown in Table 2. The frequencies of these alleles in the HCV-related groups did not indicate any significant association, with the exception of the -196 to -174 del that was significantly more represented among HCC patients compared to BD controls (del vs. ins OR = 1.97; 95% CI, 1.17–3.31; p = 0.01). Moreover, we found a statistically significant difference in the frequency of del allele in HCV-related patients with MC lymphoproliferative disease compared to controls (OR = 1.71; 95% CI 1.00–2.91; p = 0.05).

Despite the limited power to detect the effect of TLR2 polymorphism, due to the low MAF, a statistically significant linear trend has been observed for TLR2 del/del genotype (Chi-square = 9.94, p = 0.0016) among the HCV-related groups.

Epistatic Interaction Between IFNL3 and TLR2

The above results indicated that only the polymorphic variations in IFNL3 and TLR2 genes were associated with susceptibility to HCV-related diseases in our series (Tables 1, 2). A general linear regression model was used to identify multiloci genotypes associated with different HCV-related diseases. For the analysis, IFNL3-TLR2 genotypes from HCV-related liver and HCV lymphoproliferative diseases were divided into 4 groups, coded as InsC, InsT DelC, DelT and their frequencies were compared to those obtained in BD and lymphoproliferative vs. liver diseases (Table 3). Wild-type TLR2-ins- IFNL3-C was the most frequent group (Table 3). Some multilocus genotypes, i.e., ins-T and del-T distinguished patients with liver diseases compared to BD (OR = 1.68; 95% CI 1.06–2.65, p = 0.028) and lymphoproliferative vs. HCV-related liver disorders [(OR = 0.72; 95% CI 0.56–0.94), p = 0.014 and (OR = 0.43; 95% CI 0.22–0.85), p = 0.016, respectively], indicating that these multi loci genes play a significant role in the development of liver diseases among HCV-positive subjects.

TABLE 3. Comparison of TLR2 and IFNL3 multilocus genotypes frequencies of HCV-related patients with liver (n = 405), HCV-related lymphoproliferative diseases (n = 238) and blood donors (n = 94).
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Comparison of IFNL3 T-allele distribution between groups of patients affected by different HCV-related liver diseases and healthy BD underlined the role of such polymorphic variant as dominant key factor for the progression of cirrhosis to the most advanced liver diseases in our series (Table 3).

PD-1.6 and IFNL3 MAF Frequencies in Different Countries

Surveys of HBV infection and the rate of HCC in different geographic regions showed a great disparity between Asian and other populations. In fact, the incidence of liver cancer is about nine-fold higher in Asians compared to white Americans suggesting that genetic polymorphisms and environmental risk factors may be responsible for such divergences (Asian liver center, 2018; CDC, 2018). Therefore, we compared the frequencies of PD-1.6 and IFNL3 polymorphisms in different countries reported in the NCBI database2 and the frequencies found in our series (Table 4). A significant difference in allele distribution among Asian and Italian population was observed both for the PD-1.6 (MAF 0.66 vs. 0.10) and IFNL3 (0.08 vs. 0.31) polymorphisms as shown in Table 4.

TABLE 4. Distribution of PD-1.6 allele-A and IFNL3 allele-T frequencies in different populations (available in http://www.ncbi.nlm.nih.gov/SNP/ database) and in our series of HCV-related diseases (n = 710).
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DISCUSSION

Previous studies have demonstrated that elevated expression of PD-1 in lymphocytes within the liver, especially exhausted T cells and Tregs, are closely associated with a dysfunction of the immune response in chronic HBV infection and HBV-related HCC (Boni et al., 2007; Fisicaro et al., 2010; Hsu et al., 2010; Wang et al., 2011). Moreover, it has been reported that PD1.1 and PD-1.6 polymorphisms combined with chronic HBV infection contribute to the development of HCC in a Chinese population (Li et al., 2013) and polymorphisms concur in the development of several tumor types and autoimmune disease pathogenesis (Momin et al., 2009; Liu et al., 2011; Tahoori et al., 2011; Li et al., 2013; Tang et al., 2017; Tejeda et al., 2017; Salmaninejad et al., 2018).

Studies focusing on CHC, by Penna et al. (2007) and Radziewicz et al. (2007) have shown that up-regulation of PD-1 affects HCV-specific CD8+ T cell function in the intrahepatic compartment in patient with chronic HCV infection. Blockade of the PD-1/PD-L1 interaction was shown to improve the expansion ability and IFN-γ secretion from HCV-specific CD8+ T cells (Moreno-Cubero and Larrubia, 2016) and control HCV replication in a chimpanzee model of CHC, although the efficacy was noted only in those animals with a critical threshold of pre-existing HCV-specific CD8+ T cells (Fuller et al., 2013). Additional studies showed that PD-1 is also critical in the persistence of chronic viral infections in mice (Barber et al., 2006) and in the progression of acquired immunodeficiency syndrome in humans (Day et al., 2006).

In our series we found a slight but not statistically significant increase of the PD-1.6 A/A genotype in the whole group of patients with HCV-related disorders compared to the control group of BD. However, the frequency of PD-1.6 A/A genotype is very limited, ranging from 0 to 2% (Table 1) resulting in a allele-A MAF of 0.10 (Table 4), while this unfavorable A/A genotype is the most common genotype (52.6%) in Asian population, with a allele-A MAF of about 0.66 (Table 4; Tang et al., 2017; Tejeda et al., 2017).

There are remarkable dissimilarities in the distribution of PD-1.6 polymorphic variants and their association with HCC between the Asian population and our Italian cohort. Since each of these studies comprised almost 1000 cases we are incline to think that differences in the PD-1.6 genotype distribution are consistent and reflect the genetic heterogeneity among various populations. On the contrary to Asian population, in our series we found a very low frequency of PD-1.6 A-allele variant (MAF 0.10, Table 4), thus it is hard to think that this mutation has a strong role in HCC in our population. Additionally, it is well known that persistent HBV infection were more likely to be associated with HCC in Asian population, while HCV infection had a higher prevalence among the Caucasian population (Ahmad et al., 2018; Falla et al., 2018). Further studies are needed to determine the distribution of PD-1.6 variants in different geographic regions and to explore their casual role in HCV-related diseases susceptibility worldwide.

Since the PD-1/PD-L1 blockade has proven to be an efficient treatment for HCC (Kudo, 2016), the lack of parallel changes in the frequency of PD-1.6 A allele in HCV-related HCC patients and controls in our series excludes a simple direct effect of PD-1.6 variant in the pathogenesis of HCC. However, we cannot exclude the possibility that other polymorphisms in PD-1 or in other immune-related genes, such as the rs12979860 polymorphism in IFNL3 gene, could be involved in HCV-related diseases in our Italian population (Ge et al., 2009; Riva et al., 2014; Wack et al., 2015). Alternatively, the discordant correlation between PD-1.6 and HCV-related HCC susceptibility across Asian-European populations could be related to an interaction of the host PD-1.6 gene variant with different environmental factor(s) present in the two populations or HCC development could be related to a different immune check point molecule blockade. Given the important involvement of PD-1 in autoimmunity and chronic viral infections, further researches are deserved to clarify the role of PD-1 polymorphism in these settings.

Genetic polymorphism of IFNL3 was found strongly associated with spontaneous resolution of HCV infection and with response to PEGylated interferon-alpha and ribavirin therapy for chronic HCV (Ge et al., 2009; Tanaka et al., 2009; Xiao et al., 2015; Huang et al., 2017). The IFNL3 and PD-1 markers in conjunction have also been reported to influence the susceptibility and outcomes of HCV infection in the Southeast China, suggesting their interactions in the disease outcomes (Xiao et al., 2015). In a previous study we found an association between TLR2 ins/del and IFNL3 polymorphisms with HCV-related outcome (De Re et al., 2016). In the present study we demonstrated that the multilocus TLR2-ins/ IFNL3 T genotype was a significant factor for development of HCV-related liver diseases (Table 3), and that the impact of rare PD-1.6 variant in Italian population is responsible for the discrepancy between Asian and European results (Table 4). In our series the IFNL3 T variant was confirming to be one of the best markers associated with HCV-related pathogenesis, with a marginal role of TLR2 del variant, while in Asian populations the combined IFNL3 and PD-1.6 polymorphisms were found to better define the HCV-related outcomes.

Today, we have no data to demonstrate the effect of an interaction between TLR2 and IFNL3 gene products in HCV-positive patients, nonetheless, a functional links between these genes may be indirectly determined using the STRING3 software based on genomic associations of genes that are required for a same function. Figure 2 shows the graphical representation of the model of interaction between TLR2 and IFNL3 leading to effect of IFNL3 gene expression on the janus kinase (JAK)/signal transducer and activator of transcription (STAT) (JAK/STAT) pathway. HCV core and NS3 proteins are known to be able to trigger inflammatory pathways via TLR2, which may act, along with TLR1 and TLR6, as a receptor contributing to the activation of the innate immune system and production of interleukin 6 (IL-6) and Interferon-alpha (IFN-α) (Dolganiuc et al., 2004; Chang et al., 2007). In the past before direct-acting antiviral (DAA) treatment IFN-α therapy was largely demonstrated to reduce the risk of HCC and complications associated with cirrhosis in HCV infected individuals and serum IL-6 elevation has been correlated with liver disease severity, HCV-RNA titer and the activation of the JAK/STAT pathway (Malaguarnera et al., 1997; Sansone and Bromberg, 2012; Egli et al., 2014; Kong et al., 2016; Hemann et al., 2017; Syedbasha and Egli, 2017; Yakut et al., 2018). IFNL3 signal, producing IFN-λ3 molecules, has been demonstrated to inhibit HCV infection and induce anti-viral response also through the JAK-STAT pathway via induction of IFN-stimulated genes (ISGs) (Malaguarnera et al., 1997; Dolganiuc et al., 2004; Yakut et al., 2018). IFNL3 induces a cell type specific immune response due to the cellular expression of IFN-λ3s receptors in fewer cell types (Egli et al., 2014) and activates the JAK-STAT pathway by a feed-forward fashion with substantial differences in terms of the ISGs gene expression induced by IFN-α. Indeed, IFN-λ3 showed many antiviral properties but with an overall smaller response than IFN-α causes (Hemann et al., 2017; Syedbasha and Egli, 2017; Zhou et al., 2018). The IFN-λ3 effect is mainly associated with antigen presentation and a differential expression profile of certain immunomodulatory genes compared to IFN-α and this suggests a specific functional role for IFN-λ3. A critical role of IFN-λ3n in the polarization of Th1 and Th2 cells, in the modulation of regulatory T-cells and pro-inflammatory cytokines and in the differentiation of dendritic cells (DCs) have been well described in several reviews (Egli et al., 2014; Douam et al., 2017; Hemann et al., 2017; Syedbasha and Egli, 2017; Zhou et al., 2018). Of note, during infection with HCV, the expression pattern of many of the ISGs significantly change, most likely due to immunomodulatory effects of HCV proteins and complex inhibitory effects of IFN signaling pathways (Thomas et al., 2012; Egli et al., 2014). In particular, the long-term effects on the Th1/Th2 balance might have implications for the priming of T- and B-cell dependent memory responses, and thus possibly on HCV-related lymphoproliferative malignancy and autoimmune disease prevalence (Egli et al., 2014).
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FIGURE 2. TLR2/IFN-λ3 protein-protein interaction was performed by using String software. The interleukin 6 (IL6) and INF-α, connecting TLR2 and IFN-λ3, can turn on the JAK/STAT pathway, the most important pathway in mediating the inflammatory response to HCV via induction of IFN-stimulated genes (ISGs). The final effect of ISGs results in antigen presentation and a differential expression profile of certain immunomodulatory genes targeting different immune cells and resulting in the polarization of Th1 and Th2 cells, in the modulation of regulatory T-cells and pro-inflammatory cytokines and in the differentiation of dendritic cells (DCs) from monocytes (Egli et al., 2014; Douam et al., 2017; Hemann et al., 2017; Syedbasha and Egli, 2017; Zhou et al., 2018).



Thus, an indirect interaction between IFNL3 and TLR2 gene products may be suggested from data of literature, but further studies are necessary to confirm the effect of IFNL3 and TLR2 polymorphisms in the prediction of the above reported functional signaling in HCV patients.

This is the first study evaluating the PD1 polymorphisms and the risk of HCV-related disorders in the Italian population. The results should be regarded as descriptive observations and larger studies with more diverse ethnic populations are needed to confirm the association of immune related gene polymorphisms in HCV-related diseases.

In conclusion our study highlighted the importance of geographical difference in the frequencies of PD-1 and IFNL3 genetic polymorphisms in HCV-related diseases particularly in cirrhosis and in HCC susceptibility. Due to the importance of these genes in the immune response to hepatic infection, autoimmune disorders and malignancies as well as their role in the response to new proposed immune check-point treatment for HCC, further studies are needed to better understand the pathogenic role of these genetic variants in HCV-related diseases.
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Viral protein 2C plays a critical role in EV-A71 replication. The discovery of 2C binding proteins will likely provide potential targets to treat EV-A71 infection. Here, we provide a global proteomic analysis of the human proteins that interact with the EV-A71 2C protein. TRIM4, exportin2, and ARFGAP1 were validated as 2C binding partners. Further functional studies revealed that TRIM4, exportin2, and ARFGAP1 were novel host dependency factors for EV-A71. Moreover, enteroviruses’ 2C family proteins interacted with exportin2 and ARFGAP1. In conclusion, our study provides a cellular interactome of the EV-A71 2C and identifies the proviral roles of TRIM4, exportin2, and ARFGAP1 in EV-A71 infection.
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INTRODUCTION

Enterovirus A71 (EV-A71) is one of the major pathogens that leads to hand, foot and mouth disease (HFMD) in young children and infants, and has become a serious threat to global public health (Baggen et al., 2018). EV-A71 outbreaks have been reported particularly in the Asia-Pacific region over the past 15 years. However, current anti-EV-A71 therapy is limited. Development of effective anti-EV-A71 drugs have been hampered by the lack of a detailed understanding of the virus-host interactions that could represent amenable targets for antiviral therapy.

Enterovirus A71 with a positive-stranded RNA genome belongs to the human enterovirus species A of the genus enterovirus within the family Picornaviridae (Baggen et al., 2018). The viral genome encodes a single polyprotein precursor which could be proteolytically cleaved to four structural and seven non-structural proteins. The non-structural protein 2C of EV-A71 with 329 amino acids directs replication complexes to cell membranes and contains NTPase and helicase activities (Yuan et al., 2018). Several host factors associated with 2C have been identified. For instance, EV-A71 2C recruited reticulon3 to the viral replication complex (Tang et al., 2007). Coatomer is required for EV-A71 replication and associates with 2C (Wang et al., 2012). 2C binds IKKβ and protein phosphatase 1 to suppress IKKβ phosphorylation (Zheng et al., 2011; Li et al., 2016). By interacting with RelA, 2C inhibited the NF-kB pathway (Du et al., 2015).

Although 2C plays central roles in EV-A71 replication and counteracting the antiviral host defense, there is limited information on how the interaction of 2C with host proteins may contribute to EV-A71 infection. To fill this knowledge gap and advance our understanding of 2C biology, we applied GST pulldown or GFP-Trap immunoprecipitation methods coupled with mass spectrometry analysis to identify the potential binding partners for 2C. Tripartite Motif Protein 4 (TRIM4), exportin2 and ADP Ribosylation Factor GTPase Activating Protein 1 (ARFGAP1) were validated as 2C interacting proteins. Moreover, we demonstrated that TRIM4, exportin2, and ARFGAP1 were required for EV-A71 replication. Our studies will provide the new strategies for the development of host-based antiviral therapy.



MATERIALS AND METHODS

Cells and Reagents

RD and 293T cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Thermo scientific, Waltham, MA, United States) supplemented with 10% fetal bovine serum (FBS), gentamicin, and glutamine. EV-A71 was cultured in RD cells. The EV-A71 virus used in our study is from the Fuyang strain. QS11 was purchased from Sigma-Aldrich (Piscataway, NJ, United States).

Antibodies

Mouse antibodies used in this study are listed: anti-actin (Sigma-Aldrich, Piscataway, NJ, United States, catalog no. A2228), anti-dsRNA J2 (English and Scientific Consulting, Hungary), anti-exportin2 (Santa Cruz Biotechnology, Santa Cruz, CA, United States, catalog no. sc-271537), anti-FLAG (Sigma-Aldrich, Piscataway, NJ, United States, catalog no. A2220), anti-GFP (Xuheyuan, Beijing, China, catalog no. XHY038L), anti-Myc (Cell signaling technology, Danvers, MA, United States, catalog no. 2276), anti-HA (Cell signaling technology, Danvers, MA, United States, catalog no. 3724). Rabbit antibodies used in this study are listed: anti-Myc (Cell signaling technology, Danvers, MA, United States, catalog no. 2278) anti-GFP (Xuheyuan, Beijing, China, catalog no. XHY026L), anti-ARFGAP1 (BETHYL, Montgomery, TX, United States, catalog no. A302-029A), anti-TRIM4 (CUSABIO, Wuhan, China, catalog no. CSB-PA866336LA01HU), anti-exportin2 (Abcam, Cambridge, MA, United States, catalog no. ab151546), anti-2C (generated against a peptide from EV-A71 2C [CRDRKSKVRYSVDTVVSELIREYNNRS] conjugated to keyhole limpet hemocyanin [KLH]). Secondary antibodies are HRP-conjugated ECL goat anti-rabbit IgG (Sigma-Aldrich, St. Louis, MO, United States, catalog No. A6154), HRP-conjugated ECL goat anti-mouse IgG (Jackson ImmunoResearch, West Grove, PA, United States, catalog No. A4416), donkey anti-mouse-Alexa Fluor 555, and donkey anti-rabbit-Alexa Fluor 488 (Invitrogen, Carlsbad, CA, United States).

Plasmids

Constructs encoding for 2C, 2C(126-263), 2C(264-329), ARFGAP1(1-415), ARFGAP1(1-136), and ARFGAP1(137-415) were appended to the carboxyl terminus of glutathione-s-transferase (GST) and were generated using pGEX4T-1 expression plasmids (Amersham Biosciences, Piscataway, NJ, United States). Plasmids expressing TRIM4-Flag and HA-TRIM4 are from Sino Biological (Beijing, China). Plasmid transfected into the cells was performed using FuGENE HD (Promega, Madison, WI, United States) according to the manufacturer instructions.

Immunofluorescence Microscopy

All procedures were performed at room temperature. Cells in glass coverslips were fixed with 4% formaldehyde in PBS buffer for 5 min. Fixed cells were incubated with blocking solution (PBS containing 10% normal donkey serum) for 5 min and were then incubated with primary antibodies diluted in a permeabilized buffer (0.3% Triton X-100 in PBS containing 10% normal donkey serum) for 1 h. The coverslips were washed three times with blocking solution, followed by incubation with Fluor 488 or Alexa Fluor 555 conjugated secondary antibodies for 1 h. After washing with blocking solution three times, the coverslips were mounted with mounting medium. The cells were imaged with a Leica TCS SP5 microscope (Germany) using a 40× oil immersion lens.

Immuno-Precipitation Assays

Briefly, cells were lysed in lysis buffer 1 (1% Triton X-100, 50 mM Tris pH 7.4, 150 mM NaCl, protease inhibitor cocktail) or lysis buffer 2 (1% Triton X-100, 50 mM Tris pH 7.4, 90 mM KCl, 2.5 mM MgCl2, protease inhibitor cocktail) and incubated with protein A/G beads for 30 min at 4°C to reduce non-specific binding affinity. Cell lysates were then incubated with protein A/G beads pre-bound with 1 μg antibody for 1 h at 4°C. Samples were washed three times with washing buffer (50 mM Tris pH 7.4, 150 mM NaCl, 0.1% Triton X-100), and analyzed by Western blotting.

GFP-Trap Assays

Cells were lysed with lysis buffer (50 mM Tris pH = 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% NP-40, protease inhibitor cocktail) and cell lysates were incubated with GFP-Trap_A beads (ChromoTek, Planegg-Martinsried, Germany) for 1 h at 4°C. The beads were washed three times with wash buffer (50 mM Tris pH = 7.5, 150 mM NaCl, 0.5 mM EDTA) and analyzed by Western blotting.

GST Pulldown Assay

The expression of the GST fusion protein was induced by 0.5 mM IPTG in E. coli Rosetta (DE3) at 37°C for 5 h. Bacteria were lysed with lysis buffer (50 mM Tris pH 6.8, 1 mM EDTA, 100 mM NaCl) and GST fusion proteins were purified using the glutathione-sepharose beads. For the pull-down assay, cell lysates in GST pull-down buffer 1 (1% Triton X-100, 50 mM Tris pH 7.4, 150 mM NaCl, protease inhibitor cocktail) or lysis buffer 2 (1% Triton X-100, 50 mM Tris pH 7.4, 90 mM KCl, 2.5 mM MgCl2, protease inhibitor cocktail) were incubated with GST fusion proteins for 1 h at 4°C. Glutathione beads were then pelleted and washed three times with PBS buffer. Samples were analyzed by Western blotting.

Mass Spectrometry

For mass spectrometry identification, protein complexes pulled down from RD cells were sent to Beijing Protein Innovation. The LC-MS/MS system was composed of a Q Exactive (Thermo scientific, Waltham, MA, United States) mass spectrometer system connected to a Dionex UltiMate 3000. The columns consisted of Thermo 3 μm C18 Acclaim PepMap100 column and Agela Technologies 5 μm C18 Venusil × BPC column. The extract was injected, and the peptides eluted from the column by a 0.1% FA H2O /0.1% FA acetonitrile gradient. The nanospray ion source was operated at 1.8 kV.

The data was analyzed using Mascot Software v2.3.0 (Matrix Sciences, London, United Kingdom). The peptide masses were compared with the theoretical peptide masses of all proteins from humans using the SWISS-PROT databases with MASCOT search engine software (Matrix Science).

Knockdown by siRNA

The siRNAs were transfected into cells using LipofectamineTM RNAiMAX Transfection Reagent (Invitrogen, Carlsbad, CA, United States). The siRNAs used for TRIM4, exportin2, ARFGAP1 knockdown were from GenePharma (Shanghai, China) and were as follows: GAAGUUGAGAGUAGAGAUATT (TRIM4 #1), GAGAUUGAACAAAGAAGAATT (TRIM4 #2),GAAGACAGUGUGCCAGAUATT (TRIM4 #3), GCATGGAATTACAAAGCAAA (exportin2 #1), GACGGUAUCAAAUAUAUUATT (exportin2 #2), GGAACUCAGCGAUGCAAAUTT(exportin2 #3), ACAUUGAGCUUGAGAAGAU (ARFGAP1 #1), and ACAGGAGAAGUACAACAGCAGA (ARFGAP1 #2).

Quantitative PCR (qPCR)

Total cellular and viral RNA was isolated using RNeasy Mini columns (QIAGEN) and reverse transcribed by random priming with the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems; Foster City, CA, United States), then quantitated by qPCR using the DyNAmo HS SYBR Green qPCR Kit (Finnzyme; Espoo, Finland). Sequences of primers used in qPCR were as follows: The forward and reverse primers for EV-A71 were 5′- GCAGCCCAAAAGAACTTCAC-3′ and5′-ATTTCAGCAGCTTGGAGTGC-3′; the forward and reverse primers for GAPDH were 5′-ACCTTCCCCATGGTGTCTGA-3′ and 5′-GCTCCTCCTGTTCGACAGTCA-3′; the forward and reverse primers for exportin2 were 5′- CGCACCGTTTGTTGAGATTC-3′ and 5′-TGATGAGAGTAGGGATGTAGGG-3′; the forward and reverse primers for TRIM4 were 5′-ATGCTAAAGCGATTCCAAGTG-3′ and 5′-CAAGAACTGGCTGATGCTGTAT-3′; the forward and reverse primers for ARFGAP1 were 5′- GCGCATCCTCATTGCAG-3′ and 5′-CTTCCTGGTTCTTGGGCTG-3′.

Virus Entry Assay

The EV-A71 virus entry was measured as previously described (Xu et al., 2016). Briefly, RD cells were washed with cold PBS, followed by incubation with viruses on ice. Cells were then incubated with viruses for 30 min on ice. The cells were washed with cold PBS and then incubated at 37°C for 1 h to allow virus entry before being treated with trypsin to remove any viruses that bound to the cell surface. Total RNA was isolated, and the levels of viral RNA were determined by qPCR.

Plaque Assay

Virus titers were measured through a plaque assay. RD cells were seeded into 6-well plates. The EV-A71 virus was diluted with 10-fold serial dilutions and then incubated with RD cells for 2 h at 37°C. The cells were overlaid with DMEM (10% FBS) containing 1% agarose. Three days later, the cells were stained with Crystal violet and the viral plaques were counted.

Cell Viability Assay

Cell viability was assessed using the Cell Titer-Glo Luminescent Cell Viability Assay Kit (Promega, Madison, WI, United States) according to the manufacturer’s protocol.

Statistics

Statistically significant differences were assessed using the paired Student’s t-test from GraphPad Prism 5 (GraphPad Software Inc., La Jolla, CA, United States). Data represent the averages from at least three independent experiments ± (standard deviation) SD, unless stated otherwise. ns, no significance; ∗P < 0.05; ∗∗P < 0.001; ∗∗∗P < 0.0001.



RESULTS

Identification of 2C Interacting Proteins

To elucidate the interactome of EV-A71 2C, we performed GST pull-down coupled with mass spectrometry. Constructs encoding for GST-2C, GST-2C(1-125), GST-2C(126-263), or GST-2C(264-329) were appended to the carboxyl terminus of GST and were generated using pGEX4T-1 expression plasmids. GST-2C(1-125) was not soluble in the bacteria and thus was removed from the study. The GST fusion protein or GST was accumulated onto glutathione beads and incubated with cell lysates for pull-down assay. We also applied the GFP-Trap to precipitate GFP-2C or GFP associated proteins. For mass spectrometry identification, the protein complexes pulled down were sent to Beijing Protein Innovation. To analyze the mass spectrometry results, we excluded the proteins that showed up in the control GST or the control GFP-Trap condition. We identified 74 hits for GST-2C (Supplementary Table 1), 39 hits for GST-2C(126-263) (Supplementary Table 2), 24 hits for GST-2C(264-329) (Supplementary Table 3), and 504 hits for GFP-2C (Supplementary Table 4). The top ten biological processes in the Gene Ontology (GO)-term analysis of GST-2C binding partners is shown in Figure 1A. The top ten biological processes in the GO-term analysis of GFP-2C binding partners are shown in Figure 1B. There are 27 overlapped hits for GST-2C and GFP-2C (Figure 1C), 15 overlapped binding proteins for GST-2C and GST-2C(126-263) (Figure 1D), and eight overlapped binding proteins for GST-2C and GST-2C(264-329) (Figure 1E). In the overlapped binding proteins, most were transcription factors, protein chaperons, ribosomal proteins, or histones, which were sticky. Thus, we picked up TRIM4 and exportin2 to investigate their role in the viral life cycle. Key components of COPI including coatomer and ARF1 have been identified as host factors for EV-A71 (Wang et al., 2014), thus we also chose another COPI component ARFGAP1, from the hit for GFP-2C, for further study.
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FIGURE 1. Host interactome analysis of the EV-A71 2C protein. (A) Gene Ontology (GO)-term analysis of potential binding partners for GST-2C. (B) GO-term analysis of potential binding partners for GFP-2C. (C) Venn diagram showing the overlap of potential binding partners for GST-2C and GFP-2C. (D) Venn diagram showing the overlap of potential binding partners for GST-2C and GST-2C(126-263). (E) Venn diagram showing the overlap of potential binding partners for GST-2C and GST-2C(264-329).



Confirmation of the Interaction Between TRIM4 and 2C

To validate the interaction between TRIM4 and 2C, 293T cells were transiently transfected with constructs expressing Flag-tagged TRIM4 or HA-tagged TRIM4. Cell lysates were incubated with Glutathione-Sepharose beads containing GST or GST-2C. We found that GST-2C but not GST was able to pull down TRIM4 (Figures 2A,B).
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FIGURE 2. Validation of the interaction between TRIM4 and 2C. (A) Validation of the interaction between the GST-2C and TRIM4-Flag. Cell lysates from 293T cells transfected with the plasmid expressing TRIM4-Flag were pulled down by GST–2C or GST followed by Western blotting. ∗ indicated GST or GST fustion proteins. (B) Validation of the interaction between the GST-2C and HA-TRIM4. Cell lysates from 293T cells transfected with the plasmid expressing HA-TRIM4 were pulled down by GST–2C or GST followed by Western blotting. ∗ indicated GST or GST fustion proteins. (C) Immunoblots showing the association of 2C with TRIM4 in transfected 293T cells by a co-immunoprecipitation assay. 293T cells were transfected with TRIM4-Flag and Myc-2C for 48 h. Cell lysates were incubated with mouse anti-Flag antibody or mouse IgG, and co-immunoprecipitated proteins were subjected to Western blotting for analysis. (D) Validation of the interaction between the 2C and TRIM4 during EV-A71 replication. Cell lysates from RD cells infected with EV-A71 were immunoprecipitated by rabbit TRIM4 antibody or control rabbit IgG followed by Western blotting. (E) Colocalization of GFP-2C with TRIM4-Flag in 293T cells. 293T cells transfected with GFP-2C and TRIM4-Flag were fixed by PFA and immunofluorescently labeled for Flag. DAPI staining indicates the nucleus (blue). (F) Colocalization of GFP-2C with TRIM4 in 293T cells. 293T cells transfected with GFP-2C were fixed by PFA and immunofluorescently labeled for TRIM4. DAPI staining indicates the nucleus (blue).



To further confirm the interaction between TRIM4 and 2C, 293T cells were transiently transfected with constructs expressing Flag-tagged TRIM4 and Myc-tagged 2C. As shown in Figure 2C, mouse Myc antibody but not control mouse IgG was able to precipitate TRIM4. To validate the interaction between TRIM4 and 2C during virus infection, lysates from RD cells infected with EV-A71 were incubated with rabbit TRIM4 antibody or control rabbit IgG. As shown in Figure 2D, TRIM4 associated with 2C during EV-A71 infection.

The specific interaction of EV-A71 2C with TRIM4 prompted us to examine whether these proteins colocalized by immunofluorescence microscopy. First, 293T cells transfected constructs expressing GFP-2C and TRIM4-Flag were subjected to immunofluorescence staining, using rabbit anti-Flag antibody. As shown in Figure 2E, TRIM4 colocalized with the EV-A71 2C protein. Next, 293T cells transfected constructs expressing GFP-2C were subjected to immunofluorescence staining, using rabbit anti-TRIM4 antibody. Endogenous TRIM4 were also colocalized with GFP-2C (Figure 2F).

The Roles of TRIM4 in EV-A71 Replication

To access the role of TRIM4 in the EV-A71 life cycle, we applied a siRNA strategy to silence TRIM4. The EV-A71 2C and VP1 proteins were reduced when TRIM4 was knocked down by two siRNA 3 days before EV-A71 infection (Figure 3A). TRIM4 depletion also reduced EV-A71 viral RNA replication assessed by QPCR (Figure 3B). However, silencing TRIM4 did not change virus entry (Figure 3C). Furthermore, the EV-A71 virus titer was reduced by siRNA against TRIM4 (Figure 3D). Altogether, TRIM4 is required for EV-A71 replication.
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FIGURE 3. TRIM4 is required for EV-A71 replication. (A) RD cells were treated with siRNA targeting TRIM4 or control siRNA for 72 h and infected with EV-A71 (MOI = 1) for another 8 h. The cell lysates were analyzed by immunoblotting with the indicated antibodies. (B) RD cells were treated with siRNAs targeting TRIM4 or control siRNA for 72 h and then infected with EV-A71 (MOI = 1) for 6 h. Relative levels of EV-A71 RNA and TRIM4 mRNA were quantified by qPCR and normalized to GAPDH mRNA. Data represent the averages from at least three independent experiments ± SD. ∗∗, P < 0.001; ∗∗∗, P < 0.0001. (C) RD cells were treated with siRNA targeting TRIM4 or control siRNA for 72 h. Cells were then incubated with viruses for 30 min on ice. The cells were washed with cold PBS and then incubated at 37°C for 1 h to allow virus entry before treated with trypsin to remove any viruses that bound to cell surface. ns, no significance; ∗∗, P < 0.001; ∗∗∗, P < 0.0001. (D) RD cells were treated with siRNA targeting TRIM4 or control siRNA for 72 h and infected with EV-A71 (MOI = 1) for another 20 h. Virus from the supernatant was tittered. ∗, P < 0.05. (E) RD cells were infected with EV-A71 (MOI = 1) or mock infected for 8 h and then stained with antibodies against dsRNA and TRIM4. DAPI staining indicates the nucleus (blue).



Next, we examined the localization of TRIM4 in EV-A71 infected cells. As shown in Figure 3E, TRIM4 colocalized with viral dsRNA, indicating that TRIM4 might be involved in viral replication.

Confirmation of the Interaction Between Exportin2 and 2C

To validate the interaction between exportin2 and 2C, lysates from 293T cells were incubated with GST and GST-2C. GST-2C but not GST was able to pull down exportin2 (Figure 4A). To map the region in 2C for the association with exportin2, 293T cell lysates were incubated with GST, GST-2C(126-263), and GST-2C(264-329). As shown in Figure 4B, GST-2C(126-263) but not GST-2C(264-329) was able to interact with exportin2.
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FIGURE 4. Validation of the interaction between exportin2 and 2C. (A) Validation of the interaction between the GST-2C and exportin2. Cell lysates from 293T cells were pulled down by GST-2C or GST followed by Western blotting. ∗ indicated GST or GST fustion proteins. (B) Identification of the interaction between the GST-2C(126-263) and exportin2. Cell lysates from 293T cells were pulled down by GST-2C(126-263), GST-2C(264-329), or GST followed by Western blotting. ∗ indicated GST or GST fustion proteins. (C) 293T cells were transfected with constructs encoding GFP tagged 2C proteins from PV1, PV2, CB1, EV-D68, or EV-A71 and then immunoprecipitated with GFP-Trap. Samples were analyzed with Western blotting. (D) Colocalization of 2C with exportin2 in RD cells. RD cells were infected with EV-A71 (MOI = 1) or mock infected for 8 h and then stained with antibodies against 2C and exportin2. DAPI staining indicates the nucleus (blue).



Next, we accessed whether 2C-exportin2 interaction is conserved in enteroviruses. Constructs encoding the GFP tagged 2C proteins from poliovirus type I (PV1), poliovirus type II (PV2), coxsackievirus B1 (CB1), enterovirus D68 (EV-D68), and EV-A71 were transfected into 293T cells. We performed the GFP-Trap experiment to investigate whether enteroviruses’ 2C proteins could bind exportin2. All enteroviruses’ 2C proteins we tested were able to interact with exportin2 (Figure 4C), suggesting that those interactions are conserved across enteroviruses. Next, we examined whether 2C and exportin2 colocalized by immunofluorescence microscopy. RD cells infected with EV-A71 (MOI = 1) or mock infected for 8 h were subjected to immunofluorescence staining using rabbit anti-2C antibody and mouse anti-exportin2 antibody. As shown in Figure 4D, endogenous exportin2 colocalized with 2C in EV-A71-infected cells, indicating that exportin2 could associate with 2C in the same intracellular area.

The Roles of Exportin2 in EV-A71 Replication

To access the potential role of exportin2 in the EV-A71 life cycle, we applied the siRNA strategy to silencing exportin2. The EV-A71 VP1 protein was decreased when exportin2 was knocked down by three siRNA 3 days before EV-A71 infection (Figure 5A). Exportin2 depletion also reduced EV-A71 viral RNA replication assessed by QPCR (Figure 5B). Interestingly, silencing exportin2 increased virus entry (Figure 5C). Moreover, the EV-A71 virus titer was reduced by siRNA against exportin2 (Figure 5D). Altogether, exportin2 is a host dependency factor for EV-A71.
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FIGURE 5. Exportin2 is required for EV-A71 replication. (A) RD cells were treated with siRNA targeting exportin2 or control siRNA for 72 h and infected with EV-A71 (MOI = 1) for another 8 h. The cell lysates were analyzed by immunoblotting with the indicated antibodies. (B) RD cells were treated with siRNAs targeting exportin2 or control siRNA for 72 h and then infected with EV-A71 (MOI = 1) for 6 h. Relative levels of EV-A71 RNA and exportin2 mRNA were quantified by qPCR and normalized to GAPDH mRNA. Data represent the averages from at least three independent experiments ± SD. ∗∗, P < 0.001; ∗∗∗, P < 0.0001. (C) RD cells were treated with siRNA targeting exportin2 or control siRNA for 72 h. Cells were then incubated with viruses for 30 min on ice. The cells were washed with cold PBS and then incubated at 37°C for 1 h to allow virus entry before treated with trypsin to remove any viruses that bound to cell surface. ∗∗∗, P < 0.0001. (D) RD cells were treated with siRNA targeting exportin2 or control siRNA for 72 h and infected with EV-A71 (MOI = 1) for another 20 h. Virus from the supernatant was tittered. ∗, P < 0.05. (E) RD cells were infected with EV-A71 (MOI = 1) or mock infected for 8 h and then stained with antibodies against dsRNA and exportin2. DAPI staining indicates the nucleus (blue).



Next, we examined the localization of exportin2 in EV-A71 infected cells. As shown in Figure 5E, exportin2 partially colocalized with viral dsRNA, indicating that exportin2 might be involved in viral replication.

Validation of the Interaction Between ARFGAP1 and 2C

To validate the interaction between ARFGAP1 and 2C, lysates from 293T cells were incubated with GST and GST-2C. GST-2C but not GST was able to pull down ARFGAP1 (Figure 6A). To identify the critical region of ARFGAP1 for association with 2C, lysates from 293T cells transfected with constructs expressing GFP-2C were incubated with GST, GST-ARFGAP1(1-136), or GST-ARFGAP1(137-415). GST-ARFGAP1(1-136) but not GST-ARFGAP1(137-415) was able to pull down ARFGAP1 (Figure 6B). To identify the critical region of 2C for association with ARFGAP1, 293T cells were transiently transfected with constructs expressing GFP-tagged 2C(1-125), 2C(126-263), or 2C(264-329). Lysates were incubated with GST, GST-ARFGAP1(1-136). 2C(264-329) but not 2C(1-125) nor 2C(126-263) was able to pull down ARFGAP1(1-136) (Figure 6C). To further confirm the interaction between ARFGAP1 and 2C(264-329), lysates from RD cells were incubated with GST, GST-2C(126-263), or GST-2C(264-329). GST-2C(264-329) but not GST-2C(126-263) was able to pull down ARFGAP1 (Figure 6D).


[image: image]

FIGURE 6. Validation of the interaction between ARFGAP1 and 2C. (A) Validation of the interaction between the GST-2C and ARFGAP1. Cell lysates from 293T cells were pulled down by GST–2C or GST followed by Western blotting. ∗ indicated GST or GST fustion proteins. (B) Identification of the interaction between the GFP-2C and GST-ARFGAP1(1-136). Cell lysates from 293T cells transfected with GFP-2C were pulled down by GST-ARFGAP1(1-136), GST-ARFGAP1(137-415), or GST followed by Western blotting. ∗ indicated GST or GST fustion proteins. (C) Identification of the interaction between the GST-2C(264-329) and GST-ARFGAP1(1-136). Cell lysates from 293T cells transfected with GFP-2C(1-125), GFP-2C(126-263), or GFP-2C(264-329) were pulled down by GST-ARFGAP1(1-136) or GST followed by Western blotting. ∗ indicated GST or GST fustion proteins. (D) Confirmation of the interaction between the GST-2C(264-329) and ARFGAP1(1-136). Cell lysates from 293T cells were pulled down by GST-2C(126-263), GST-2C(264-329), or GST followed by Western blotting. (E–H) Constructs encoding GFP tagged 2C proteins from PV1 (E), PV2 (F), CB1 (G), and EV-D68 (H) were transfected into 293T cells. Cell lysates were pulled down by GST-ARFGAP1(1-136), GST-ARFGAP1(137-415), or GST followed by Western blotting. ∗ indicated GST or GST fustion proteins. (I) Validation of the interaction between the 2C and ARFGAP1 during EV-A71 replication. Cell lysates from RD cells infected with EV-A71 were immunoprecipitated by rabbit ARFGAP1 antibody or control rabbit IgG followed by Western blotting.



Next, we investigated whether 2C-ARFGAP1 interaction is conserved in enteroviruses. Constructs encoding GFP tagged 2C proteins from PV1, PV2, CB1, EV-D68, and EV-A71 were transfected into 293T cells. We performed the GST pull-down experiment to investigate whether enteroviruses’ 2C proteins were able to bind ARFGAP1. All enteroviruses’ 2C proteins in our study associated with ARFGAP1 (Figures 6E–H), indicating that 2C-ARFGAP1 interaction is conserved across enteroviruses.

To confirm the interaction between ARFGAP1 and 2C during viral replication, lysates from RD cells infected with EV-A71 were immunoprecipitated by rabbit ARFGAP antibody or control rabbit IgG. As shown in Figure 6I, 2C associated with ARFGAP1 during EV-A71 infection.

The Roles of ARFGAP1 in EV-A71 Replication

To access the role of ARFGAP1 in the EV-A71 life cycle, we applied the siRNA strategy to silencing ARFGAP1 and used QS11 (an inhibitor of ARFGAP1) to disrupt COPI. The EV-A71 VP1 protein was decreased when ARFGAP1 was knocked down by two siRNA 3 days before EV-A71 infection (Figure 7A). ARFGAP1 depletion also reduced EV-A71 viral RNA replication assessed by QPCR (Figure 7B). However, silencing ARFGAP1 did not change the virus entry (Figure 7C). Furthermore, the EV-A71 virus titer was reduced by siRNA against ARFGAP1 (Figure 7D). Consistent with the proviral role of COPI in EV-A71 replication (Wang et al., 2012), we found that QS11 reduced EV-A71 replication while the cell viability was not changed by QS11 (Figures 7E,F). Altogether, ARFGAP1 promoted EV-A71 replication.
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FIGURE 7. ARFGAP1 is required for EV-A71 replication. (A) RD cells were treated with siRNA targeting ARFGAP1 or control siRNA for 72 h and infected with EV-A71 (MOI = 1) for another 8 h. The cell lysates were analyzed by immunoblotting with the indicated antibodies. (B) RD cells were treated with siRNAs targeting ARFGAP1 or control siRNA for 72 h and then infected with EV-A71 (MOI = 1) for 6 h. Relative levels of EV-A71 RNA and ARFGAP1 mRNA were quantified by qPCR and normalized to GAPDH mRNA. Data represent the averages from at least three independent experiments ± SD. ∗∗, P < 0.001. (C) RD cells were treated with siRNA targeting ARFGAP1 or control siRNA for 72 h. Cells were then incubated with viruses for 30 min on ice. The cells were washed with cold PBS and then incubated at 37°C for 1 h to allow virus entry before treated with trypsin to remove any viruses that bound to cell surface. ns, no significance; ∗∗∗, P < 0.0001. (D) RD cells were treated with siRNA targeting ARFGAP1 or control siRNA for 72 h and infected with EV-A71 (MOI = 1) for another 20 h. Virus from the supernatant was tittered. ∗, P < 0.05. (E) RD cells were infected with EV-A71 (MOI = 1) for 1 h and then treated with QS11 or DMSO for 5 h. Total RNA was isolated, and the levels of viral RNA were determined by qPCR. The cell viability was measured by cellular ATP level. ns, no significance; ∗, P < 0.01; ∗∗∗, P < 0.0001. (F) RD cells were infected with EV-A71 (MOI = 1) for 1 h and then treated with QS11 or DMSO for 7 h. The cell lysates were analyzed by immunoblotting with the indicated antibodies. (G) RD cells were infected with EV-A71 (MOI = 1) or mock infected for 8 h and then stained with mouse dsRNA antibody and rabbit ARFGAP1 antibody. DAPI staining indicates the nucleus (blue).



Next, we examined the localization of ARFGAP1 in EV-A71 infected RD cells. As shown in Figure 7G, ARFGAP1 partially colocalized with viral dsRNA, further indicating that ARFGAP1 might promote viral replication.



DISCUSSION

EV-A71 replication relies on many host factors (Shih et al., 2011). Identifying novel viral host factors will help us better understand EV-A71 biology. In the present study, we applied GST pull-down or GFP-Trap immunoprecipitation coupled with mass spectrometry to identify the cellular interactome of EV-A71. Similar strategies have been applied to identify the host interactomes for other viruses (Gao et al., 2017; Hafirassou et al., 2017; Li et al., 2017; Coyaud et al., 2018; Wang et al., 2018). We demonstrated that the EV-A71 2C protein interacted with TRIM4, exportin2, and ARFGAP1. TRIM4, exportin2, and ARFGAP1 are required for EV-A71 replication. Moreover, exportin2 and ARFGAP1 also interact with 2C proteins encoded by other enteroviruses. Further characterization of the other hits identified in this study may be beneficial for a better understanding of the biology of EV-A71 and 2C.

We have previously performed yeast 2 hybrid unbiased screenings to identify 2C binding partners, and several important regulators including p65 have been identified (Du et al., 2015). Others have identified more 2C-associated host proteins including reticulon3, coatomer, IKKβ and protein phosphatase 1 (Tang et al., 2007; Zheng et al., 2011; Wang et al., 2012; Li et al., 2016). Three 2C-associated host proteins (hnRNPK, COPB2, and PKM) were on the list of our MS SPEC results, indicating the validity of our screen. Some of the previously identified factors (reticulon3, p65, protein phosphatase 1) were not on our screening list and we identified several novel 2C associate factors, including TRIM4, exportin2, and ARFGAP1. The differences can be explained by the specific features of the individual screening methods. The design of this study is the use of the GST fusion protein or GFP-2C coupled with MS SPEC. This may help identify transcription related factors, which are normally excluded in the Y2H screen.

In this study, we found that TRIM4 is required for EV-A71 replication. As a member of the TRIM family, TRIM4 contains 500 amino acids, including three zinc-binding domains, one RING-finger domain, one type 1 B-box, one type 2 B-box and one coiled-coil domain. TRIM4 is localized in the cytoplasmic body and is widely expressed in many tissues and cells, but its function is poorly understood (Tomar et al., 2015). Recently, studies have shown that TRIM4 can regulate the K63 ubiquitination of the Retinoic Acid-Inducible Gene 1 Protein (RIG-I) and the assembly of mitochondrial antiviral signal complexes (Yan et al., 2014). Other studies have shown that TRIM4 plays a role in the regulation of oxidative stress induced cell death by interacting with peroxiredoxin 1 (PRX1) (Tomar et al., 2015). Upon EV-A71 infection, TRIM4 localized with viral dsRNA. TRIM4 might be involved in EV-A71 replication organelle formation by association with 2C. The other possibility is that TRIM4 regulates mitochondrial ROS generation (Tomar et al., 2015), which is critical for EV71 infection. Future studies need to be done to dissect the detailed mechanism of how TRIM4 promotes EV-A71 replication.

Some proteins with nuclear localization sequences need cofactors to transport to the nucleus, and importin α/β heterodimers play an important role in this process (Goldfarb et al., 2004; Kimura and Imamoto, 2014). Importin α binds to nuclear localization sequences, while importin β regulates transport through nuclear pore complexes. When proteins are transported to the nucleus, they are widely distributed in the nucleus, whereas RanGTP binds to importin β and replaces importin α. Importin α must return to the cytoplasm, and the protein that binds to it remains in the nucleus to complete the transport process. The transport of importin α from nucleus to cytoplasm is regulated by exportin2, also named the chromosome segregation 1-like protein (CSE1L) and the cellular apoptosis susceptibility protein (CAS) (Behrens et al., 2003). Only in the presence of RanGTP can exportin2 bind tightly with importin α to form an importin α/exportin2/RanGTP complex (Tanaka et al., 2007; Jiang, 2016). Importin α is released in the cytoplasm and interacts with RanBP1 and RanGAP1. The identification of exportin2 as a positive regulator for EV-A71 replication is interesting. Exportin2 is a multi-functional protein that plays a role in apoptosis, chromosome assembly during mitosis, cellular proliferation, microvesicles formation, and nucleocytoplasmic transport (Bera et al., 2001; Tanaka et al., 2007; Jiang, 2016). Exportin2 shuttles the importins from the nucleus to the cytoplasm, where importins deliver transcription factors to the nucleus (Stewart, 2007). We speculated that exportin2 possibly functions by facilitating the nuclear import of certain transcription factors transcribing the proviral host factors for EV-A71.

In eukaryotic cells, the transport of intracellular cargo is mainly accomplished by coated vesicles, such as COPI, COPII and the clathrin vesicle. COPI coat, which mediates vesicle transport from Golgi to endoplasmic reticulum (ER), is composed of coatomer, its accessory proteins and cargoes (Hsu and Yang, 2009). The accessory proteins in COPI are ADP Ribosylation Factor 1 (ARF1), Golgi Brefeldin A Resistant Guanine Nucleotide Exchange Factor 1 (GBFl), ARFGAP1 (Hsu and Yang, 2009; Hsu, 2011). There are two forms of ARF1: GTP-ARF1 and GDP-ARF1. ARF1 is activated from GBF1 to GTP-ARF1, while ARFGAP1 can turn ARF1 into GDP form (Hsu and Yang, 2009). In addition, studies have shown that ARFGAP1 is a component of the COPI vesicle and also plays a cargo sorting role in COPI vesicle formation (Yang et al., 2002; Lee et al., 2005). Identifying the proviral role of ARFGAP1 further reinforces the critical role of COPI in EV-A71 replication. Previous studies suggests that key components of COPI, including coatomer and ARF1, are host factors of EV-A71 (Wang et al., 2012, 2014). Previously, ARFGAP1 was also participated in the replication of hepatitis C virus replication (Li et al., 2014). We speculated that EV-A71 2C recruited ARFGAP1 to the viral replication area through protein-protein interaction. ARFGAP1 together with other COPI components promoted EV-A71 replication.



CONCLUSION

In summary, we elucidated the host interactome of EV-A71 2C. Functional characterization of selected interaction partners in vitro revealed three host dependency factors including TRIM4, exportin2, and ARFGAP1 for EV-A71 replication. Our proteomic results provide a data-rich resource for the study of EV-71 in general. The host dependency factors we identified may contribute to the development of novel antiviral therapeutic avenues.
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Human cytomegalovirus (HCMV) is a ubiquitous herpes virus (human herpes virus 5) with the highest morbidity and mortality rates compared to other herpes viruses. Risk groups include very young, elderly, transplant recipient, and immunocompromised individuals. HCMV may cause retinitis, encephalitis, hepatitis, esophagitis, colitis, pneumonia, neonatal infection sequelae, inflammatory, and age-related diseases. With an arsenal of genes in its large genome dedicated to host immune evasion, HCMV can block intrinsic cellular defenses and interfere with cellular immune responses. HCMV also encodes chemokines, chemokine receptors, and cytokines. Therefore, genes involved in human viral defense mechanisms and those encoding proteins targeted by the CMV proteins are candidates for host control of CMV infection and reactivation. Although still few in number, host genetic studies are producing valuable insights into biological processes involved in HCMV pathogenesis and HCMV-related diseases. For example, genetic variants in the immunoglobulin GM light chain can influence the antibody responsiveness to CMV glycoprotein B and modify risk of HCMV-related diseases. Moreover, CMV infection following organ transplantation has been associated with variants in genes encoding toll-like receptors (TLRs), programmed death-1 (PD-1), and interleukin-12p40 (IL-12B). A KIR haplotype (2DS4+) is proposed to be protective for CMV activation among hematopoietic stem cell transplant patients. Polymorphisms in the interferon lambda 3/4 (IFNL3/4) region are shown to influence susceptibility to CMV replication among solid organ transplant patients. Interestingly, the IFNL3/4 region is also associated with AIDS-related CMV retinitis susceptibility in HIV-infected patients. Likewise, interleukin-10 receptor 1 (IL-10R1) variants are shown to influence CMV retinitis development in patients with AIDS. Results from genome-wide association studies suggest a possible role for microtubule network and retinol metabolism in anti-CMV antibody response. Nevertheless, further genetic epidemiological studies with large cohorts, functional studies on the numerous HCMV genes, and immune response to chronic and latent states of infection that contribute to HCMV persistence are clearly necessary to elucidate the genetic mechanisms of CMV infection, reactivation, and pathogenesis.
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Introduction

Human cytomegalovirus (HCMV), also called human herpes virus 5 (HHV5), is a beta herpesvirus that belongs to the Herpesviridae family (Davison, 2007; Davison and Bhella, 2007; Liu and Zhou, 2007). HCMV exhibits broad cellular tropism, capable of infecting most cell types and organs. As an opportunistic pathogen, HCMV is ubiquitous with a global infection distribution and causes more morbidity and mortality compared to any other herpes virus (Wills et al., 2007). Major HCMV transmission routes include saliva, sexual contact, placental transfer, breast feeding, blood transfusion, solid organ transplantation, and hematopoietic stem cell transplantation (HSCT; Pass, 1985; Ho, 1990). The incidence of infection and prevalence increases progressively with age, reaching over 70% prevalence by age 70 in developed countries. The seroprevalence rates can be more than 90% among lower socioeconomic groups, men who have sex with men, and in developing countries (Pass, 1985; Ho, 1990; Stagno and Cloud, 1990; Razonable, 2005; Cannon, 2009; Beam and Razonable, 2012).

HCMV, with a double-stranded linear DNA genome ranging between 196 and 241 kbp (thousand base pairs), has the largest genome among the betaherpesviruses. The genome can encode over 160 gene products, a number much higher than other betaherpesviruses (Murphy et al., 2003a; Murphy et al., 2003b; Dolan et al., 2004). Only a subset of the 160 genes have roles in herpesvirus core function such as DNA replication, DNA encapsulation, and virion maturation, whereas the majority are involved in viral persistence, latency, diverse cellular tropism, and host immune response modulation, indicating complex interactions throughout HCMV co-evolution with its human host (Stern-Ginossar et al., 2012). For example, HCMV encodes homologs of cellular chemokines, chemokine receptors, and cytokines, which might contribute to immune evasion of infected host cells (McSharry et al., 2012).

The recognition of CMV as a medically important virus goes back to early 1930s when cytomegalic inclusion disease, a severe form of congenital CMV disease with an owl’s eye appearance of inclusion bodies in cells from multiple organs of the infants, was observed. By 1970s, the pathogenic organ disease and HCMV link was well established, and HCMV-like viruses were isolated from other mammals. Due to the high social and medical cost of congenital CMV disease (i.e., sensorineural hearing loss and other severe neurological injury), vaccine development is a high public health priority (Plotkin, 2004; Arvin et al., 2004). HCMV continued to draw increasing medical attention as an opportunistic infection in immunocompromised individuals receiving organ transplants and the elderly. Moreover, persistent HCMV infection has been demonstrated to accelerate immunosenescence also known as human immune aging (Koch et al., 2006; Koch et al., 2007; Pawelec et al., 2009; Wistuba-Hamprecht et al., 2013; Pawelec, 2014). The onset of the HIV epidemic and the concomitant increase in AIDS-related CMV infections led to the development of several antiviral drugs (Plotkin, 2004; Griffiths and Boeckh, 2007; Kotton, 2013; Shin et al., 2014; Vora et al., 2018). However, currently there is no protective vaccination, and viral resistance against available antiviral drugs necessitates continuing research and investment in better understanding of CMV pathogenesis (Plotkin, 2002; Schleiss et al., 2006; Heineman, 2007; Griffiths and Boeckh, 2007; Plotkin and Boppana, 2018).

Most reviews in CMV literature focus on the viral and immune response aspects of the pathogenesis. However, host genetics of viral infection and pathogenesis can identify biological pathways that may lead to novel therapeutics. This review takes a different approach and aims to cover the current cumulative state of the knowledge in the host genetics of CMV pathogenesis in different risk groups. Different phenotypic outcomes of HCMV susceptibility are presented in the following sections. The details of genetic associations such as cohorts, odds ratios, P-values, and sample size are presented in Table 1. A summary figure of interactions between host genes and HCMV in different phenotypic outcomes based on literature reports is presented in Figure 1.


Table 1 | Loci reported to be involved in HCMV and related disease susceptibility.
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Figure 1 | Human genes involved in response to HCMV and related diseases. Summary figure representing the interaction between host genes and HCMV in different phenotypic outcomes based on literature reports as listed and cited in Table 1. (A) Genes modulating humoral immunity response against HCMV. (B) Innate and adaptive immune response modulating genes unique to and shared between susceptibility to HCMV disease in transplantation, HIV infection, and vertical transmission categories. The grouping of genes among the phenotypic outcomes is deduced based on association results and related literature detailed in Table 1. “Vertical transmission” category is based on studies of transmission of HMCV from mother to fetus or newborn. “HCMV disease in transplantation” category includes results from solid organ and stem cell transplantation studies. “HCMV disease in HIV infection” category includes results from HIV-infected patients.



Host Genetics of Humoral Immunity to HCMV

HCMV immune human sera contain neutralizing antibodies against principal CMV envelope proteins (such as gB), tegument phosphoprotein pp150 (UL32), and nonstructural DNA binding phosphoprotein pp52 (UL44) (Landini, 1993). Humoral immunity to CMV can be protective against blood-borne spread of virus, transplacental transmission, and CMV acquisition and disease (Jonjic et al., 1994; Plotkin et al., 1994; Schoppel et al., 1998; Fields et al., 2001; Schleiss et al., 2004). There is differential response to CMV exposure, and not everyone exposed to HCMV develops a CMV-related disease, suggesting a possible role for host genetic variation in antibody response to HCMV.

Immunoglobulins, also known as antibodies, constitute a critical part of the humoral immune response by specifically recognizing and binding to particular antigens. Immunoglobulin G is the most common type of antibody in circulation. Variation in genes that code for immunoglobulin (Ig) GM (gamma marker) creates several alleles (also referred as allotypes), (i.e., GM 3 and GM 17) with different binding affinities to antigens such as HCMV glycoprotein B (gB). The effect of genetic variation in humoral immunity on susceptibility to HCMV disease has been suggested by the studies that focus on association between immunoglobulin (Ig) GM allotype variation and HCMV antibody response. Pandey et al. reported a significant effect of immunoglobulin GM genotypes on antibody responsiveness to HCMV glycoprotein B (gB) (Pandey, 2014a). The study showed significant differences in antibody response to HCMV between GM 3 and GM 17 alleles. HCMV codes for a Fc gamma receptor (FcgR)-like protein (coded by the HCMV RL13 gene) that can bind to the anti-HCMV IgG antibody, thus reducing the number of free anti-HCMV antibodies in circulation, and giving survival advantage to the virus. The GM 3 allele has higher affinity to HCMV FcgR-like protein (through bipolar bridging) compared to the GM 17 allele, leaving lower concentration of free anti-HCMV gB antibodies circulating in the system. They also drew attention to B-cell-mediated antigen processing/presentation pathway as an alternative mechanism underlying GM allotypes’ differential responsiveness to HCMV gB. One of the strategies that HCMV has evolved for evading host immunosurveillance involves generating proteins with similar functional properties to the Fcγ receptor for IgG (FcγR). FcγR interferes with the anti-HCMV IgG antibody’s binding to the virus, thus giving survival advantage to HCMV against antibody-dependent cellular cytotoxicity, antibody-dependent cellular phagocytosis, and antibody-dependent complement-dependent cytotoxicity (Atalay et al., 2002; Namboodiri and Pandey, 2011).

A major issue in genetic epidemiology studies of antibody variation is that most of the genetic variation is ethnic and population specific. For example, GM 3 is rare among people of African descent. Moreover, the genetic background influencing overall immune response will be different between races and populations. Therefore replication and translation of results from one study to another is not always possible. Ethnic and population-specific genetic variation can also lead to hidden population stratification even in the same country, which is major factor confounding the genetic association results. Given the complex genetic nature of humoral immune response to HCMV, much larger studies with more balanced case and control groups are needed to test the GM associations with HCMV response.

Host Genetics of HCMV in Cancers

HCMV is not considered an oncogenic virus; however, HCMV viral DNA, RNA, and protein have been frequently found in neoplastic tissues including gliomas, breast cancer, and neuroblastoma (Cobbs et al., 2002; Harkins et al., 2010; Cobbs, 2011; Taher et al., 2013; Wolmer-Solberg et al., 2013). Moreover, HCMV infection leads to changes in cell physiology, tumor microenvironment, inhibition of apoptosis, and evasion from immune detection that are characteristics of cancer development (Hanahan and Weinberg, 2011). Not all HCMV-infected individuals develop cancers, suggesting that host genetics of HCMV response may influence HCMV-mediated cancer risk. Indeed, studies with glioma patient cohorts showed a modulating effect of GM alleles on the risk of gliomas, where the IgGM 3 homozygotes were over twice, and the GM 3/17 heterozygotes were over three times as likely to develop glioma (Pandey, 2014a; Pandey et al., 2014b). The magnitude of antibody responsiveness to HCMV glycoprotein B (gB) has also been implicated in breast cancer susceptibility. The GM 3 allele of IgG1 was reported to be significantly associated with increased susceptibility to breast cancer in Caucasian subjects from Brazil; however, the association was not significant in other population groups (Pandey et al., 2012). In a follow-up study, breast cancer-free individuals had significantly higher levels of anti-gB IgG antibodies than patients with breast cancer; however, there was interindividual and interethnic variability in the magnitude of antibody response, and interactions with other genes of the immune system were apparent (Pandey et al., 2016). Functional studies indicate that the binding of HCMV FcgR-like protein to GM 17 allele expressing IgG antibodies was significantly higher than GM 3 expressing antibodies, providing possible mechanistic insights for increased breast cancer risk in some HCMV-infected patients (Pandey et al., 2017).

Significant association of rare GM genotypes with neuroblastoma, a rare extracranial solid tumor, has been reported (Morell et al., 1977), but the mechanism underlying this association is still not clear. These uncommon GM genotypes include the GM 3, the allele with high affinity to HCMV TRL11/IRL11-encoded FcγR. Reports documenting early and late HCMV protein expression in primary neuroblastomas and neuroblastoma xenografts suggest either infection and transformation of neuroblastoma progenitor cells or direct infection of neuroblastoma cells and disturbance of intracellular pathways leading to neoplasms (Wolmer-Solberg et al., 2013). The mechanisms underlying the increased HCMV associated cancer risk with the GM 3 allele may also be involved in neuroblastoma cases as well.

Independent cohort and functional studies make a case for significant influence of host genetic variation in humoral immunity on response to HCMV disease (Table 1, Figure 1). However, increased cancer risk associated with increased HCMV susceptibility is still a hypothesis to be tested. Clearly, larger multi-ethnic, multi-cohort host genetic, and comprehensive functional studies are needed to uncover the host genetics of humoral immunity to HCMV and HCMV associated cancers.

Host Genetics of HCMV Disease in Transplant Patients

HCMV is a common opportunistic infection among immunocompromised individuals. Individuals are maximally immunocompromised due to use of immunosuppressants during solid organ or HSCT procedures and thus are prone to HCMV reactivation (of the latent virus), primary infection, and reinfection. HCMV infections can cause severe morbidity and transplant failure, which frequently results in extended hospital stay and substantially higher cost of care (Falagas et al., 1997; Kim et al., 2000; Ljungman et al., 2002; Ramanan and Razonable, 2013). Transplantations from a seropositive individual to a seronegative individual (R-/D+) pose the greatest risk for HCMV-associated disease in the transplant recipient patients (Cope et al., 1997; Lowance et al., 1999). Therefore, determining the serologic status of the recipient and donor is important in assessing the risk of HCMV-associated disease. However, it can be hard to find serostatus matched donor and recipients, and even serostatus matching does not completely eliminate HCMV-associated morbidity.

Coordinated innate and adaptive immune response is crucial for control of HCMV infection in immunocompromised transplant recipients. Whereas innate interferon (IFN) and natural killer (NK) cell responses are important in immediate control of CMV infection, adaptive T cell immune responses are important in both active infection and reactivation control phases (Crough and Khanna, 2009; Zelini et al., 2010; Reddehase, 2013; Muntasell et al., 2013). To reduce the number of HCMV-associated adverse outcomes and better identify transplant patients for HCMV prophylaxis, several candidate innate and adaptive immune-related gene studies have been conducted (Table 1).

Solid Transplantation Studies

A family of transmembrane proteins, the Toll-like receptors (TLRs), are part of the innate immune system and play crucial roles in the activation of the immune system by regulating the production of antiviral peptides and inflammatory cytokines against viral replication. The detection of CMV envelope glycoproteins B (gB) and H (gH) by TLR2 leads to nuclear factor-kB (NF-kB) activation and cytokine secretion against CMV (Boehme et al., 2006). Clinical studies showed that polymorphisms in TLR-2 (Kijpittayarit et al., 2007; Kang et al., 2012), TLR-4, TLR-9 (Fernandez-Ruiz et al., 2015), and mannose binding lectin (Cervera et al., 2007; Manuel et al., 2007) can be associated with increased risk of HCMV infection and disease after transplantation.

Genetic variants of MICA (major histocompatibility complex class I chain-related protein A) and its activating receptor NKG2D (natural killer group 2 member D) receptor may be associated with HCMV disease risk among kidney transplant patients. A candidate gene association study identified a regulatory MICA variant (rs2596538) in the kidney donors that can be a protective prognostic determinant for CMV disease. This functional variant was able to predict the development of CMV infection and disease during the first year after kidney transplantation (Table 1: Rohn et al., 2018). Membrane-associated molecule PD-1 (programmed death-1) regulates immune responses by inhibiting T cell receptor signaling, cytokine production in effector T cells, and expression on regulatory T cells (Sharpe et al., 2007; Franceschini et al., 2009). PD-1’s expression also correlates with CMV viremia in transplant patients (Sester et al., 2008). An upstream regulatory region variant (rs11568821) that impairs the function of PD-1 (also called PD-1.3) has been investigated in HCMV infection in kidney and lung graft recipients. The PD-1.3 variant has been shown to be associated with higher risk of HCMV infection (Hoffmann et al., 2010) and lung allograft survival in recipients from HCMV-positive donors (Forconi et al., 2017). Dendritic cell-specific ICAM 3-grabbing nonintegrin (DC-SIGN) variants were also reported to be associated with higher incidence of HCMV infection in kidney transplant patients (Fernandez-Ruiz et al., 2015).

Cytokines, signaling molecules of the immune system, regulate pro-inflammatory and anti-inflammatory responses, and play important roles in antiviral response. Cytokines also play a role in HCMV infection, reactivation, and disease (Asanuma et al., 1995; Zeevi et al., 1999; Faist et al., 2010; van de Berg et al., 2010; Biron and Tarrio, 2015; Nabekura and Lanier, 2016). Studies of functional gene polymorphisms in pro-inflammatory and anti-inflammatory cytokines with HCMV disease identified IFNG (interferon-gamma) +874 A/T polymorphism as a risk factor for HCMV disease in kidney and lung transplant patients, where the +874 A allele, a low IFNG producer (reduced gene expression), is associated with increased risk for HCMV infection and disease after organ transplantation (Mitsani et al., 2011; Vu et al., 2014). In a Finnish renal transplant cohort, the donor interleukin-10 (IL-10) gene polymorphism −1082AA was observed to influence HCMV infection risk. Recipient IL-10, IL-6, and IFNG polymorphisms also show significant associations with HCMV reactivation and disease risk (Alakulppi et al., 2006). A possible association between IL-12p40 gene polymorphisms in the recipient and high risk of HCMV infection was also reported after kidney transplantation (Hoffmann et al., 2008).

Type III interferon, also called interferon lambda (INFL3 or formerly IL-28B), has gained much attention as an important viral response element in recent years (Kotenko, 2011; Hayes et al., 2012). In a cohort of solid organ transplant patients from Alberta, a functional single nucleotide polymorphism (SNP) (rs8099917) associated with lower INFL3 (IL-28B) expression during CMV infection, but higher IFN-stimulated gene expression showed a protective effect against CMV replication (Egli et al., 2014). A follow-up Swiss Transplant Cohort study compared the cumulative incidence of CMV replication between patients with different TT/-G (rs368234815) genotype in the CpG region upstream of IFNL3. Patients with the –G/–G genotype had higher cumulative incidence of CMV replication. The study suggest that IFNL3 TT/-G (rs368234815) variant can be a CMV replication controller, particularly in patients not receiving antiviral prophylaxis (Manuel et al., 2015). Fernandez-Ruiz et al. (2015) also reported a lower incidence of HCMV infections among kidney transplant patients with IL28B (IFNL3) rs12979860-T allele.

Hematopoietic Transplantation Studies

Although still few in number, host genetics of HCMV susceptibility among HSCT cases have also been investigated (Table 1). Similar to solid organ transplant studies, several candidate innate and adaptive immunity genes have been examined. Results from solid organ transplantation studies stimulated cytokine and interferon research in HCMV disease in stem cell transplant settings. In a comprehensive immunogenetic study, allogeneic stem cell transplant patients with HCMV reactivation (DNAemia), patients with HCMV disease, and patients without HCMV reactivation were examined (Loeffler et al., 2006). Polymorphisms in the CCR5, IL-10, and MCP1 were observed to contribute to HCMV reactivation and disease after allogeneic stem cell transplantation (Loeffler et al., 2006; Corrales et al., 2015). In a follow-up study, this research group extended their investigation and observed a significant association between promoter region variants, which influenced the expression levels of DC-SIGN on dendritic cells, and increased risk of development of HCMV reactivation and disease (Mezger et al., 2008). Protective effects of the INFL3 rs12979860 C/T polymorphism against CMV infection (Bravo et al., 2014; Corrales et al., 2017) and INFL3 rs12979860 IFNL4 rs368234815 compound genotype against HCMV reactivation (Annibali et al., 2018) in the allogeneic stem cell transplant setting were also reported. Killer immunoglobulin-like receptors (KIR) are cell surface receptors found on NK and certain T cells. The activating and inhibitory signals are transmitted to NK cells through KIR proteins, by which NK cells respond quickly to infections. In a Chinese cohort HLA-matched HSCT patients, patients receiving HSCT from donors with heterozygote 2DS4+/1D+ KIR haplotype showed at least 20% less CMV reactivation compared to donors with other haplotypes (Wu et al., 2016). This observation suggests that donor KIR haplotype should be evaluated for HLA-matched HSCT cases. More recently functional genetic variants in FOXP3 (Piao et al., 2016), STAT4 (Wun et al., 2017), and IL-7(Kielsen et al., 2018) are reported to influence HCMV infection after HSCT in independent cohort studies.

Host genetics of HCMV disease in transplant patients provide hints towards promising genetic markers to predict CMV viremia (Table 1, Figure 1). However, these studies are complicated due to several factors, including donor and recipient serostatus, type and dose of immunosuppressive drugs used, and ethnicity of the patient cohort. These factors also lead to significant heterogeneity among the studies confounding the efficacy of a meta-analysis of the individual studies to reach a consensus on securely identified markers and causal variants. The transplant community is still far from developing well accepted genetic markers for personalized CMV approaches (such as decisions on prophylactic and preemptive therapies) to be used in the clinic.

Host Genetics of HCMV Disease in HIV-Infected Patients

Patients with HIV infection are another group of immunocompromised individuals that are at high risk for CMV disease. Before the use of ART (antiretroviral therapy), up to 40% of adults with AIDS developed CMV disease (Gallant et al., 1992). Although the incidence of CMV infection has declined dramatically, new cases continue to occur (Sezgin et al., 2018). Among HIV-infected patients the risk of CMV disease is linked to CD4+ T-cell counts. The most common CMV disease among patients with uncontrolled HIV infection is CMV-Retinitis that may develop when CD4+ T-cell counts drop below 50–100 CD4+ cells/µl (Jabs, 1995; Dunn and Jabs, 1995; Heiden et al., 2007). While some patients with low CD4+ T-cell counts remain asymptomatic, others can progress to CMV disease rather quickly. Host genetic variants in genes involved in regulation of innate and adaptive immune responses may have a role in this differential susceptibility to CMV among HIV-infected patients as they have in other immunocompromised groups such as transplant patients.

A comprehensive candidate gene study on host genetics of CMV-Retinitis among HIV-infected patients was conducted in Longitudinal Studies of Ocular Complications of AIDS (LSOCA) cohort (Table 1). The study showed that human interleukin-10 receptor (IL-10R1) variants that potentially interfere with IL-10 binding and signal transduction can influence CMV-Retinitis occurrence in European Americans (Sezgin et al., 2010). The same study also suggested a possible role of IL-10 variants on CMV-Retinitis risk among African Americans (Sezgin et al., 2010). In a follow-up study of the same cohort, cytokine and cytokine receptor [CCR5 and stromal derived factor (SDF-1)] genetic variants have been observed to influence retinitis progression (Sezgin et al., 2011). In a different cohort study, TNF polymorphisms were also linked to susceptibility to CMV retinitis in white patients, though with rather small sample size (Deghaide et al., 2009). In a large Swiss HIV Cohort Study, the effect of IFNL3 TT/-G substitution, the variant that increased susceptibility to CMV replication in transplant patients (Manuel et al., 2015), was also shown to be associated with higher risk of CMV retinitis (Bibert et al., 2014).

Although subject to complex confounding factors and high false discovery rates, host candidate gene studies of immunocompromised groups cumulatively indicate possible effects of innate and adaptive immune gene variants on CMV disease (Table 1, Figure 1). More studies should be designed to replicate and validate these results.

Host Genetics of Vertical HCMV Transmission

Vertical transmission of HCMV from mother to fetus or newborn is common and plays an important role in maintaining infection in the population (Stagno et al., 1982a; Whitley, 2004). Prenatal infection rates are highest in low income countries or low socioeconomic populations, where risk of maternal seropositivity is also high (Stagno et al., 1982b; Stagno et al., 1982c). Recurrent and primary HCMV infection during pregnancy can cause congenital infection of the newborn and may lead to severe clinical complications such as hearing defects, birth defects, and irreversible neurodevelopmental sequelae (Boppana et al., 1992; Boppana et al., 1999; Gaytant et al., 2002).

Host candidate genetic studies of congenital HCMV infection mainly have focused on innate immune system, such as TLRs and Mannan-binding lectins, and cytokine genes (Table 1, Figure 1). In children with congenital HCMV disease, the TLR2 1350 T > C variant (rs3804100) was reported to be associated with the infection, although no relationship was established with the course of infection (HCMV disease) (Taniguchi et al., 2013). Eldar-Yedidia et al. (2017) reported a protective effect of TLR2 rs1898830 –GG genotype against HCMV transmission to fetus. A follow-up study investigating the influence of Arg677Trp (rs121917864, 2029 C > T) and Arg753Gln (rs5743708) variants in the TLR2, and Asp299Gly variant in the TLR4 on the risk of CMV infection in infants and adults found that heterozygosity for the TLR2 Arg677Trp was significantly associated with a lower risk of CMV infection in adults but not in infants. The same study also reported TLR4 Asp299Gly association with lower viremia in the adults (Jablonska et al., 2014). In a study of HCMV-infected fetuses and neonates, and controls, Wujcicka et al. (2017a) reported TLR2 2258 G > A SNP (rs5743708) to be associated with increased risk of congenital HCMV infection, but no effect of TLR2 1350 T > C and 2029 C > T variants on HCMV risk was observed. The same group in an independent study evaluated the role of TLR2, TLR4, and TLR9 variants in HCMV infection among pregnant women. Only the TLR9 2848 G > A (rs352140) variant was reported to be associated with HCMV infection risk in pregnant women (Wujcicka et al., 2017b). Increased HCMV infection risk in infants with TLR9 -1486 T > C and TLR9 2848 C > T variants is also reported (Paradowska et al., 2016).

Another important player in the innate immune system is the Mannan-binding lectin (MBL), a pattern recognition molecule and a first line defense antimicrobial factor (Kilpatrick, 2002). Mutations in the promoter region and first exon of MBL2 were reported to be associated with lower serum MBL concentrations (Madsen et al., 1995). In a Polish study, MBL2 functional gene polymorphisms that influence serum MBL concentrations were examined in prenatal and perinatal CMV infections (Szala et al., 2011). However, no significant influence on susceptibility to prenatal or perinatal HCMV infections was observed (Szala et al., 2011).

HCMV infection during pregnancy can affect the cytokine profile within a HCMV-infected placenta and shift the cytokine expression toward a proinflammatory state with implications for adverse pregnancy outcomes (Hamilton et al., 2012; Scott et al., 2012). As host genetic variants in cytokine-related genes were shown to influence susceptibility to HCMV infection and disease in transplant patients and patients with AIDS, several congenital infection studies also investigated the association of cytokine and cytokine receptor variants on HCMV susceptibility. Kasztelewicz et al. (2017) compared the allelic distribution of 11 candidate SNPs in eight genes (TNF rs1799964 and rs1800629, TNFRSF1A rs4149570, IL-1B rs16944 and rs1143634, IL-10 rs1800896, IL-10RA rs4252279, IL-12B rs3212227, CCL2 rs1024611 and rs13900, CCR5 rs333) between a group of infants (n = 72) with confirmed intrauterine CMV infection and 398 uninfected controls. IL-1B (rs16944) and TNF (rs1799964) variants were significantly associated with intrauterine HCMV infection. Moreover, they identified CCL2 (rs13900) as a genetic risk factor for hearing loss at birth and at 6 months of age (Kasztelewicz et al., 2017). Wujcicka et al. examined the effects of fetal and maternal IL-1A, IL-1B, IL-6, IL-12B, and TNFA gene variants on HCMV infection and disease in neonates and fetuses in two independent Polish cohort studies. In one study, they reported that IL-1A and IL-1B variants increased the risk of congenital HCMV infection in neonates and fetuses, as well as the onset of disease-related symptoms (Wujcicka et al., 2017c). The other study of pregnant women also reported possible effects of IL-1A, IL-1B, and IL-6 on the occurrence and development of HCMV infection in the neonate (Wujcicka et al., 2017d).

Deciphering the contribution of hot genetics to HCMV vertical transmission and related disease outcomes may be the hardest of all HCMV-related disease studies. Firstly, the susceptibility of the pregnant mother to HCMV needs to be considered, where the immune response will be modified due to pregnancy further complicating the interaction between the host and HCMV. Secondly, if the mother cannot clear the infection, and HCMV finds its way to fetus, then the immune response by the infant, which is rather immature and still developing, will be involved with a genetic make-up different than that of the mother. Aforementioned reports should be considered as early attempts of a rather challenging research agenda. High-throughput genetic and immune profiling methods with much larger cohorts are necessary to understand the genetic and non-genetic factors involved in HCMV vertical transmission.

GWAS of HCMV Infection

Genome-wide association studies (GWASs) have made significant contributions for discovering genetic factors underlying complex phenotypes and diseases. Unlike traditional hypothesis-driven candidate gene studies, where only a few candidate genes are targeted, in GWAS all human genes become potential candidates for the phenotype of interest. Therefore, GWAS approach can discover genes and their variants that may look irrelevant to the phenotype of interest, which in return can lead to discovery of novel biological pathways involved in development of this phenotype.

The first GWAS was conducted to identify genetic polymorphisms associated with the susceptibility to HCMV and strength of anti-HCMV immunoglobulin G (IgG) response to CMV infection (Kuparinen et al., 2012). The study included 1486 anti-CMV IgG seropositive and 648 seronegative individuals genotyped on an Illumina BeadChip containing 670,000 probes. Although no strong genetic components were observed, the study identified 10 new candidate loci that showed suggestive association with anti-CMV IgG titer (Table 1). Annotated genes among these loci suggested a possible role for microtubule network in anti-CMV antibody response (Kuparinen et al., 2012). Another GWAS, aiming to localize the loci influencing serological phenotypes to common viral infections, found suggestive evidence of association for modifying IgG antibody response to HCMV (anti-CMV) on chromosome 14 (Rubicz et al., 2015). A retinol metabolism gene, DHRS4, near the associated SNP, was proposed to be a candidate for further evaluation. These two studies show that GWAS approach can be productive in HCMV field; however, one also needs to consider the fact that there was no overlap of identified genes between the two GWASs, although the phenotypes were similar. Curiously, none of the candidate innate and adaptive immune genes examined so far were top hits in these GWASs.

Challenge and Future Directions

Clinical management of CMV infection is particularly challenging due to the arsenal of host immune evasion strategies encoded by its large genome and its complex interactions with its human host. As we show in this review, with a few exceptions, most of the genetic loci identified to date have not been replicated or validated in sufficiently powered cohort studies, suggesting that only a small fraction of variance in host response is likely due to genetic variation. To address the role of host genetic variation in immune response to HCMV and CMV disease, large prospective studies and genome-wide approaches are required to securely identify causal variants involved in immune response and pathophysiological mechanisms leading to CMV disease.
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Chronic hepatitis B virus (HBV) infection is still a major health problem worldwide. Recently, a great number of genetic studies based on single nucleotide polymorphisms (SNPs) and genome-wide association studies have been performed to search for host determinants of the development of chronic HBV infection, clinical outcomes, therapeutic efficacy, and responses to hepatitis B vaccines, with a focus on human leukocyte antigens (HLA), cytokine genes, and toll-like receptors. In addition to SNPs, gene insertions/deletions and copy number variants are associated with infection. However, conflicting results have been obtained. In the present review, we summarize the current state of research on host genetic factors and chronic HBV infection, its clinical type, therapies, and hepatitis B vaccine responses and classify published results according to their reliability. The potential roles of host genetic determinants of chronic HBV infection identified in these studies and their clinical significance are discussed. In particular, HLAs were relevant for HBV infection and pathogenesis. Finally, we highlight the need for additional studies with large sample sizes, well-matched study designs, appropriate statistical methods, and validation in multiple populations to improve the treatment of HBV infection.
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Introduction

With 292 million people infected and a global prevalence of 3.9%, hepatitis B virus (HBV) infection is still a major global public health problem (Polaris Observatory Collaborators, 2018). The outcomes of HBV infection are highly diverse, including acute hepatitis, self-limiting recovery, chronic hepatitis, cirrhosis, liver cancer, and liver failure (Figure 1) (European Association For The Study Of The Liver, 2017). In the natural history of HBV infection, there is substantial variation in the course of disease development and clinical outcomes depending on the transmission pattern, timing of infection, sex, immune status, host genetic factors, and underlying diseases in infected individuals. The disease outcome is related to viral, environmental, and host factors (Ganem and Prince, 2004; Rehermann and Bertoletti, 2015). With respect to host factors, in addition to age, gender, alcohol, obesity, diabetes, and renal failure, host gene variants may also affect the clinical course of HBV infection (Laskus et al., 1992; He et al., 2006; Thursz et al., 2011; Yano et al., 2013; Matsuura et al., 2016). Since the implementation of the Human Genome Project, great progress has been made in genetic and disease-related research, providing a basis for advances in precision medicine. Host genetic polymorphisms mainly include single nucleotide polymorphisms (SNPs), insertions/deletions, and copy number variations (CNVs). Owing to technological limitations, current research mainly focuses on the relationships between SNPs and susceptibility to diseases.
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Figure 1 | Natural history of chronic hepatitis B virus (HBV) infection, interventions, and clinical outcomes. The natural history of HBV infection is typically classified into four clinical states: HBeAg+ chronic HBV infection, HBeAg+ chronic hepatitis, HBeAg– chronic HBV infection, and HBeAg− chronic hepatitis according to the guideline of European Association for the Study of the Liver (EASL). Patients with chronic HBV infection do not necessarily experience all states. HBV vaccine and/or HBIg injection may prevent HBV transmission; during HBeAg+ chronic hepatitis, treatment with nucleos(t)ide analogs (NUCs) or interferon-alpha (IFN-α) may suppress HBV replication, slow disease progression, and reduce the risk of cirrhosis and hepatocellular carcinoma; HBV reactivation may occur during HBeAg– chronic HBV infection in patients with HBsAg and/or anti-HBc positive after chemotherapy or immunosuppression. The course of HBV infection and disease progression are variable, indicating that host genetic determinants play an important role in HBV infection.



Two approaches are frequently used to screen susceptibility genes for HBV-related diseases and outcomes. First, genome-wide association study (GWAS) have become a common tool for genetic association research focused on complex diseases (Hardy and Singleton, 2009), including HBV infection. In the first stage of GWAS, patient samples are typically used to screen a large number of candidate SNP loci using TaqMan probes, SNPstream genotyping technology, SNaPshot genotyping, SNP chips, and other methods, with several rounds of validation to finally identify SNPs. Second, the traditional approach is the selection of candidate genes predicted to play a role in HBV-related diseases or treatment responses based on theory and previous analyses, followed by verification by comparisons of SNP genotype frequencies in patient and control groups.

Many clinical relevant aspects of HBV prevention, infection, and treatment are potentially related to host genetics (Kamatani et al., 2009; Mbarek et al., 2011; Brouwer et al., 2014; Chang et al., 2014; Hosaka et al., 2015; Jiang et al., 2015; Jiang et al., 2016a; Brouwer et al., 2019). Hepatitis B vaccines are widely used and effective for the prevention of new HBV infections. However, the overall success rate of hepatitis B vaccination is about 90% (Bruce et al., 2016; Hu et al., 2018). The outcome of HBV infection can vary dramatically, depending on both host and viral factors. A major part of patients do not experience clinically relevant symptoms during the acute infection phase while others have acute illness with symptoms that last several weeks. Without any intervention, about 95% of intrauterine or perinatal HBV infections but only about 5% in adults develop into chronic infections (Stevens et al., 1975; Wright and Lau, 1993; Petrova and Kamburov, 2010). HBV persistence is a major risk for developing chronic hepatitis B, cirrhosis, hepatocellular carcinoma, or acute liver failure (Wright and Lau, 1993; Zhang et al., 2013a). A small number of patients develop occult HBV infection (OBI) without detectable serum HBsAg but HBV DNA in the serum or liver (Torbenson and Thomas, 2002; Raimondo et al., 2008; Raimondo et al., 2019; Seed et al., 2019). Interferon-alpha (IFN-α) and nucleos(t)ide analogs (NUCs) have been approved and are widely used for the treatment of chronic hepatitis B (European Association For The Study Of The Liver, 2017). Regimens such as antiviral treatment with tenofovir and entecavir provide results in viral suppression in around 95% of patients, have limited associated resistance, and prevent liver disease progression, cirrhosis, and HCC. However, these treatments do not regularly achieve clinical cure or HBsAg clearance and the incidence of cirrhosis or HCC is still significantly higher in treated patients than those without HBV infection (Figure 1). Many studies have shown that host genetic polymorphisms may influence HBV infection, including hepatitis B vaccine responses, chronic HBV infection (CHI), intrauterine transmission (IT), OBI, liver cirrhosis (LC), hepatocellular carcinoma (HCC), liver transplantation (LT), and the antiviral efficacy of IFNs and NUCs (Kamatani et al., 2009; Davila et al., 2010; Li et al., 2012b; Chang et al., 2014). These studies have demonstrated that host genetics play an important role in HBV infection and pathogenesis (Figure 2). Yet, many contradictory or ambiguous findings have been reported.
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Figure 2 | Host genetic determinants of HBV infection. The outcomes of HBV infection are highly diverse, including acute hepatitis, self-limiting recovery, chronic hepatitis, cirrhosis, liver cancer, and liver failure. The disease outcome is related to viral, environmental, and host factors. This map shows important host genes that may be associated with clinical outcomes of HBV infection or Hepatitis B vaccination. Black boxes show the relevant genes identified, in which the bold letter indicates a high degree of correlation and the italic indicates a possible correlation to clinical features of HBV infection.



In this review, we summarize the current state of research on the role of host genetic determinants of CHI, its clinical type, therapeutic responses, and responses to hepatitis B vaccines (Tables S2–7). More than 500 publications varying in quality have focused on this topic. Thus, we assessed the reliability of these studies according to the sample size, type of technology, and analysis methods. Note that for great many genes related to HBI or vaccine efficacy, only a single study was available. For intrauterine infections, OBI, drug efficacy, and other factors, all published papers were included owing to the small sample size. We also considered whether there are valid contradictions among studies. We classified studies into three categories: very relevant (I), possibly relevant (II), and unable to confirm (III) (Table 1; Table S1), as a guide for readers. The topic of host genetics and end-stage liver diseases, including HCC, is reviewed by An et al. (An et al., 2018) in this special issue and therefore is not included in our review.





	
Table 1 | Classification of host genetic determinants associated with hepatitis B virus (HBV)-related liver diseases and responses to HBV vaccines.





	
Category


	
Relevance


	
Description





	
I


	
High


	
▲ Meta-analysis suggests that one or more SNP loci are associated with HBV-related diseases. ▲ More than three studies suggest that the same SNP locus is associated with HBV-related diseases.





	
II


	
Likely


	
▲ GWAS suggests that one or more SNP loci are associated with HBV-related diseases. ▲ At least two studies suggest that the same SNP locus is associated with HBV-related diseases. ▲ A single sample with a total sample size of more than 1,000 indicates that SNP loci are associated with disease.





	
III


	
Not fully confirmed


	
▲ A single study with a total sample size of less than 1,000 indicates that SNP loci are associated with HBV-related diseases. ▲ Meta-analysis suggest that there was no correlation, but some studies suggested a correlation with HBV-related diseases. ▲ The majority of studies suggest no correlation with HBV-related diseases. ▲ Single studies with a total sample size of more than 1,000 indicated no correlation with HBV-related diseases. ▲ The total sample size was less than 500 cases. ▲ For the same SNP loci, there are contradictions between different MA or GWAS. ▲ The sample size is greater than 1,000, and the results (the same SNP locus) of studies contradict each other. ▲ Less than two studies failed to show a correlation. ▲ A total sample size of 500–1,000 study subjects, and no correlation is found.





	
1. The total sample size refers to the sample size of a single study, including the experimental and control group.

2. The study groups of intrauterine infection, OBI, IFN-α, and NUCs were changed to 200 and 500 (500 and 1,000 for CHI and HBV vaccine groups, respectively), and the other assessment criteria remain the same.









Chronic HBV Infection

Early epidemiological data showed that chronic HBV infection is very frequently established in infants born to HBV carrier mothers or in young children (Stevens et al., 1975; Li et al., 2015) and shows a strong gender disparity with significantly higher susceptibility of male patients (Lee et al., 1999; Su et al., 2007; Liaw et al., 2009; Wang et al., 2015). Adequate host immune responses to HBV are essential for sustained viral control (Bertoletti and Gehring, 2006). HBV control is associated with vigorous, multi-specific T cell responses in the host. In chimpanzees, T cell depletion prevents HBV clearance (Thimme et al., 2003; Asabe et al., 2009; Hoogeveen et al., 2018), demonstrating the essential role of cellular immunity in HBV control. Chronic HBV infection is associated with impaired immune responses (Guidotti et al., 2015; Lebosse et al., 2017). Thus, great efforts have been made to identify associations between host immunogenetics and chronic HBV infection. A number of host genetic variants, such as mutations in human leukocyte antigens (HLAs), cytokine and chemokine genes, toll-like receptor (TLRs), microRNAs, vitamin D–related genes, and HBV receptor sodium taurocholate cotransporting polypeptide (NTCP), have been found to influence the outcome of HBV infection (Table 2; Tables S1, S2). The SNPs loci of genes very relevant or possibly relevant with chronic HBV infection are listed in Table 2. Other SNPs loci of genes that are still unable to confirm are listed in Tables S1 and S2.


Table 2 | Host genetic factors associated with chronic HBV infection.
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HLA is the human major histocompatibility complex (MHC) and a central element of antiviral immune defense (Shiina et al., 2009). HLA genes are classified as class I (HLA-A, B, C, E, F, and G) and II (HLA-DP, DQ, DR, DM, and DO) (Koller et al., 1989; van Lith et al., 2010). When a pathogen enters the body, it is engulfed by antigen-presenting cells (APCs) and the pathogen proteins are digested into small pieces and loaded onto HLA antigens. They are then displayed by APCs to T cells, which produce a variety of effector molecules to eliminate the pathogen. Therefore, HLAs can affect the outcome of infectious diseases (Singh et al., 2007; Goulder and Walker, 2012; Wang et al., 2016). Genetic polymorphisms, especially in HLA class II genes, are significantly associated with HBV infection and pathogenesis according to many studies (Kamatani et al., 2009; Zhang et al., 2014b; He et al., 2015; Wasityastuti et al., 2016; Trinks et al., 2017). Kamatani et al. (Kamatani et al., 2009) performed a GWAS of chronic HBV infection using 786 cases and 2,201 HBsAg seronegative controls in the Japanese population, followed by a replication study of three additional Japanese and Thai cohorts consisting of 1,300 cases and 2,100 controls. HLA-DPA1 rs3077 and HLA-DPB1 rs9277535 were significantly associated with chronic HBV infection in the Asian population (combined OR [95% CI] = 0.56 [0.51–0.61], P = 2.31 × 10–38; OR [95% CI] = 0.57 [0.52–0.62], P = 6.34 × 10–39, respectively). They also identified four associated haplotypes: HLA-DPA1*0202-DPB1*0501 and HLA-DPA1*0202-DPB1*0301 were associated with susceptibility to chronic hepatitis B and HLA-DPA1*0103-DPB1*0402 and HLA-DPA1*0103-DPB1*0401 showed a protective effect. Several GWAS of Asian populations have also shown that SNPs in HLA regions, such as HLA-DP (rs9277535, rs3077, rs9366816, and rs9277542), HLA-DQ (rs2856718, rs7453920, rs9276370, rs7756516, and rs7453920), HLA-DPB1 (positions 84–87), HLA-C (Leu-15, rs3130542, and rs2853953), HLA-DRB1*13, HLA-J (rs400488), and HLA-DOA (rs378352), are associated with chronic HBV infection (Mbarek et al., 2011; Nishida et al., 2012; Hu et al., 2013; Kim et al., 2013; Chang et al., 2014; Jiang et al., 2015; Zhu et al., 2016b). Many studies have provided evidence based on case–control samples and conventional PCR-based detection methods that HLA molecules may be crucial determinants of the outcomes of HBV infection in Asian, European, African-American, Saudi Arabian, and Caucasian populations (Thomas et al., 2012; Al-Qahtani et al., 2014; Trinks et al., 2017). However, some studies have reported contradictory results. A study of the Chinese Zhuang population found no association between HLA-DPA1 rs3077 and chronic HBV infection (Wang et al., 2011). Akgöllü et al. (Akgöllü et al., 2017) suggested that HLA-DP rs3077 is not associated with HBV infection in the Turkish population. Vermehren et al. (Vermehren et al., 2012) failed to confirm an association of HLA-DPB1 rs9277535 with hepatitis B in Caucasians. A comprehensive meta-analysis suggested that HLA-DP/DQ (rs3077, rs9277535, rs9275572, rs9275319, rs2856718, and rs7453920) is associated with susceptibility to HBV or the clearance of HBV infection (Zhang et al., 2013e; Yu et al., 2015; Xu et al., 2017b; Xu et al., 2018). A meta-analysis by Huang et al. (Huang et al., 2016) suggested that HLA-DQB1*0201, DQB1*0301, and DQB1*0502 are associated with an increased risk of CHB (chronic hepatitis B), while HLA-DQB1*0303 and DQB1*0604 are associated with a decreased risk of CHB.

Another meta-analysis indicated that HLA B*07 and B*58 protect against chronic HBV infection (Seshasubramanian et al., 2018). Recent studies have shown that non-classical HLA-class I molecules, including HLA-E may also be related to hepatitis B virus infection (Zidi et al., 2016). Available data are consistent with the fact that cellular immunity is a major determinant for HBV control. However, it is not clear how the identified genetic variation influences immune functions in the host and specific immune responses to HBV. These critical questions need to be answered in future studies.

Cytokines are key antiviral and immunomodulatory molecules produced by immune cells and certain non-immune cells; they are involved in host defense against HBV infection and pathogenesis (Koziel, 1999; Shin et al., 2016). The antiviral and immunomodulatory functions of a number of cytokines, like type I and II IFNs, TNF-α, IL-10, and IL-21, play essential roles in the direct suppression of HBV replication in hepatocytes (Phillips et al., 2010), mediating the antiviral functions of T cells (Freeman et al., 2012), and the modulation of adaptive immune responses to HBV (Lin and Young, 2014; Gehring and Protzer, 2019). IFN-γ and TNF-α are major antiviral mediators of specific CD8+T cells and are required for HBV control in primary HBV infections (Phillips et al., 2010; Bertoletti and Ferrari, 2013). IL-10 may contribute to negative regulation of host immune responses and thereby plays a role in viral persistence (Saraiva and O’Garra, 2010). IL-18 is a cytokine that belongs to the IL-1 superfamily and is produced by macrophages and other cells (Mavragani and Moutsopoulos, 2014). Recently, IL-21 has drawn attention in the field of HBV research owing to its potential association with viral control via follicular helper T cell functions (Johnson and Jameson, 2009). A series of studies have identified associations between genes encoding cytokines (including IL-1, IL-4, IL-6, IL-10/IL-10RB, IL-12/IL-12B, IL-18, IL-27, IL-28B, IFN-γ, TNF-α, and TGF-β) and chronic HBV infection (Cheong et al., 2006; Du et al., 2006; Liu et al., 2006; Chen et al., 2010; Fletcher et al., 2011; Ma et al., 2014; Saxena et al., 2014; Talaat et al., 2014; He et al., 2015; Karataylı et al., 2015; Karra et al., 2015; Eskandari et al., 2017b). Clinical researches have revealed correlations between IL-18 -607C/A and -137G/C (rs1946519 and rs187238) polymorphisms and the risk of HBV infection (Karra et al., 2015). The study of a Indian population by Karra et al. involving 271 patients with hepatitis B–related liver diseases, including 109 with spontaneous recovery, 162 patients with persistent HBV infection, and 280 healthy volunteers, indicated that the −607A allele in the promoter region of the IL-18 gene may protect against HBV infection (healthy controls vs. cases, OR [95% CI] = 0.711 [0.559–0.904], P = 0.005). The AA genotype was associated with spontaneous clearance (spontaneous recovery vs. persistent HBV infection, OR [95% CI] = 2.765 [1.582–4.832], P = 0.0002), while the CC genotype was associated with HBV infection (persistent HBV infection vs. spontaneous recovery, OR [95% CI] = 0.318 [0.151–0.67], P = 0.001). Moreover, the -137C allele (cases vs. healthy controls, OR [95% CI] = 1.355 [1.037–1.771], P = 0.025) and the GC genotype (cases vs. healthy controls, OR [95% CI] = 1.558 [1.11–2.185], P = 0.01) were associated with persistent HBV infections. SNPs (−1,082, −592) within the IL-10 gene have been reported to be associated with susceptibility or the clearance of HBV infection (Cheong et al., 2006; Talaat et al., 2014). Further studies are needed to determine the functions of these cytokines in HBV infection and thereby to explain these conflicting results.

IL-28B SNPs are major determinants of HCV clearance and the efficacy of IFN therapy (Ge et al., 2009; Prokunina-Olsson et al., 2013). This locus encodes a cytokine that is distantly related to type I interferons and the IL-10 family and is induced by viral infection (Sheppard et al., 2003). A systematic review by Lee et al. (Lee et al., 2014) including 4,028 patients with chronic hepatitis B and 2,327 spontaneously recovered controls from 11 case–control studies indicated that there is no significant association between IL28B SNPs (rs12979860, rs12980275, and rs8099917) and spontaneous HBV clearance. These findings are not surprising, as the mechanisms underlying HBV control may differ substantially from those underlying HCV infection.

Interferon gamma (IFN-γ) is a type II interferon and is critical for innate and adaptive immunity against viral, bacterial, and protozoal infections (Schoenborn and Wilson, 2007). Cellular responses to IFN-γ are activated by its interaction with a heterodimeric receptor consisting of IFN-γ receptor 1 (IFN-γR1) and IFN-γ receptor 2 (IFN-γR2) (Robek et al., 2004). Previous studies have reported that several polymorphisms in IFN-γ, IFN-γR1, and IFN-γR2 are associated with the natural history of HBV infection (Liu et al., 2006; Khanizadeh et al., 2012). In a study by Liu et al. (Liu et al., 2006) including 181 patients with HBV infection and 272 gender, age-matched healthy controls, the A allele frequency of IFN-γ +874 (OR [95% CI] = 2.25 [1.69–2.99], P < 0.0001), and the AG haplotype (+874A and +2109G) (P < 0.0001) were found to significantly inﬂuence susceptibility to HBV infection in the Chinese population. A meta-analysis by Sun et al. (Sun et al., 2015) suggested that the IFN-γ +874T/A polymorphism contributes to an increased risk of HBV-related diseases, especially in Asians.

Chemokines are a family of small cytokines found in all vertebrates, some viruses, and some bacteria; they guide cells of the innate and adaptive immune systems. Some chemokines are involved in the control of immune cells during immune surveillance, directing lymphocytes to lymph nodes, to screen for pathogen invasion via interactions with APCs residing in these tissues (Kehrl, 2006; Mélik-Parsadaniantz and Rostène, 2008).

To date, studies of cytokine and chemokine genes have evaluated limited numbers of SNPs with small sample sizes, and rather inconsistent results have been obtained. Therefore, future large-scale and multi-center studies are needed to establish the relationship between the genetic control of cytokine- and chemokine-related functions and chronic HBV infection, given the importance of cytokines in anti-HBV immune responses.

TLRs play key roles as pattern recognition receptors; they activate the innate immune system (Chang, 2010; Kondo et al., 2011) and are required for efficient host defense against viral infection. Deficiencies in TLR or TLR-related signaling greatly reduce host-specific T cell responses to HBV and may contribute to HBV persistence (Ma et al., 2017). Thus, genetic variation in TLRs is expected to impact the susceptibility to chronic HBV infection (Al-Qahtani et al., 2012a; He et al., 2015; Huang et al., 2015; Zhu et al., 2017). Multiple SNPs in TLR genes (TLR3 rs1879026, rs3775290, and rs3775291, TLR7 rs179010, and TLR9 rs352140) have been examined for their association with the risk of HBV infection (He et al., 2015; Huang et al., 2015; Zhu et al., 2017). SNPs in TLR3 may be associated with an increased risk of chronic HBV infection. Al-Qahtani et al. (Al-Qahtani et al., 2012a) investigated SNPs in the TLR3 gene in Saudi Arabian patients chronically infected with HBV, including 707 patients and 600 uninfected controls. Only TLR3 rs1879026 (OR [95% CI] = 0.809 [0.655–0.999], P = 0.0480) and the GCGA haplotype (rs1879026, rs5743313, rs5743314, and rs5743315) (P = 0.0339) potentially contribute to the risk of HBV infection. Huang et al. (Huang et al., 2015) indicated that the TT genotype of TLR3 rs3775290 is closely correlated with a decreased risk of CHB. A meta-analysis by Geng et al. (Geng et al., 2016) demonstrated a significant effect of TLR3 rs3775291 and HBV-related diseases.

MicroRNAs (miRNAs) are a group of endogenous, highly conserved, small noncoding RNAs that modulate various cellular processes and play key roles in host–virus interactions and the pathogenesis of viral diseases (Qureshi et al., 2014). HBV replication is also regulated by miRNAs via their cellular targets (Zhang et al., 2011a; Zhang et al., 2013d; Lin et al., 2017). Hundreds of SNPs in miRNAs have been reported. Recent studies have shown that some miRNAs may play a role in anti-HBV defense (Su et al., 2011). In addition, miRNA polymorphisms are related to hepatitis B infection (Bae et al., 2012; Cheong et al., 2013; Al-Qahtani et al., 2017). A study of a Saudi Arabian population including 1,352 HBV-infected patients and 600 uninfected healthy individuals found that SNPs in different microRNA genes, including miR-149 (rs2292832), miR-146a (rs2910164), miR-196a-2 (rs11614913), and miR-30a (rs1358379), were associated with hepatitis B infection, while other SNPs in microRNA genes, including miR-423 (rs6505162), miR-492 (rs2289030), miR-146a (rs2910164), miR-196a-2 (rs11614913), and miR-30a (rs1358379) were associated with HBV clearance (Al-Qahtani et al., 2017). A meta-analysis (Zhou et al., 2015) has shown that the carriers of miR-196a-2*T (rs11614913), miR-122*del (rs3783553), miR-106b-25*A (rs999885), and miR-let-7c*del (rs6147150) alleles in the Asian population have an increased risk of chronic HBV infection.

Cytotoxic T-lymphocyte-associated protein 4 (CTLA4) is expressed by T lymphocytes and plays a key role as a negative regulator of T-cell responses (Buchbinder and Hodi, 2015). Several studies have evaluated the association between CTLA4 polymorphisms and chronic HBV infection. In particular, the + 49A/G polymorphism (rs231775) of CTLA4 may influence susceptibility to HBV infection in the Chinese population (Chen et al., 2010). Mohammad et al. (Mohammad et al., 2006) found that CTLA-4 -318 polymorphisms (rs5742909), but not +49 and −1,172 polymorphisms (rs733618) are significantly associated with susceptibility to chronic HBV infection in the Iranian population (OR = 0.49, 95% = 0.206–1.162, P = 0.012). Another study also showed that the CTLA4 –318C > T, but not +49G > A, is associated with chronic HBV infection (Schott et al., 2007). A meta-analysis (Xu et al., 2013) suggested that the A allele of the CTLA4 +49 polymorphism is significantly associated with an increased risk of persistent HBV infection, whereas the G allele may influence viral clearance. Another meta-analysis also suggested that the CTLA-4 +49A/G polymorphism is significantly correlated with persistent HBV infection in the Asian population (Huang et al., 2013).

NTCP encoded by the solute carrier family 10 member 1 (SLC10A1) gene is mainly expressed in hepatocytes and a functional receptor for HBV and hepatitis D virus (Hagenbuch and Meier, 1994; Yan et al., 2012a). NTCP rs2296651 (S267F) has been found to be related to HBV susceptibility in the Asian population (Hu et al., 2016; Yang et al., 2016a; Nfor et al., 2018; Wu et al., 2018a). In a larger cohort of Taiwanese patients, including 3,801 with chronic HBV infection and 3,801 matched HBsAg seronegative controls, the AA genotype of the S267F variant (rs2296651) was associated with resistance to chronic HBV infection (OR = 0.13, 95% CI = 0.05–0.34, P < 0.001), but there were no significant associations with serological outcomes, including HBV DNA detectability and HBeAg and HBsAg seroclearance (Hu et al., 2016). However, the S267F variant is absent in the Moroccan population (Ezzikouri et al., 2017). A large cohort study did not confirm the association between the common and rare alleles or CNVs in the SLC10A1 gene with the risk of persistent HBV infection in a population from Southern China (Zhang et al., 2017). A meta-analysis including 14,591 chronically HBV-infected patients and 12,396 healthy controls suggested that the A allele and GA genotypes of rs2296651 are inversely correlated with chronic HBV infection. They also reported that NTCP rs4646287, rs7154439, and rs4646296 show no significant correlation with HBV infection (Wang et al., 2017a).

The signal transducer and activator of transcription (STAT) protein family mediates many aspects of cellular immunity, proliferation, apoptosis, and differentiation (Miklossy et al., 2013). STAT proteins are involved in the development and function of the immune system and play a role in maintaining immune tolerance (Singh et al., 2009). In HBV infection, polymorphisms in STAT4 are related to the clinical outcome of HBV infection (Lu et al., 2015b; Jiang et al., 2016b). A case–control study including 1,610 Chinese patients with chronic HBV infection and 1,423 uninfected control subjects showed that the STAT4 SNPs rs7574865, rs10168266, rs11889341, and rs8179673 are significantly associated with the risk of HBV infection and inversely related to HBV clearance. They also found that the CTCTT haplotype, formed by the SNPs rs8179673, rs7574865, rs4274624, rs11889341, and rs10168266, is related to HBV infection susceptibility and clearance in the Chinese Han population. A meta-analysis including 8,944 chronically HBV-infected patients, 8,451 healthy individuals, and 2,081 subjects with HBV clearance demonstrated that STAT4 rs7574865 is significantly associated with HBV infection (OR [95% CI] = 1.14 [1.07–1.21]; P = 3.8 × 10−5) and clearance (OR [95% CI] = 1.20 [1.07–1.35], P = 0.002) (Jiang et al., 2016b). Lu et al. (Lu et al., 2015b) showed that STAT4 minor alleles (rs7574865, rs7582694, rs11889341, and rs8179673) are associated with spontaneous HBV clearance. Another meta-analysis by Liao et al. (Liao et al., 2014) did not confirm the correlation between STAT4 rs7574865 and HBV susceptibility or clearance. Thus, the association of STAT4 polymorphisms with HBV infection requires further verification.

Signal transducer and activator of transcription 3 (STAT3) and nuclear factor-kappaB (NF-κB) pathways may play a significant role in chronic HBV infection. A Chinese Han population study showed that STAT3 rs1053004 and rs1053005 polymorphisms and haplotypes formed by rs1053004 and rs1053005 might contribute to the susceptibility to chronic HBV infection (Li et al., 2018). Another Chinese study also found that the SNPs rs2233406 (CT versus CC) and rs3138053 (AG or AG+GG versus AA) in the promoter region of NFKBIA were significantly associated with decreased risk of HBV persistence, especially in genotype B HBV-infected subjects (Zhang et al., 2014a). Unfortunately, related research is still not sufficient and mainly focused on HCC. Their role of HBV infection needs to be better defined by future research.

Using a GWAS approach, several loci that are strongly associated with HBV clearance or susceptibility to chronic HBV infection have been identified, including TCF19 (Kim et al., 2013; Jiang et al., 2015), UBE2L3 (Hu et al., 2013; Jiang et al., 2015), CFB (Jiang et al., 2015), NOTCH4 (Jiang et al., 2015), CD40 (Jiang et al., 2015), EHMT2 (Kim et al., 2013; Jiang et al., 2015; Shin et al., 2019), and INTS10 (Li et al., 2016).

Vitamin D has the ability to activate the innate immune system and dampen the adaptive immune system (Hewison, 2011). A vitamin D deficiency is associated with an increased risk or severity of viral infections (Beard et al., 2011). Vitamin D has both anti-inflammatory and anti-microbial effects and may play an active role in HBV infection (Bellamy et al., 1999; Beard et al., 2011; Gao et al., 2017). Vitamin D–related genes include 1-α-hydroxylase (CYP27B1), cytochrome P450 family 2 subfamily R polypeptide 1 (CYP2R1), vitamin D–binding protein (GC), VDR, 7-dehydrocholesterol reductase (DHCR7), sterol 27-hydroxylase (CYP27A1), and cytochrome P450 family 24 subfamily A member 1 (CYP24A1). Vitamin D–related genes have recently been found to play an important role in HBV susceptibility (Chatzidaki et al., 2012; Gao et al., 2017). The majority of these studies have focused on four SNPs in VDR: ApaI (rs7975232), TaqI (rs731236), FokI (rs10735810), and BsmI (rs1544410). Chatzidaki et al. (Chatzidaki et al., 2012) found that the joint haplotype of the VDR ApaI α allele and TaqI T allele is related to the outcome of HBV infection in children in the context of mother-to-child transmission (RR [95% CI] = 1.74 [0.97–3.13], P = 0.049). A meta-analysis (He et al., 2018) has reported that the genotypes FF, Ff, and allele F of FokI in VDR increase the risk of HBV infection. However, no associations were found between VDR ApaI and BsmI polymorphisms and HBV infection.

There is a marked difference in HBV infection rates between populations in East/Southeast Asia and Western world. For instance, the prevalence of HBsAg was as high as 10% in the Chinese population prior to the initiation of the HBV vaccination program but less than 1% in the Caucasian population (Fattovich et al., 2008; Yin et al., 2010). The reason for this difference is not completely clear. The role of host genetic determinants is also not well-established. Li et al. (Li et al., 2015) summarized multiple studies and found that some genetic loci with rare alleles include rs3138053 (NFKBIA), rs2856718, rs7453920, and rs9275319 (HLA-DQ), and rs9277378, rs2395309, rs2301220, and rs9277341 (HLA-DP) are significantly associated with decreased risks of development of chronic HBV infection. These loci are different between the Chinese Han and European populations, indicating that the Chinese Han patients may be inherently more prone to develop chronic infection once exposed to HBV, whereas Europeans tend to recover from HBV infection spontaneously (Li et al., 2015). A study including Chinese Han and Uyghur populations reported that there are some differences in HLA-DP/DQ polymorphisms that affect susceptibility and resistance to HBV infection (Xiang et al., 2016). A meta-analysis by Geng et al. (2016) demonstrated that TNF-α-238 increases the risk in the European population but not in an Asian population in all genetic models. Therefore, the genetic determinants may contribute the different rates of chronic HBV infection in Asian and European populations. However, future global multicenter research is needed to precisely define such host genetic determinants.

HBV infection often occurs in families. If a mother is chronically HBV infected, infants have an extremely high chance of establishing a chronic HBV infection in the absence of medical interventions (Stevens et al., 1975; Chen et al., 2018; Dionne-Odom et al., 2018). HBV exposure during infancy or early childhood is more prone to the development of chronic infection and HBV infection-related diseases (Lai and Yuen, 2007). Studies have shown that spontaneous HBsAg clearance is most likely to occur in patients born to mothers of non-HBsAg carriers (Chiu et al., 2014). Globally, a total of 42.1% of infants naturally born to HBsAg carrier mothers but only 2.9% of infants with HBV passive–active immunoprophylaxis acquired HBV infection perinatally (Li et al., 2015). The rate of vertical HBV infection had stayed constant (approximately 0.3%) until immunoprophylaxis of mother-to-infant transmission was implemented in 1986 in Japan. In contrast, horizontal HBV transmission decreased from 1.43 to 0.10% in men and from 0.95 to 0.03% in women over years. The decrease of horizontal transmission of HBV may be due to many factors, including improved socioeconomic environments, advanced medical maneuvers and equipment, and careful vaccination procedures (Sato et al., 2014). However, the current studies on host genetic and chronic HBV infection did not separate vertical from horizontal transmission, nor did they stratify the age at the time of infection. The role of environmental exposure including early exposure of HBV in the childhood when immune function is immature, and their interaction with the genetic predisposition is still not clarified.

In studies of associations between host genetic determinants and chronic HBV infection to date, reported OR values for significant associations typically range from 1 to 2. Thus, these determinants have much less influence than the HBV infection status of the mother or the age of the HBV infection. Nevertheless, some genetic variants, like mutations in NTCP, may play a decisive role in HBV infection. NTCP variation could prevent the binding of the HBV virion to receptors on hepatocytes and therefore limit viral infection (Yan et al., 2012a). Such findings may provide mechanistic insights into the viral life cycle and new targets for drug development. Many genetic determinants (HLA, TLR, IL) may modulate host innate and adaptive immunity and significantly influence the course and outcome HBV infection (Kamatani et al., 2009; Mbarek et al., 2011; Kim et al., 2013; Jiang et al., 2015; Geng et al., 2016) (Table 2; Table S2). It will be useful to identify the functional relevance of these genetic polymorphisms in cellular signaling and other processes, with the goal of identifying new targets. Many factors contribute to the development of chronic HBV infection, such as the mode of transmission (vertical or horizontal transmission), age at the time of infection, the presence of underlying diseases involving other organs, and the use of immune inhibitors (Pawlowska et al., 2016; Chien et al., 2019). The majority of studies do not including subgroup analyses of these factors, which may have a significant impact on the reliability of the results. Furthermore, there are substantial variations among studies from different countries and regions due to differences in the study populations, genetic background, and polymorphisms. Therefore, it may be necessary to conduct stratified analyses of HBV infection time, ethnicity, host immune status, and mode of transmission to further determine the impact of HLA-DP, DQ, and DR on chronic hepatitis B or clearance. Nevertheless, the available information suggests that genetic variation in host immune-related genes has substantial contribution to the outcome of HBV infection. Future research is necessary to uncover the mechanisms underlying these associations.

Intrauterine Transmission

Mother-to-child transmission is the major route of HBV infection in developing countries (Stevens et al., 1975; Shao et al., 2007; Li et al., 2015). Intrauterine transmission is the main explanation for mother-to-child transmission, since the implementation of effective measures against HBV infection, such as antiviral treatment, vaccination, and the application of hepatitis B immunoglobulins (Gu et al., 2004; Brown et al., 2016; Ren et al., 2016). Therefore, blocking intrauterine HBV transmission is an important part of the eradication of HBV infection in the general population (Peng et al., 2019). Unfortunately, the incidence of intrauterine HBV infection remains high (Han et al., 2011). The exact mechanism underlying intrauterine infection with HBV has not been fully elucidated (Xu et al., 2008). Previous studies have shown that genetic factors could play an important role in determining the outcome of HBV intrauterine infection (Yu et al., 2006; Xu et al., 2008; Gao et al., 2015b; Liu et al., 2018d). Based on twin and family study, host genetic factors are critical for the development of chronic HBV infection (Lin et al., 1989). Up to date, SNPs in the host genes IFN-γ, TNF-α, CXCL13, PDCD1, TLR3, and TLR9 were found to be relevant for intrauterine transmission (Yu et al., 2006; Gao et al., 2015b; Wan et al., 2016; Liu et al., 2018c; Gao et al., 2015b) (Table S3).

A number of host genes may play important roles in HBV intrauterine infection (Table 3, Tables S1, S3). Yu et al. (Yu et al., 2006) showed that a SNP (+874) in IFN-γ is associated with HBV intrauterine infection (both P < 0.05). Wan et al. (Wan et al., 2016) investigated associations between candidate genes (SLC10A1, HLA-DP, HLA-C, CXCR5, CXCL13, TLR-3, TLR-4, TLR-9, and UBE2L3) and HBV intrauterine infection in a sample of 44 neonates with HBV intrauterine infection and 662 neonatal controls. They demonstrated that only the rs355687 CT genotype of CXCL13 was associated with susceptibility to HBV intrauterine infection (OR [95% CI] = 0.25 [0.08–0.82], P = 0.022).





	
Table 3 | Host genetic factors associated with intrauterine hepatitis B infection or response to interferon-alpha (IFN-α) or nucleos(t)ide analog (NUC).





	
Category


	
Gene ontology


	
Gene


	
Genetic determinants (SNP/Hap/CNVs)


	
Main reference





	
Host genetic factors associated with susceptibility to intrauterine hepatitis B infection





	
II


	
Cytokines


	
IFN-γ


	
+874


	
Yu et al., 2006





	
Chemokines


	
CXCL13


	
rs355687


	
Wan et al., 2016





	
Host genetic factors associated response to IFN-α treatment





	
I


	
HLA


	
HLA-DP


	
rs3077


	
Tseng et al., 2011; Tangkijvanich et al., 2016





	
Chemokines


	
IL-28B


	
rs8099917, rs12979860, rs12980275


	
Sonneveld et al., 2012; Guo et al., 2013; Boglione et al., 2014; Wu et al., 2015a; Cusato et al., 2017





	
Others


	
CYP27B1


	
rs4646536


	
Boglione et al., 2015; Cusato et al., 2017; Limothai et al., 2017





	
II


	
HLA


	
HLA-DP


	
rs9277535


	
Brouwer et al., 2014; Cheng et al., 2014





	
HLA-DQA1-DQB1-DRB1


	
*0302-*0303-*09


	
Zhu et al., 2011





	
HLA-DQB1


	
*0303


	
Zhu et al., 2011





	
HLA-DRB1


	
*08


	
Zhu et al., 2011





	
HLA-A, B, C


	
*1101-*4601-*0102


	
Zhu et al., 2011





	
Cytokines


	
IL-28B


	
A-C1


	
Wu et al., 2015a





	
Others


	
CYP24A1


	
rs2248359


	
Cusato et al., 2017





	
CYP27B1


	
rs10877012


	
Cusato et al., 2017





	
G3BP2


	
rs3821977


	
Brouwer et al., 2019





	
OAS


	
G-T-G-A2, C-C-T-A3, C-C-C-A4, A-C-T-A5


	
Wu et al., 2009; Ren et al., 2011





	
OAS3


	
rs2072136


	
Ren et al., 2011





	
PRELID2


	
rs371991


	
Brouwer et al., 2019





	
STAT4


	
rs7574865


	
Jiang et al., 2016a





	
TRAPPC9


	
rs78900671


	
Brouwer et al., 2019





	
VDBP


	
rs7041


	
Cusato et al., 2017





	
VDR


	
rs1544410, rs731236, rs11568820, rs10735810


	
Cusato et al., 2017





	
Host genetic factors associated response to NUC treatment





	
II


	
HLA


	
HLA-DP


	
rs3077


	
Hosaka et al., 2015; Su et al., 2018





	
HLADQ


	
rs9275572, rs9276370


	
Chang et al., 2014; Zhang et al., 2014b





	
Haplotypes

1A-C, rs12980275-rs12979860; 2G-T-G-A, rs3177979-rs1293747-rs4767043-rs10849829; 3C-C-T-A, rs2285934-rs2072138-rs2072136-rs10849829; 4C-C-C-A, rs2285934-rs2072138-rs2072136-rs10849829; 5A-C-T-A, rs2285934-rs2072138-rs2072136-rs10849829.









A case–control study of the Chinese population including 69 HBsAg-positive mother–newborn pairs with intrauterine infection and 138 mother–newborn pairs without intrauterine infection assessed the involvement of the LTβR/APOBEC3B signaling pathway and PD-1/PD-L1 signaling pathway genes, including LTA, LTBR, TNFSF14, PDCD1, APOBEC3B, CD274, CD40, and CD40LG, in HBV intrauterine transmission. They found that the maternal rs2227981 TT genotype of the PDCD1 gene is associated with a decreased risk of intrauterine HBV infection (OR 0.11, 95% CI = 0.01–0.95, P = 0.045). There was no significant correlation between the remaining genes and the risk of intrauterine HBV infection (Liu et al., 2018c). Only a few studies have evaluated genetic susceptibility to intrauterine transmission. It is often difficult to distinguish whether a child acquired an HBV infection by the intrauterine or intra-natal route. HBV infection by intrauterine transmission is mainly identified by a blood test at birth. However, this approach may result in false positives due to maternal blood contamination during birth, especially when sensitive PCR methods for HBV DNA detection are used. Moreover, the sample sizes of existing studies are not large enough; thus, the reliability of studies could be questioned. Further research is needed to improve the diagnostic accuracy of intrauterine HBV infection and explore the relationship between HBV intrauterine infection and susceptibility genes as well as other risk factors associated with HBV intrauterine infection.

There is no effective intervention available to prevent intrauterine HBV infection. Neither antiviral treatment during the late phase of pregnancy nor perinatal vaccination/hyperimmunoglobulin application changed the rate of intrauterine HBV infection (Pan et al., 2012a; Brown et al., 2016). Therefore, the identification of relevant genetic determinants could be very helpful.

Occult HBV Infection

OBI is defined by serum HBV DNA positivity but negative serum HBsAg detection (Torbenson and Thomas, 2002; Raimondo et al., 2008; Raimondo et al., 2019; Seed et al., 2019). If blood from patients with OBI is transfused to other persons, post-transfusion hepatitis may occur (Seo et al., 2011). OBI may also be associated with hepatitis B vaccination failure, vertical HBV transmission, organ transplant failure, cirrhosis, and liver cancer (Raimondo et al., 2013).

The mechanisms underlying OBI have yet to be elucidated and may be related to HBV mutations in the pre-S/S genomic region or antigen–antibody cycle immune complex formation (Zhang et al., 2011b; Samal et al., 2012). Some investigators have suggested that host genetic factors, especially immune-related factors including HLAs, IL10, CXCL12, and VDR, may play a role in the occurrence of OBI (Arababadi et al., 2010; Hassanshahi et al., 2010; Mardian et al., 2017; Wang et al., 2017b) (Tables S1, S4). Wang et al. (Wang et al., 2017b) performed a case–control study with 107 patients with OBI and 280 healthy individuals to assess associations of SNPs in HLA loci, including HLA-A, -B, -C, -DRB1, and -DQB1, in Chinese patients. They found that HLA-B*44:03 (OR = 2.146, 95% CI = 1.070–4.306, P = 0.028), C*07:01 (OR = 4.693, 95% CI = 1.822–12.086, P = 0.000), DQB1*02:02 (OR = 1.919, 95% CI = 1.188–3.101, P = 0.007), and DRB1*07:01 (OR = 2.012, 95% CI = 1.303–3.107, P = 0.001) were strongly associated with susceptibility to OBI, while DRB1*08:03 (OR = 0.395, 95% CI = 0.152–1.027, P = 0.049), DRB1*15:01 (OR = 0.495, 95% CI = 0.261–0.940, P = 0.029), and DQB1*06:02 (OR = 0.500, 95% CI = 0.249–1.005, P = 0.048) alleles were more prevalent in the healthy control group. Mardian et al. (Mardian et al., 2017) found a significant association between the minor allele “T” of HLA-DP (rs3077) and the TGA haplotype (rs3077–rs3135021–rs9277535) and OBI in Indonesian blood donors. Therefore, HLA polymorphisms are an important factor in OBI infection and additional studies are needed to validate these findings. Iranian researchers have shown that the genotypes and alleles of IL-10 (-592) (Ahmadabadi et al., 2012), the +801 region of CXCL12 (Hassanshahi et al., 2010), and the T/T allele of exon 9 of VDR (Arababadi et al., 2010) may be associated with OBI.

Owing to the low frequency of OBI, the accumulation of cases is difficult and time-consuming. Thus, the number of cases included in studies is always small (generally less than 100 cases). In addition, the occurrence of OBI is also related to HBV mutations (Samal et al., 2012). OBI diagnostic criteria are not uniform among studies. Both viral and host factors need to be considered in future analyses. Patients with OBI are positive for HBV DNA but negative for HBsAg. Thus, there could be specific mechanisms for the control of HBsAg production without affecting HBV DNA synthesis. Recently, Lin et al. found that autophagy and related genes (e.g., Rab7) may determine HBsAg production (Lin et al., 2017; Lin et al., 2019), but further studies are needed to evaluate this.

Antiviral Efficacy of Interferon-α or Nucleos(t)ide Analogues

IFN-α and NUCs have been approved and are widely used for the treatment of chronic hepatitis B and slow down liver disease progression, cirrhosis, and HCC (Lee and Keeffe, 2011; European Association For The Study Of The Liver, 2017). However, NUCs and IFN-α alone or combined treatment are rare to achieve functional cure (Reijnders et al., 2010; Zoulim and Locarnini, 2012; Terrault et al., 2016; Revill et al., 2019). Extensive studies have identified host genetic genes, alanine aminotransferase (ALT) levels, HBV genotype, and HBV DNA, anti-HBc, and HBsAg levels as important predictors of treatment efficacy (Brouwer et al., 2014; Fan et al., 2016b; Zhu et al., 2016a). Accumulating evidence suggests that host genetics play an important role in the patient response to IFN-α or NUCs (Table 3; Tables S1, S5, S6).

IFN-α is a cytokine with a broad-spectrum effect against viruses and tumors. It is able to inhibit cell growth and exerts immunomodulatory effects. IFN-α exerts antiviral activity mainly via the Janus-activated kinase-signal transducer and activator of transcription (JAK-STAT) signaling pathway and interferon-stimulating genes (ISGs) (Levy and Darnell, 2002). IFN-α binds to type I IFN receptor (IFN-αR1) on the surface of target cells and induces the synthesis of antiviral proteins, such as MxA, 2’,5’-oligoadenylate synthetase (OAS), protein kinase (PKR), and adenosine deaminases acting on RNA (ADAR) (Samuel, 2001). In addition, IFN-α upregulates HLAs and thereby modulates adaptive immunity. Thus, host genetic polymorphisms, particularly those associated with IFN signaling pathways, may potentially alter the responsiveness to IFN-α therapy. Many studies have evaluated the relationship between the outcome of IFN-α treatment for CHB and host genetics and identified the potential relevance of HLAs, STAT4, vitamin D–related genes, and some ISGs (Tseng et al., 2011; Brouwer et al., 2014; Wu et al., 2014; Jiang et al., 2016a; Thanapirom et al., 2017; Brouwer et al., 2019) (Table S5).

The first GWAS published to date did not find any candidate gene associated with the efficacy of IFN-α treatment. This may be explained by an insufficient sample size, with only 43 patients (Chang et al., 2014). Recently, Brouwer et al. (Brouwer et al., 2019) published a GWAS on the efficacy prediction of PEG-IFN in the treatment of CHB, including 1,058 patients from 21 centers from Europe, Asia, and North America. A SNP rs78900671 GC allele (TRAPPC9, COL22A1) had been identified to have the strongest association with response to PEG-IFN treatment (P = 6.43×10-7). Another SNP PRELID2 rs371991 (P = 3.44×10-6) was associated with the primary response to PEG-IFN treatment in HBeAg-positive patients while G3BP2 rs3821977 (P = 2.46×10-6) was associated with response in HBeAg-negative patients. Yet the correlation between these SNP loci and the efficacy of interferon treatment needs confirmation by future studies.

HLA molecules play an important role in the recognition of viral proteins and regulation of adaptive immunity. Adaptive immunity is upregulated by IFN-α treatment and essential for sustained responses and HBV control (Bengsch and Thimme, 2018; Ma et al., 2018b). Thus, HLAs may be an important genetic marker for the prediction of IFN-α efficacy. Many studies have analyzed the relationship between HLA genes and the IFN-α response (Tseng et al., 2011; Zhu et al., 2011; Brouwer et al., 2014; Tangkijvanich et al., 2016). A study of a Taiwan population by Tseng et al. (Tseng et al., 2011) including 115 HBeAg-positive patients with CHB who received peginterferon (PEG-IFN) therapy showed that the HLA-DPA1 rs3077 GG genotype (OR [95% CI] = 3.49 [1.12–10.84], P = 0.031) is associated with HBeAg seroconversion at 6 months of therapy. Brouwer et al. (Brouwer et al., 2014) evaluated 262 Caucasian patients with chronic HBV infection who were treated with PEG-IFN for 1 year and found that the HLA-DPB1 (rs9277535) G-allele and haplotype block GG combining HLA-DPB1 (rs9277535) and HLA-DPA1 (rs3077) are strongly associated with virological (HBV DNA <2,000 IU/ml at 6 months post-treatment) and serological responses (HBeAg seroconversion combined with HBV DNA <2,000 IU/ml at 6 months post-treatment) to PEG-IFN therapy. Zhu et al. (Zhu et al., 2011) reported that the HLA-DQB1*0303 or DRB1*08 alleles and the *1101-*4601-*0102 (HLA-A, B, C) or *0302-*0303-*09 (HLA-DQA1, DQB1, DRB1) haplotypes are associated with the efficacy of IFN therapy in the Chinese population. However, some studies have failed to observe a relationship between HLA variants and the response to IFN-α- or PEG IFN-based treatment (Limothai et al., 2016).

IFN-λ3 is encoded by the IL-28B gene, which regulates the immune system by activating the JAK-STAT signaling pathway, thereby exerting an antiviral effect (Liu et al., 2012a). Recent GWAS has revealed that IL28B is associated with the efficacy of anti-HCV treatment (Ge et al., 2009). In a large international collaborative study of 205 HBeAg-positive patients with CHB who received PEG-IFN-α-2a or PEG-IFN-α-2b, IL28B rs12979860 and rs12980275 were independent predictors of HBeAg seroconversion in response to PEG-IFN (Sonneveld et al., 2012). Boglione et al. (Boglione et al., 2014) examined the effect of the IL28B gene polymorphisms rs12979860, rs8099917, and rs12980275 on the response to PEG-IFN in 190 chronically HBV-infected, HBeAg-negative patients and showed that rs12979860 CC, rs8099917 TT, and rs12980275 AA are significantly associated with HBV-DNA < 2,000 IU/ml post-treatment, while rs12979860 CC and rs12980275 AA are significantly associated with qHBsAg > 1 log during therapy. Many other research teams worldwide have indicated that IL-28B is involved in the efficacy of IFN-α therapy (Lampertico et al., 2013; Wu et al., 2015a; Cusato et al., 2017). However, variable and inconclusive results have been obtained (Cheng et al., 2014; Tangkijvanich et al., 2016). A study in Taiwan showed that IL28B rs12979860 is not associated with the virological response to PEG-IFN alpha-2b with or without entecavir in patients with HBeAg-negative CHB (Tangkijvanich et al., 2016). A Chinese study also suggested that IL28B (rs12979860 and rs8099917) has no significant association with the response to IFN-α or PEG IFN (Cheng et al., 2014). To determine whether IL28B polymorphisms play a role in the response to interferons, further large-scale cohort studies of homogenous patient populations are necessary.

Vitamin D has important immunomodulatory effects on innate and adaptive immune responses (Hewison, 2011). Vitamin D enhances the IFN-α-mediated activation of the JAK-STAT pathway, increases the expression levels of antiviral proteins, and improves the overall antiviral ability (Lange et al., 2014). Vitamin D–related genes, including VDR (Cusato et al., 2017), CYP27B1 (Cusato et al., 2017), CYP24A1 (Cusato et al., 2017), CYP2R1 (Thanapirom et al., 2017), DHCR7 (Thanapirom et al., 2017), and DBP/GC (Cusato et al., 2017; Thanapirom et al., 2017), have been evaluated for potential associations with the outcome of IFN-α therapy in patients with CHB. Several studies in China, Thailand, and Italy have shown that polymorphisms in the rs4646536 and rs10877012 loci of CYP27B1 may be related to the efficacy of IFN-α in patients with CHB; OR values reported in studies of Italy (Cusato et al., 2017), Thailand (Limothai et al., 2017), and Italy (Boglione et al., 2015) were 2.87, 3.13, and 3.13 for the rs4646536 locus (all P < 0.01); and the OR values for studies of Italy (Cusato et al., 2017) was 3.13 for the rs10877012 locus (both P < 0.001). Therefore, the TT (rs4646536) and GG (rs10877012) genotypes may be predictors of sustained HBeAg seroconversion in HBeAg-positive patients treated with IFN-α. Cusato et al. (Cusato et al., 2017) evaluated SNPs in vitamin D pathway genes in HBeAg-negative patients with CHB treated with PEG-IFN-α, suggesting that VDR (rs7975232 [ApaI], rs11568820 [Cdx2], rs10735810 [FokI]), CYP27B1 (rs4646536 [+2838], rs10877012 [−1260]), VDBP (rs7041), and CYP24A1 (rs2248359) are correlated with the clinical outcomes of PEG-IFN-α treatment. Thanapirom et al. (Thanapirom et al., 2017) showed that the CYP2R1 (rs12794714) TT genotype is a predictor of sustained HBeAg seroconversion in HBeAg-positive patients treated with Peg-IFN-α (OR [95% CI] = 4.53 [1.51–13.61], P = 0.01), whereas SNPs in DHCR7 (rs12785878), CYP27B1 (rs10877012), CYP2R1 (rs2060793), GC (rs4588, rs7041, rs222020, and rs2282679), and VDR (FokI, BsmI, Tru9I, ApaI, TaqI) are not related to HBeAg seroconversion. Several studies have investigated the role of other SNPs in vitamin D pathway genes in predicting the outcome of IFN-α therapy, but their predictive value remains controversial (Thanapirom et al., 2017). Differences among studies could be explained by several factors, such as differences in study design, sample size, ethnicity, and genotyping methods.

SNPs in JAK-STAT pathway genes and ISGs may contribute to the antiviral effects of IFN-based therapy (Kong et al., 2007; Ren et al., 2011; Wu et al., 2014; Jiang et al., 2016a). OAS3, MxA-88, and STAT4 genes in the IFN signaling pathway may have predictive value for the efficacy of interferons, but further studies are needed to verify this.

NUCs (e.g., lamivudine [LAM], adefovir [ADV], telbivudine [LdT], entecavir [ETV], and tenofovir [TDF]) inhibit HBV replication mainly by inhibiting HBV DNA polymerase. They bind competitively to HBV DNA polymerase and are incorporated into the DNA chain, resulting in the termination of DNA synthesis and inhibition of HBV replication (Lok et al., 2007; European Association For The Study Of The Liver, 2017). As the direct effect of NUCs on HBV does not require host functions and may not be directly related to host genetics, few studies have evaluated the correlation between host gene SNPs and drug efficacy, and these have generally yielded negative results (Table 3; Tables S1, S6).

There were significant differences in the patterns of HBsAg decline, and seroclearance during LAM therapy in Japanese patients with HBeAg-positive CHB was associated with HLA-DPA1 (rs3077), HLA-DPB1 (rs9277535), and A alleles at rs3077 and rs9277535 (Hosaka et al., 2015). A GWAS (Chang et al., 2014) with small sample sizes (LAM group, n = 119; ETV group, n = 64) of male Taiwanese individuals revealed that the TT genotype of rs9276370 (HLA-DQA2) is highly associated with a non-sustained response in the LAM group (OR [95% CI] = 5.41 [1.73–16.95], P = 0.0037), but not in the ETV group (OR [95% CI] = 0.68 [0.16–2.86], P = 0.5954). Zhang et al. (Zhang et al., 2014b) reported that the HLA-DQ (rs9275572) A allele is associated with viral and biochemical responses to LAM treatment in Chinese patients.

Using a small sample size (n = 76), our team evaluated the virological responses associated with the ESR1 PvuII T/C genotype in nucleoside-naive patients with chronic hepatitis B treated with ETV after 48 and 96 weeks of treatment; we did not detect associations between XbaI polymorphisms and virological response (Zhang et al., 2013c). Another study also found that CTLA4 (rs231775) and HLA-DPA1 (rs3077) are associated with predictors of relapse and outcomes after discontinuing TDF and ETV therapy in Taiwan patients with CHB (Su et al., 2018). However, the sample sizes of these studies are insufficient.

The main issues with studies of the efficacy of IFN/NUCs are as follows. 1) ALT, HBsAg, HBeAg, anti-HBc, HBV DNA, and HBV genotype may affect the efficacy of IFN/NUCs, and it is difficult to control for these confounding factors. 2) Some studies do not distinguish between HBeAg-positive or -negative patients, resulting in the inconsistent use of drugs as well as differences in treatment duration. 3) The criteria for determining efficacy and time points for evaluations are often inconsistent. 4) Many studies include small sample sizes and a lack of secondary verification. 5) Different and even contradictory results have been reported. Despite studies showing that several SNP sites in IL28B are closely related to the efficacy of IFN-α for the treatment of HCV infection, it is difficult to confirm that any host genetic determinant is significantly related to the efficacy of IFN-α or NUCs in chronic HBV infection without resolving these issues. It is necessary to clarify whether host genetic factors determine the efficacy of antiviral therapies. Currently, available antiviral treatments based on IFN-α/NUCs are not effective to clear HBV covalently closed circular DNA (cccDNA). Information about the involvement of host factors in antiviral activity may be helpful to optimize treatment approaches.

Attempts to improve the response by administering two different NUCs or a combination of NUCs and IFN-α failed to increase the rate of “functional cure.” New drug candidates targeting different steps of HBV life cycle including entry, cccDNA formation, viral transcription, capsid assembly, and secretion of viral envelope proteins were developed and partly tested in clinical trials (Qazi et al., 2018; Tu and Urban, 2018; Yang and Lu, 2018; Yang et al., 2019). Immunotherapeutic approaches to enhance antiviral immunity using IL-15, TLR agonists, retinoic acid inducible gene I (RIG-I) agonist, stimulator of IFN genes (STING) agonist or based on engineered T cells are also under investigation (Ma et al., 2015; Zhang and Lu, 2015; Guo et al., 2017; Koh et al., 2018). A new drug targeting cIAPs has being now tested in a clinical trial phase I (Liu et al., 2018a). Checkpoint inhibitors like anti-PD1 are able to stimulate host adaptive immunity and considered as potential drug candidates to treat chronic HBV infection (Liu et al., 2014a; Liu et al., 2018b). Such innovative drugs, Along with current available therapies, will offer the prospect of a markedly improved response to treatments and an increased rate of functional cure (Ko et al., 2015; Blank et al., 2016; Di Scala et al., 2016; Zhu et al., 2019). Those new drug candidates, especially for immunotherapies, may exert the antiviral actions in dependence on host genetic background. Some genetic determinants found in the previous studies like SNPs in HLA loci may reappear again in such studies. Their efficacy in anti-HBV treatment related to human genetics remains to be a topic for future studies.

Response to Hepatitis B Vaccination

Hepatitis B vaccines are widely used for the prevention of new HBV infections and are the most effective way to prevent HBV transmission (Kew, 1995; Ni et al., 2012; Bruce et al., 2016). The overall success rate of vaccination is about 90%. Several factors, such as age, gender, body mass index (BMI), immunosuppression, vaccine escape mutations, and premature birth, are associated with a failure to respond to hepatitis B vaccination (Zuckerman, 2006; Kang et al., 2014; Yang et al., 2016b). A twin study indicated that the immune response to hepatitis B vaccination has a high heritability (77%) (Newport et al., 2004). Yan et al. investigate the overall contribution of genetic and environmental effects on poor response to HBV vaccination in Chinese infants. They found that the HBV vaccine response in infants is dominantly determined by genetic effect by 91%, compared with perinatal environmental factors (Yan et al., 2013). Genetic factors may have important roles in the immune response to hepatitis B vaccination, and many studies have focused on the identification of these genes including HLAs and IL4 (Png et al., 2011; Cui et al., 2013; Li et al., 2013b; Nishida et al., 2018) (Table 4; Tables S1, S7).





	
Table 4 | Host genetic factors associated with response to hepatitis B vaccine.





	
Category


	
Gene ontology


	
Gene


	
Genetic determinants (SNP/Hap/CNVs)


	
Main reference





	
I


	
HLA


	
HLA-DP


	
rs9277535


	
Png et al., 2011; Wu et al., 2015b





	
HLA-DQB1


	
*02, *05, *0501, *06, *0602


	
Li et al., 2013b; Nishida et al., 2018





	
HLA-DRB1


	
*01, *03, *0301, *04, *07, *1301, *1302,*15


	
Li et al., 2013b; Yoon et al., 2014; Nishida et al., 2018





	
Cytokines


	
IL-4


	
rs2070874, rs2227284, rs2243250


	
Wang et al., 2012; Cui et al., 2013





	
II


	
HLA


	
HLA-B


	
*62


	
Yoon et al., 2014; Roh et al., 2016





	
HLA-DP


	
rs2116260, rs3128961, rs35953215, rs3830066, rs4282438, rs5025825, rs6457709, rs7770370, rs9277542, *04:02, *05:01, *09:01, *02:02, *03:01:01, *04:01:01, A-G-A-G-G1, A-G2, A-G-A-G-G-A-G3


	
Wu et al., 2015b; Sakai et al., 2017; Nishida et al., 2018





	
HLA-DQB1


	
*0401


	
Xu et al., 2017a; Nishida et al., 2018





	
HLA-DR


	
rs3135363


	
Png et al., 2011





	
HLA-DRA


	
rs7192, rs2395177, rs5000563


	
Davila et al., 2010





	
HLA-DRB1


	
*01:01, *04:05, *08, *08:03, *15:01, rs477515, rs13204672, rs28366298


	
Sakai et al., 2017; Nishida et al., 2018





	
HLA-DRB1-DQB1


	
*01:01-*05:01,*04:05-*04:01,*08:03-*06:01,*14:06-*03:01, *15:01-*06:02


	
Nishida et al., 2018





	
HLA-III


	
rs9267665


	
Png et al., 2011





	
Others


	
BTNL2


	
rs2076530, rs3763311, rs3763313, rs3763316, rs3806156, rs3817963, rs4248166, rs9268494, rs9268501, A-A4, C-G5, G-T-A-T-C-A-G6, G-T-A-T-C7, G-C-A-T-C8


	
Davila et al., 2010; Pan et al., 2014; Yang et al., 2014; Nishida et al., 2018





	
FOXP1


	
rs6789153


	
Davila et al., 2010





	
LILRB4


	
rs1654668


	
Davila et al., 2010





	
Haplotypes

1A-G-A-G-G, rs5025825-rs6457709-rs35953215-rs3830066-rs7770370; 2A-G, rs3128961-rs9277535; 3A-G-A-G-G-A-G, rs5025825-rs6457709-rs35953215-rs3830066-rs7770370-rs3128961-rs9277535; 4A-A, rs3806156-rs2076530; 5C-G, rs3806156-rs2076530; 6G-T-A-T-C-A-G, rs9268501-rs3763316- rs3763313-rs3763311- rs9268494- rs3806156-rs2076530; 7G-T-A-T-C, rs9268501-rs3763316- rs3763313-rs3763311-rs9268494; 8G-C-A-T-C, rs9268501-rs3763316- rs3763313-rs3763311-rs9268494.









A recent GWAS has shown that genetic variants in HLA loci are strongly associated with chronic HBV infection. Difference in host immune responses to HBV antigens are largely explained by HLA alleles (Ovsyannikova et al., 2004). Associations of SNPs in HLA regions, including -A, -B, -DR, and -DQ loci, with the response to hepatitis B vaccines have been identified (Davila et al., 2010; Png et al., 2011; Yoon et al., 2014; Roh et al., 2016). A GWAS of an Indonesian population including 3,614 hepatitis B vaccine recipients suggested that HLA loci, including HLA-DR (rs3135363) (P = 6.53 × 10−22; OR = 1.53, 95% CI = 1.35–1.74), HLA-DP (rs9277535) (P = 2.91 ×10−12; OR = 0.72, 95% CI = 0.63–0.81), and HLA class III (rs9267665) (P = 1.24 × 10−17; OR = 2.05, CI = 1.64–2.57), are strongly associated with the response to hepatitis B vaccination (Png et al., 2011). Other GWAS have found that HLA-DRB1 (rs477515, rs28366298, and rs13204672), HLA-DP (rs7770370), and multiple HLA-DRB1-DQB1 haplotypes are associated with the response to hepatitis B vaccines (Davila et al., 2010; Wu et al., 2015b). Although similar results have been obtained in several additional studies (Yoon et al., 2014; Roh et al., 2016; Sakai et al., 2017), other studies do not support these associations, likely owing to the sample sizes, statistical methods, or the use of different vaccines (Okada et al., 2017; Xu et al., 2017a). A meta-analysis (Li et al., 2013b) has shown that HLA class II genotypes (HLA-DRB1*01, DRB1*1301, DRB1*15, HLA-DQB1*05, DQB1*0501, DQB1*06, DQB1*0602) are associated with the antibody response to the hepatitis B vaccine, while the opposite results were found for DRB1*03 (DRB1*0301), DRB1*04, DRB1*07, DRB1*1302, and DQB1*02. Taken together, HLA is an important marker for the response to the hepatitis B vaccine; multicenter studies are needed for verification and to determine the mechanism underlying this association.

Cytokines play key roles in regulating immune responses and may modulate responses to HBV vaccines (Harber et al., 2000; Howe et al., 2005). Among these cytokine genes, IL-4 induces the differentiation of naive helper T cells to Th2 cells and is a key regulator of humoral immune responses. Genetic polymorphisms in IL-4 have been reported to be associated with the response to the hepatitis B vaccine in many studies (Chen et al., 2011; Wang et al., 2012), such as IL-4 (rs2070874, rs2243250, rs2227282, rs2243248, rs2227284) (Chen et al., 2011; Wang et al., 2012), IL-4RA (rs1805015) (Chen et al., 2011), IL-12B (rs17860508) (Pan et al., 2012b), and IL-13 (rs1295686) (Chen et al., 2011) that are associated with responses to the hepatitis B vaccine. In a meta-analysis of eight published studies, Cui et al. (Cui et al., 2013) evaluated associations of IL4 genetic polymorphisms, including rs2243250 (C > T), rs2070874 (C > T), rs2227284 (A > C), rs2227282 (C > G), and rs2243248 (G > T), with the response to the hepatitis B vaccine. The analysis suggested that the T allele of rs2243250, the T allele of rs2070874, and the C allele of rs2227284 in IL4 may be useful biomarkers for predicting favorable responses to the hepatitis B vaccine, especially in the Asian population. Relatively few studies have examined other cytokine genes.

Other studies have suggested that polymorphisms in other host genes (BTNL2, FOXP1, LILRB4, TLR2, VDR, etc.) may be related to responses to hepatitis B vaccination (Davila et al., 2010; Chen et al., 2011; Grzegorzewska et al., 2014), but further validation of these results is required.

The overall success rate of vaccination is about 90% (Zuckerman, 2006), and the factors that affect the success of vaccination mainly include 1) the type of vaccine; 2) the dose, mode, and frequency of inoculation; 3) the vaccination schedule; 4) ethnic differences; 5) the age at vaccination; 6) the presence of severe heart, liver, and kidney disease; 7) OBI status; and 8) assessment criteria for successful vaccination. When analyzing the effect of SNPs on the success of vaccination, it is important to match patients with respect to the main factors or perform appropriate statistical analyses to account for these factors. However, at present, correlation analyses are relatively simple. In addition, most subjects are under 20 years of age, and age is related to the rate of antibody production in response to the hepatitis B vaccine. These factors can lead to differences and contradictory results among studies. Further in-depth analyses of host genes may be helpful for understanding the mechanisms underlying the response to hepatitis B vaccination and for exploring new approaches for the development of more effective hepatitis B vaccines. Furthermore, studies should evaluate whether so-called non-responders, who do not produce anti-HBs antibodies after vaccination, may develop chronic HBV infection. It would be useful to determine the genetic factors leading to non-responsiveness to HBV vaccines.

Conclusion

A large number of studies have reported host genetic factors that are associated with chronic HBV infection, clinical type, therapeutic responses, or responses to hepatitis B vaccines (Figure 2). Host innate and adaptive immunity represent the major determinants of the outcome of HBV infection. The genetic diversity of many genes related to innate and adaptive immunity have been found to be relevant for hepatitis B vaccination, HBV infection, and antiviral therapy (Figure 3).


[image: ]

Figure 3 | Host genes and immune mechanisms involved in HBV infection. Host innate and adaptive immunity represent the major determinants of the outcome of HBV infection. The genetic diversity of many genes related to innate and adaptive immunity have been found to be relevant for hepatitis B vaccination, HBV infection, and antiviral therapy. Blue letters show the relevant genes identified in the previous studies. The bold and italic letters indicate a high degree or potential correlation of the indicated host factors to clinical features of HBV infection.



HBV vaccines induce specific B cell responses, leading to the production of protective antibodies. The genetic polymorphism in many genes like HLAs and IL-4 has an impact on antigen presentation or cytokine production and thereby on antibody production, resulting in different degrees of responsiveness to vaccination (Png et al., 2011; Wang et al., 2012; Cui et al., 2013; Li et al., 2013b; Akcay et al., 2018; Nishida et al., 2018). The polymorphism in NTCP may determine the process of HBV entry (Yan et al., 2012a; Hu et al., 2016; Yang et al., 2016a; Nfor et al., 2018; Wu et al., 2018a). Many host factors may influence the innate and adaptive immunity including activation and phagocytosis of macrophages, antigen presentation by APCs, and priming and functionality of HBV-specific T cells, influencing HBV clearance and persistence (Bertoletti and Ferrari, 2016; Akcay et al., 2018; Lang et al., 2019; Rehermann and Thimme, 2019). It is well recognized that the recognition and presentation of HBV antigens by DCs to specific T cells initiate specific T cell antibody responses (Schurich et al., 2011; Das et al., 2012; Guidotti et al., 2015; Gehring and Protzer, 2019; Rehermann and Thimme, 2019; Zhu et al., 2019). IFNs and proinflammatory cytokines also contribute to HBV pathogenesis and control (Maini and Gehring, 2016; Hong and Bertoletti, 2017; Lang et al., 2019; Zhu et al., 2019). The genetic polymorphisms in relevant human genes could directly or indirectly determine these immune functions (Figure 3). Owing to the complexity of the genetic basis for infection characteristics, it is unlikely that clinical parameters can be attributed to variation in a single genetic factor. Furthermore, contradictory results are not unexpected. As age and mother-to-child transmission of HBV infection have great impacts (Li et al., 2015), host genetic factors are usually not the only determinants for chronic HBV infection, HBV intrauterine infection, its clinical outcome, or antiviral therapies.

Owing to the complexity of the pathogenesis of HBV, future studies should apply strict criteria for patient selection and for the selection of matched controls according to various factors, like age, route of transmission, time of infection, race, and host immune status, to identify relevant host factors. It is also necessary to standardize the diagnosis of HBV-related diseases. Results should be verified using different ethnic groups and confirmed by future controlled studies with large sample sizes as well as meta-analyses. Importantly, understanding the biological functions of candidate genetic markers is essential to gain mechanistic insight into HBV-related diseases.

At the moment, genetic markers associated with host responses to HBV infection/vaccines and HBV-related diseases could be classified into three categories according to the quality of studies. Some markers, like human HLAs, are clearly important determinants of HBV pathogenesis and the response to HBV vaccines. However, the precise functions of these loci in HBV infection are unclear. For example, the immunological effects of genetic variation in HLAs are not obvious, though these mutations are likely to contribute to HBV-specific immunity. Future research should consider interactions between genetic factors and other factors, including viral genotypes/subtypes, population characteristics, other genes, and environmental factors (Table 1; Table S1). Additional candidate genes that may play a role in the pathogenesis of HBV require confirmation by large-scale, multi-center validation studies. In these future studies, it will be important to stratify populations, match samples, and choose appropriate control groups to improve the reliability of results (Table 1; Table S1). Additional candidate genes with unconfirmed relevance owing to small samples sizes and studies with different designs should be evaluated by future controlled studies with suitable study subjects and meta-analyses (Table 1; Table S1).

Recently, our understanding in HBV infection and pathogenesis is fast growing. The knowledge about the molecular and physiological mechanisms of HBV pathogenesis will help us to improve future study design and develop better criteria for patient recruitment. New diagnostic methods like quantitative HBsAg and anti-HBc assays may provide more information to select suitable patient cohorts. The development of genomic and proteomic analysis tools will also enable us to define novel parameters—for example, at the level of single cells or protein chemistry, thereby opening new ways to define genetic determinants for HBV pathogenesis.
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In this review, we present the main large-scale experimental studies that have been performed in the HIV/AIDS field. These “omics” studies are based on several technologies including genotyping, RNA interference, and transcriptome or epigenome analysis. Due to the direct connection with disease evolution, there has been a large focus on genotyping cohorts of well-characterized patients through genome-wide association studies (GWASs), but there have also been several in vitro studies such as small interfering RNA (siRNA) interference or transcriptome analyses of HIV-1–infected cells. After describing the major results obtained with these omics technologies—including some with a high relevance for HIV-1 treatment—we discuss the next steps that the community needs to embrace in order to derive new actionable therapeutic or diagnostic targets. Only integrative approaches that combine all big data results and consider their complex interactions will allow us to capture the global picture of HIV molecular pathogenesis. This novel challenge will require large collaborative efforts and represents a huge open field for innovative bioinformatics approaches.
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Introduction

HIV remains a major global public health issue, having claimed more than 35 million lives so far. In 2017, 940,000 people died from HIV-related causes globally (Global AIDS Update, 2016). The active anti-retroviral therapies are efficient and have saved many lives but still present multiple caveats: need for high compliance, permanent treatment, and unwanted side effects and complications (Li et al., 2017). Developing alternative and simple solutions such as immunoprophylactic or immunotherapeutic options remains a public health priority. In line with this, a better understanding of the molecular etiology of disease progression is essential.

Due to the impact of the disease in the Western world, HIV research has been the subject of intense efforts for the past 35 years and has helped in promoting several new research technologies, in particular with high-throughput studies from the “omics” era.

In this review, we will present large-scale studies based on various technologies that have been undertaken to tackle HIV molecular etiology and their main results. These large-scale studies encompass mainly genomics with genome-wide association studies (GWASs) based on genotyping chips and with exome sequencing, transcriptomic studies from SIV and HIV patient cells, and small interfering RNA (siRNA) studies in sensitive cell lines. We will also briefly describe the results obtained from proteomics and epigenomics screenings.

A Short Recall on HIV-1 Infection and Markers

There are three successive stages in HIV infection: the acute primary infection, the asymptomatic stage and symptomatic HIV infection, and acquired immunodeficiency syndrome (AIDS). Depending on the individual, AIDS, the most advanced stage of the infection course, can occur within a few months to several years after HIV infection, with an average of around 8 years in the Western world. This stage has been defined by the Center for Disease Control (CDC) either as a drop of CD4 T-cell count below 200/mm3 or as the appearance of opportunistic infections or some cancers (Center for Disease Control and Prevention, 1992). Quite early, AIDS cohorts were enrolled and prospectively followed, and it became apparent that this infection was exhibiting a considerable phenotypic heterogeneity at different levels: virus acquisition, disease progression, viral load control, and response to treatment (Langlade-Demoyen et al., 1994; Ludlam et al., 1985; Fowke et al., 1996; Pantaleo and Fauci, 1996; Hetherington et al., 2002; Mallal et al., 2002; Saksena et al., 2007). For instance, some individuals, called long-term non-progressors, are infected but never progress to AIDS; the elite controllers have never exhibited any detectable viral load; and the rapid progressors reach the AIDS stage within a few months following their infection. This phenotypic variability may be attributed to a complex interplay between viral, environmental, and host genetic factors that could be investigated through several types of large-scale studies or omics.

If the CD4 cell count was the major marker to follow HIV-1 infection and immune deficiency in patients in the early 1980s, the progress of molecular biology techniques has made it possible to measure precisely HIV-1 viral load in the blood (i.e., the number of viral particles present in each ml of serum) by the late 1990s. Together with the CD4 cell count, this marker has become very useful to evaluate the status of an infected patient, either a low viral load suggesting a good control of HIV-1 infection or a high viral load suggesting a progressive infection at an early stage of infection or an uncontrolled infection at a late disease stage (AIDS). Most cohorts focus on viral load outcomes (e.g., viral control, viral load at set point), but (slow and rapid) progression phenotypes have also been defined based on the CD4 counts (e.g., the GRIV cohort).

Genetic Association Studies

Host genes associated with various phenotypes have been extensively explored since the mid-1990s. The concept is as follows: if a particular phenotype (for instance, elite control) is statistically associated with the presence or absence of a genetic variant, the corresponding gene or its product may be involved in the molecular mechanisms of viral infection/dissemination. Genetic association studies can thus provide new clues on the molecular mechanisms of infection and disease progression and, in the long run, identify new targets for the development of new therapeutic or diagnostic strategies. Initial studies have focused on candidate genes such as HLA (Kaslow et al., 1996; Carrington et al., 1999; Hendel et al., 1999), and a large number of host genetic associations with HIV outcomes have been identified. The main confirmed association was a 32-base-pair deletion in the CCR5 gene (CCR5-Δ32) (Dean et al., 1996; Liu et al., 1996; Samson et al., 1996; Rappaport et al., 1997), but other variants closely located in the CCR5 promoter (Martin et al., 1998; McDermott et al., 1998) or in the nearby CCR2 gene (Smith et al., 1997) were also influential. This deletion led to the expression of a truncated and non-functional cell surface CCR5 protein that happened to be the major HIV-1 entry co-receptor (Alkhatib et al., 1996; Deng et al., 1996; Liu et al., 1996). Other candidate gene studies pointed to immunity-related genes (e.g., KIR, IL10, IFNγ) and genes encoding HIV restriction factors (e.g., CCL5, APOBEC3G, CUL5) but were only partially replicated according to the phenotype and cohort tested. The functional interpretation for most of these variants is yet to be discovered, but the detailed account of each candidate gene is beyond the scope of this article and has been covered by previous enlightening reviews (Fellay, 2009; An and Winkler, 2010). Overall, most of the candidate gene associations displayed small to modest effect sizes and, combined all together, account for a small fraction of the phenotype variability (O’Brien and Nelson, 2004).

Genome-Wide Association Studies

It was only in 2007 that the first large-scale genetic association studies or GWASs have been published with the seminal publication by Fellay et al. that focused mainly on viral load at set point as the main phenotype of interest (Fellay et al., 2007). These large-scale genomic studies have relied on genotyping chips targeting simultaneously hundreds of thousands to millions of specific genetic markers called single nucleotide polymorphisms (SNPs), the most frequent polymorphisms in the human genome, that can be rapidly and easily genotyped. In contrast to the candidate gene strategy, this approach measures and analyzes gene variants across the whole human genome in an effort to identify common genetic risk factors in the population without any biological hypothesis a priori. Since the 2007 publication, GWASs have taken the place of candidate gene studies in AIDS. More than 20 GWASs focusing on various phenotypes and cohorts have been published, and Table 1 summarizes these studies with their main characteristics (see also (Limou and Zagury, 2013)): date of the publication, origin of the cohort, size of the cohort, phenotype(s) of interest, genotyping chip type, associated SNP(s), best P-value, possible causing gene(s) involved, and publication reference number.


Table 1 | GWASs published in the AIDS field since 2007. 5×10−8 is the standard threshold for considering an association as significant in a GWAS, and the significant ones in the table are in bold.
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The following major conclusions can be underlined from these GWA studies:

1.	One signal was repeatedly replicated in several cohorts (of European descent) both for the viral load phenotype and also for the non-progression phenotype: rs2395029, an SNP in the HCP5 gene within the MHC region, which was described in nearly full linkage disequilibrium (LD) with the HLA-B*5701 allele (Fellay et al., 2007; Dalmasso et al., 2008; Limou et al., 2009; McLaren et al., 2013; McLaren et al., 2017). This HLA allele could be critical for the destruction of infected cells via a yet-unidentified CD8 T-cell epitope, but we cannot exclude a role for other polymorphisms in the HLA region and possibly outside of the class I HLA genes, with relevant genes highlighted through LD such as MICB and TNF (Kulkarni et al., 2011). Similarly, in African Americans, the HLA-B*5703 allele was demonstrated to be important for viral control (Pelak et al., 2010; McLaren et al., 2012; McLaren et al., 2017). Beyond B*57 alleles, HLA seems to play a major role in viral control, as another SNP located 35 kb upstream of HLA-C was also identified in Europeans (Limou et al., 2009; McLaren et al., 2017). This −35 kb SNP was correlated with higher HLA-C cell surface expression (Thomas et al., 2009), which can be regulated through microRNA (miRNA) binding (Kulkarni et al., 2011) and through the binding of the Oct1 transcription factor (Vince et al., 2016).

2.	In 2011, the HIV/AIDS research community conducted a massive effort to bring together their genomic data in order to gain statistical power of detection. This collaborative effort, named the International Consortium for the Genetics of HIV-1 (ICGH), gathered up to 6,300 HIV-infected individuals and 7,200 HIV-uninfected controls who were genotyped on various Illumina or Affymetrix platforms. A first publication emerged from this consortium in 2013; it focused on HIV-1 acquisition and confirmed the major role of CCR5-Delta32 in resistance to infection but did not identify any additional common genetic variant (McLaren et al., 2013). A second study was published 2 years later on viral control and disease progression and confirmed the complementary roles of CCR5 locus variants and of HLA genetic variants coding for amino acids in the peptide binding grooves of HLA-A and HLA-B (McLaren et al., 2015). In spite of the large sample size, no other locus reached genome-wide significance. These reports conclude that future genetic studies should target other classes of genetic variants (e.g., low or rare frequency), non-European populations, and well-defined homogeneous phenotypes (McLaren et al., 2015).

3.	In addition, the numerous GWASs have identified novel candidate genes, which all deserve further exploration, notably the ones that reached genome-wide significance (see Table 1). In particular, a genetic variant within the CXCR6 gene was associated with long-term non-progression in four independent cohorts (Limou et al., 2010). This signal was only identified in individuals without sustained viral control, which explains why it was not highlighted in the consortium that mainly focused on viral control. Finally, the absence of replication for many other signals presented in Table 1 does not discount their scientific interest but complicates their biological interpretation.

Next-Generation Sequencing Studies

GWASs rely on common SNPs (typically >1% in the population) and hardly take into account the possible effect of rare variants or other classes of genetic polymorphisms such as indels or copy number variants that can also significantly impact disease outcome. To investigate the impact of such variants, we first focused on low-frequency SNPs (<5%) in our progression GWASs and identified the gene RICH2 associated with non-progression, which interacts with BST-2, a major known HIV restriction factor (Le Clerc et al., 2011). Later, several studies based on next-generation sequencing (NGS) have emerged. Due to the high cost of such studies and to maximize statistical power of detection, these screenings have targeted coding variants (exome) and patients with very specific and extreme disease outcome. To our knowledge, only one publication has emerged from these studies (McLaren et al., 2017), which focused on 1,327 subjects, many of whom were elite and viral controllers. In spite of the significant number of patients studied, only variants in the HLA region came out, and this study suggested that exonic variants with large effect sizes are unlikely to have a major contribution to host control of HIV infection  (McLaren et al., 2017).

Functional Genomic Screenings

Systematic inactivation of gene expression through siRNA and small hairpin RNA (shRNA) offers a unique chance to identify host genes required for HIV replication. In large-scale studies, authors used siRNAs (Brass et al., 2008; Konig et al., 2008; Zhou et al., 2008) or shRNAs (Yeung et al., 2009) to silence in vitro most known genes one by one in HIV permissive cell lines. These screenings identified 273 (Brass et al., 2008), 213 (Konig et al., 2008), 311 (Zhou et al., 2008), and 252 (Yeung et al., 2009) HIV host dependency factors, respectively, for a total of 842 putative candidates. However, the overlap between the different studies was very low, suggesting low reproducibility and/or high false positive, which might not be surprising considering the different experimental models (cell lines, HIV strains, and measurement modes of HIV replication). Overall, these studies still provide an interesting list of candidate cellular factors and pathways potentially implicated in HIV-1 replication that could be considered as relevant targets for drug development.

The development of the CRISPR–Cas9 technology to screen each gene with a library of single-guided RNA offers a greater sensitivity and specificity than interference based-RNA (Wang et al., 2014). A recent report used this technology to screen a CD4 T-cell line and identified five host factors required for HIV replication, including CD4, C-C motif chemokine receptor 5 (CCR5), and activated leukocyte cell adhesion molecule (ALCAM (Park et al., 2017). These factors were further validated in primary human CD4 T-cells and therefore represent major candidates for a therapeutic intervention.

Transcriptomic Studies

The first descriptions of transcriptome analysis by DNA microarrays were in cancer in 2002 (Pomeroy et al., 2002; van ‘t Veer et al., 2002). In AIDS, the first large-scale transcriptomic study (4,600 transcripts) was published in 2003 (van ‘t Wout et al., 2003). This study analyzed gene expression in HIV-infected CD4 T-cell lines at different time points and revealed the inhibition of genes involved in cell division, transcription, translation, splicing, and also cholesterol biosynthesis (van ‘t Wout et al., 2003). An exon transcriptome microarray analysis of purified HIV-infected cells revealed host cell factors required for viral replication and alternative splicing events (Imbeault et al., 2012). A bioinformatic analysis of HIV-resistant activated CD4 T-cells (due to CD3/CD28 antibodies’ co-stimulation) highlighted a few dozen genes critical for resistance or permissivity (Xu et al., 2013).

Several microarray studies focused on non-human primate models, such as cynomolgus monkeys (Bosinger et al., 2004) and African green monkeys (non-pathogenic model) vs. rhesus macaques (pathogenic model) (Jacquelin et al., 2009). These reports mainly identified a major role for IFN-stimulated genes, as well as a differential expression of some innate genes (such as LPS receptors CD14 and TLR4) and some apoptosis-related genes (Bosinger et al., 2004).

Finally, numerous transcriptome studies explored differential gene expression in HIV-infected individuals. A first report in 2005 claimed to have found (Ockenhouse et al., 2005) a 10-gene signature for HIV-1 serostatus and a 6-gene signature for subjects experiencing a CD4+ T-cell decrease (Ockenhouse et al., 2005). The genes identified were primarily linked with immune response and apoptosis, mitochondrial function, and RNA binding (downregulated in subjects with better prognosis) (Ockenhouse et al., 2005). A study focusing on HIV-1–resistant individuals (Huang et al., 2011) found a set of 185 HIV-1 resistance genes, suggesting a major role for nef in disease pathogenesis, and among them pointed out 29 potential targets for AIDS prevention or therapy (Huang et al., 2011). By comparing the complementary DNA (cDNA) profiles of CD3+ T-cells in long-term non-progressors vs. medium progressors (Salgado et al., 2011), 325 genes appeared over-expressed in regular progressors (from DNA replication, cell cycle, and DNA damage pathways), vs. 136 over-expressed genes in long-term non-progressors (from cytokine–cytokine receptor interaction and negative control of apoptosis pathways) (Salgado et al., 2011). The transcriptome comparison of CD4+ T-cells and CD8+ T-cells from rapid progressors, viremic non-progressors, and elite controllers showed a lower expression of IFN-stimulated genes and an upregulation of CASP1, CD38, LAG3, TNFSF13B, SOCS1, and EEF1D genes in viremic non-progressors (Rotger et al., 2011). Finally, a transcriptomic screening also targeted miRNA expression profiles in peripheral blood mononuclear cell (PBMC) from rapid and chronic progressors and identified five downregulated miRNAs in rapid progressors that all converged to the apoptosis pathway (Zhang et al., 2013).

Proteomic and Epigenomic Studies

Some proteomic studies have also been performed, but they were not very reproducible, as indicated in a recent review by Donnelly and Ciborowski (2016). To our knowledge, few epigenomic studies have been published to date in HIV/AIDS. One Korean group performed two chromatin immunoprecipitation sequencing (ChIP-seq) analyses in HIV latently infected CD4 T-cell lines to investigate the impact of H3K4me3 and H3K9ac histone modifications on latency. They revealed several potential candidate genes, including NFIX, tumor necrosis factor (TNF) receptor association factor 4 (TRAF4), and cell cycle regulating genes such as CDKN1A (p21) and CCND2 (Park et al., 2014; Kim et al., 2017). Finally, the blood DNA methylation signatures of HIV-infected and uninfected subjects were compared through an epigenome-wide association study (EWAS), which highlighted a down-methylation of NLC5 promoter in HIV-infected subjects (Zhang et al., 2016). This host gene encodes a key regulator of class I HLA gene expression and confirms the major role of the MHC locus in HIV viral control. Interestingly, NLC5 promoter and additional MHC clusters also appeared differentially methylated in HIV–Hepatitis C virus (HCV) co-infected subjects (Zhang et al., 2017), emphasizing the importance of inflammation-related genes in the course of HIV infection. Overall, these studies are promising and underline the need for additional large-scale epigenetic studies in order to better capture the breadth of host–HIV complex interactions.

Conclusion and Future Directions

In this review, we have presented numerous large-scale genomic and transcriptomic analyses that have taken place in the AIDS field, which are the consequences of the progress in molecular biology and biochemistry technologies. One can see that a huge research effort has been dedicated to genetic association studies, and this is logical since this experimental approach deals with real in vivo data, i.e., cohorts of patients and HIV-1 infection in vivo. Nevertheless, it was slightly surprising to observe that the main signals found by GWAS, in the HLA and CCR5 loci, had already been identified by previous candidate gene approaches. This apparent limitation could be explained by the yet-unidentified role of other polymorphisms such as copy number variations (CNVs) or interacting gene variants. It could also be explained by the statistical constraints (such as stringent multiple testing corrections) that limit the use of genetic association data (numerous false negatives) and the overall low number of samples at stake (a few thousands) compared to other human diseases such as diabetes or obesity (hundreds of thousands) (Shungin et al., 2015; Fuchsberger et al., 2016). In light of the available biological information provided by the other large-scale studies such as transcriptomic or functional genomic studies presented in this review, it appears important to reanalyze the genomic data by integrating biological information in order to enhance the genetic association results. For instance, our group has successfully implemented such approaches by pre-selecting relevant SNPs defined either by their low frequency (Le Clerc et al., 2011) or by their functional impact as potential expression quantitative trait loci (eQTLs) (Spadoni et al., 2015). More generally, there are several methods for data integration, the first one being to cross-check the results obtained by one method through another, for instance, using GWAS to identify SNPs with low P-values, even non-significant, and then using transcriptomics to pick genes that are differentially expressed in a relevant cell type or tissue. By combining two (or more) methods, researchers can zoom in on specific genes of high interest. This has been implemented with the development of PrediScan (Gamazon et al., 2015). Another example of cross-checking is the results obtained by metabolome analysis and GWAS in which the researchers have found that metabolites present at high levels in the blood of some subjects are highly correlated with specific variants present in the genes of enzymes involved in their metabolism (Illig et al., 2010). Other methods of data integration rely on rescuing genes by correlating signals not only at the gene level but also at the pathway level: for instance, one can suspect that if a gene X in a biological pathway is important for a clinical phenotype, the genes present upstream in the biological pathway may impact this gene X expression and, as a consequence, also become targets of interest. One will thus have to look for cross-checks at the level of pathways (Chen et al., 2011). Importantly, it is essential for data integration to perform all these cross-checks in a smart and automated manner. Finally, more sophisticated statistical approaches have recently emerged outside of the HIV field, such as the Bayesian method for data integration (Kichaev et al., 2014; Pickrell, 2014; Finucane et al., 2015; Yang et al., 2017; International Multiple Sclerosis Genetics Consortium, 2019). These new methods are yet to be implemented in the relatively small HIV/AIDS cohorts but might reveal novel underlying physiopathological mechanisms.

With the massive research effort to fight AIDS, this has been a true field of experimentation and development for novel technologies. A first challenge is now the cross-usage of all this information gathered from so many large-scale studies, to transform this “gold mine” into diagnostic or therapy strategies to fight AIDS, and the same integration of omics big data should of course take place also for other human diseases. This systems biology challenge has not yet been met. A second challenge is to pursue the exploration of alternative technologies such as epigenomics or proteomics to derive more understanding of HIV-1 molecular pathogenesis. We hope that the AIDS field will remain a “cultural” leader for research progress in order to fully understand the molecular mechanisms at stake in HIV-1 infection and AIDS and allow the rationale development of diagnostic and therapeutic strategies to finally tackle the HIV-1 virus.
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Protein symbol

ACBDS

ADNP
cDo7

CDHé
CREBRF
CYSLTR1

DNAJC16

FBXO11
HIPK3
JAGT

KAT6A

PAG1

PIA2
RAD21

Protein Name

Acyl-CoA binding domain containing 5

Activity-dependent neuroprotector homeobox
Adhesion G protein-coupled receptor ES

Cadherin 6
CREBS regulatory factor
Cysteine leukotriene receptor 1

DnaJ heat shock protein family (Hsp40)
member C16

F-box protein 11
Homeodomain-interacting protein kinase 3
Jagged 1

Lysine acetyltransferase 6A

Phosphoprotein membrane anchor with
glycosphingolipid microdomains 1

Praja ring finger ubiquitin ligase 2
RAD21 cohesin complex component

Function

It acts as the peroxisome receptor for degradiation of damaged peroxisomes and proteins (46).
Mutation in the gene is associated with Thrombocytopenia (47).

Itis a neuroprotective molecule (45).

Leukocyte receptor involved in wide range of functions including cell adhesion and migration
(48, 49).

Role in Homophilic cell adhesion (50).

It assists unfolded protein response during endoplasmic reticulum stress (51).

Itis involved in stimulating the activity of mast cells, eosinophil, dendiitic cells and neutrophils
(52,59).

It belongs to DnaJ/Hsp40 family that acts as co-chaperone for Hsp70 proteins mediating
folding of substrates in cytosol during cell stress (54).

It regulates Pr-Set7/Set8-Mediated Cellular Migration (55).

It promotes Resistance to Fas-mediated Apoptosis in DU 145 Prostate Carcinorma Celis (56).
It binds with the CD46 receptor and mediates induction of interferon-y (IFN-y)-secreting
effector T helper type 1 (TH1) cells and their subsequent switch into interleukin 10
(IL-10)-producing regulatory T cells (57).

Increases effector-fike memory CD8+ T cells and cell surface CD8 and TCR levels (55).

The complex of PAG with tyrosine kinase (Csk) transmits negative regulatory signals and thus
may help to keep resting T cels in a quiescent state (59).

It regulates transcription of HIV Virus by degrading Tat (60).

Plays a role in apoptosis, via its cleavage by caspase-3/CASPS or caspase-7/CASP7 during
early steps of apoptosis (61).
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screen
Brass et al., RNAI Hel.a-derived HIV-1 llIB Brass et al., 2008
2008 TZM-bl cells
Konig et al., RNAi HEK-293 T HIV-1 VSV-G  Konig et al., 2008
2008 cells
Zhou et al., RNAi Hela P4-R5 HIV-1 HXB2 Zhou et al., 2008
2008
Zhu et al., 2014 RNAI HelLa MAGI HIV-1 1IIB Zhu et al., 2014
Park et al., CRISPR  GXRCas9 HIV-1 JR-CSF  Park et al., 2017
2017

"Cell types used for RNAi or CRISPR screening. 2HIV-1 strains used for RNAi
screens.





OPS/images/fimmu-10-00053/crossmark.jpg
©

2

i

|





OPS/images/fmicb-09-03228/fmicb-09-03228-t001.jpg
Gene

IFITM3

IFITM3

IFITM3

IFITM2

Variant

rs34481144

A21 IFITM3/rs12252

H3Q/rs1136853

A20 IFITM2

Allele Frequency

All:
AFR:

AMR:

EAS:
EUR:
SAS:
All:

AFR:

AMR:

EAS:
EUR:
SAS:
All:

AFR:

AMR:

EAS:
EUR:
SAS:

Alternative transcription start site

G:0.822; A:0.178
G:0.957; A:0.043
G:0.767; A:0.233
G:0.994; A:0.006
G:0.538; A0.462
G:0.793; A: 0.207
T:0.764; C:0.236
T: 0.760; C:0.260
T:0.823; C:0.177
T: 0.472; C:0.528
T: 0.959; C:0.041
T: 0.853; C:0.147
C:0.961; A:0.039
C:0.948; A:0.052
C:0.970; A:0.030
C:1.000

C:0.971; A:0.029
C:0.920; A:0.080

Protein expression or

steady

IFITM3 Expression is

downregulated

Similar to wild type

Not available

Similar to wild type

AFR, African; AMR, Admixed American; EAS, East Asian; EUR, European; SAS, South Asian.

Subcellular
distribution

Endosome and
lysosome

Endolysosome and
periphery of plasm
membrane

Not available

Endolysosome and
plasm membrane

Restriction of IAV

Largely attenuated

Lower CD8* T cells

Attenuated

Similar to wild type

Not available

Restriction of
HIv-1

Not available

Enhanced

Not available

Enhanced inhibition
of X4 HIV-1





OPS/images/fmicb-09-03228/fmicb-09-03228-t002.jpg
Study of rs12252 Allele Frequency Genotype Frequency (%) Allelic P-value
(patients vs. Control.)
Population c T cc TC ™
Influenza study by Welcome Trust Case Control Consortium 1 0.034 0.966 03 6.7 93.0 0.00006
Everitt et al. (2012) (WTCCCH1, United Kingdom) (N = 2,938)
British hospitalized patients with seasonal 0.094 0.906 5.7 75 86.8
influenza A or B virus or pandemic infiuenza
A pH1N1/09 infection (N = 53)
Influenza study by Han Chinese 1000 Genomes (N = 197) 0.502 0.498 254 498 24.9 0.0001
Zhang et al. (2013) Al hospitalized pH1N1-infected patients 0.657 0.343 422 47.0 108
(N =83)
Mild Infection (N = 51) 0.559 0.441 255 60.8 13.7 0.0006
Severe Infection (N = 32) 0.813 0.187 68.7 25 6.3
Influenza study by Chinese 1000 Genomes 0.445 0.555 26 37 37 <0.05
Wang Z. et al. (2014) Hospitalized H7N influenza patients 0.59 0.41 37 44 19
(N =16)
Influenza study by GRACE healthy control (N = 2623) 0.035 0.965 0.15 77 921 0.753
Mills et al. (2014) GAInS hospitalized patients with severe 0.044 0.956 0 88 91.2
H1N1 infection (N = 34)
Influenza study by General Spanish population (N = 246) 0.0345 0.965 0.0 6.9 93.1
Lopez-Rodriguez et al. (2016)  Patients with influenza virus infection 0.063 0.936 084 110 88.1 0.074
(N=118)
Patients with mild influenza virus infection 0.069 0.931 1.7 10.3 88.0 0.1
N=58)
Hospitalized patients with primary viral 0.058 0.942 0.0 17 88.3 04171
pneumonia (N = 60)
Influenza study by European 1000 Genomes (N = 503) 0.041 0.959 0 8.2 91.8 0.80
Randolph et al. (2017) PICFLU-White non-Hispanic (N = 185) 0.038 0.962 11 54 935
African 1000 Genomes (N = 661) 0.26 0.74 7 38.1 549 0.97
PICFLU-African American (N = 56) 0.258 0.742 71 375 55.4
AIDS (Zhang et al., 2015) Chinese MSM HIV-1-negative control 0.528 0.472 35.20 43.88 20.92 0.441
(N =196)
Acute HIV infection with rapid progression 0.608 0.392 29.73 62.16 8.11
in MSM cohort (N = 74)
HFRS (Xu-Yang et al., 2016) Han Chinese 1000 Genomes (N = 208) 0.522 0.478 2692 5048 2260 0.0076
Chinese patients with severe HFRS (N =41)  0.683 0.317 4390  48.78 7.32

P-value refers to the differences of allele frequencies between patients infected with different viruses and the control group (general population, healthy population or
virus-negatives as used in the specific studies).
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There were no associations between APOL1 kidney risk alleles and incident AIDS. Cox
model results, adjusted for age, sex, HLA-B'57, and HLA Class | homozygosity.
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results were reported. OR, odds ratio; 95% Cl, 95% confidence interval.
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NM Il inhibitors

MicroRNAs (let-7f-5p)
SIRNA

ML-7 and ML-9
BDM

Blebbistatin

NM Il isoforms

NMIIA

NM IIANM 1IB
NM I

NM Il

NM I

Chemotherapeutic effects

Directly bind to 3 UTR of MYH gene
Act on the target mRNA

Potently inhibits MLCK activity

Potently inhibits actin-activated ATPase activity
Potently inhibits ATPase activity

Microbial-triggered discords (references)

PRRSV (Li et al., 2016)
SFTSV (Sun et al., 2014)
HSV-1 (Arii et al., 2010)
EHV-1 (Cymerys et al., 2016)

EHV-1 (Cymerys et al., 2016), HSV-1 (Antoine and Shukia, 2014),
and KSHV (Valiya Veettil et al., 2010)
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Pathogen
EBV
KSHV

HSV-1

EHV-1
Gv
HIV-1
SFTSV

PRRSV

EBV, Epstein Barr virus; KSHV, Kaposi's sarcoma-associated herpesvirus; HSV-1, Herpes simplex virus type 1; EHV-1, Equid herpesvirus type 1; GIV, Grouper iridovirus;

Alteration of NM Il expression or activity

Increased NM lIA expression in nasopharyngeal epithelial cells
Increased activity and expression of NM IIA in HMVEC-d cells;

Induced phosphorylation of NM lIA

Increased both NM lIA and NM 1B cell-surface expression on Vero cells;
Induced redistribution of NM IIA from the cytoplasm to the cell surface
Increased NMIl activity in murine neurons

Induced variable expression of NM 1A

Decreased NM lIA expression in podocyte, murine and human glomerular

Increased NM IIA expression;
Induced redistribution of NM IIA from the cytoplasm to the cell surface

Increased NM IIA expression;
Induced redistribution of NM IIA from the cytoplasm to the cell surface

Increased NM Il expression

Increased activity and expression of NM IIA;
Induced tyrosine-phosphorylation of NM IA

Increased NM l activity at pathogen adherent site

Reference

Xiong et al., 2015
Valiya Veettil et al., 2010; Bandyopadhyay et al., 2014

Avii et al.,, 2010, 2015

Cymerys et al., 2016
Yeh et al., 2008
Hays et al., 2012
Sunetal, 2014

Gaoetal., 2016

Wei et al., 2008b
Almeida et al., 2015

Wang et al., 2017

HIV-1, Human immunodeficiency virus type 1; SFTSV, Severe fever with thrombocytopenia syndrome virus; PRRSY, Porcine reproductive and respiratory syndrome virus;
RDV, Rice dwarf virus; LM, Listeria monocytogenes; NG, Neisseria gonorrhoeae.
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Age VLsetpoint, Log  CD4 T-cell count HLA-B VL at3years after infection,  CD4 deciine to <350
(copies/mi) (cells/yl) alleles. Logu (copies/mi) ‘within 3 years
Bwa/a
1 34 a7 a4 897,851 a2 ¥
2 23 384 1058 851, 851 454 N
3 25 294 919 857,827 310 N
4 26 519 117 558, B51 NO* Y
5 27 443 602 813, 827 506 N
6 2 ag7 455 813, 8'13 NO* ¥
7 a7 404 561 813,813 443 N
8 2 362 820 837,858 502 Y
9 2 341 668 B4, 852 404 N
10 4 368 345 827,852 394 ¥
" 2 250 345 844, 858 375 N
12 2 482 546 B4, 838 502 ¥
13 21 309 505 544, B57 323 N
14 rd 281 505 B44,8'13 307 N
15 a7 385 498 844, 8'13 arr N
16 34 295 933 B2, B52 321 N
7 31 394 530 844, 813 188 N
Mean+SD 309290 373073 57542422
BWE/6.
18 39 424 358 815, 8'15 365 ¥
19 42 490 222 815,835 are ¥
20 56 440 513 508, 654 439 ¥
21 2 a7 827 B39, 815 382 N
22 24 340 303 B840, 867 a67 ¥
23 27 466 899 815, 867 417 ¥
24 38 524 258 B840, 8'15 516 N
25 39 430 196 540, 815 407 Y
2 39 404 454 807, 8'15 395 N
27 49 507 281 508,815 484 Y
28 25 a88 351 846, 8'15 435 ¥
29 23 485 205 855, 8'15 NO Y
30 36 523 554 B840, 846 528 ¥
31 3 460 516 848, 840 5.40 ¥
32 27 442 770 808, 845 418 Y
33 54 430 308 B07, 835 NA -
34 25 446 363 807, 848 315 Y
MeansSD  364%106 448056 43342196 - -
Pyalue 0.195° 0.002° 0083 0188 0013
*Pationts initating ART.

“This patien hac oss than 3 years offolow-up viis ater HIV-1 infecton.
The signifcance of the difersnce n age", VL. set point’, CDA T-col count, VL at 3 years aftr infecton (oatents iniating ART were exclced) between the two groups of indivduals
was assessed in Student’ ttest. Diferences were considered statistcaly sgnificant at P < 0.05,

WFisher's oxact tost.

¥ yoo: N, no: NA, 110t aoolabie: D, 0of delecieck HIVA1, homian inmurodiliciency witis e 1: HUA, humen ieikocyie antiosn: ART, ansrekovil ey WL, viay bied.
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Frequency Host gene References
Common TERT Paterlini-Brechot et al., 2003; Murakami et al.,
2005; Ding et al, 2012; Fujimoto et al, 2012; Sung
etal.,, 2012; Liet al,, 2013; Toh et al., 2013; Lau
etal, 2014; Kawai-Kitahata et al, 2016
Less Common MLL4, CONET Saigo et al., 2008; Ding et al, 2012; Jiang et al.,
2012; Sung et al, 2012; Liet al., 2013
Infrequent SMADS, SENPS, ROCK1, PDGFRB, MAPK1, ANGPT1, CYP2C8, Murakami et al., 2005; Tao et al., 2011; Ding et al.,
CCNA2, MSMB, AIR NTNT, FAS, CONGT, P62 2012; Jiang et al, 2012; Sung et al, 2012; Toh
etal., 2013
Viral gene
Common ct-HBx, HBx-LINE1 RNA hybrid Yin et al,, 2013; Lau et al., 2014; Wang et al., 2014;
Zhuetal,, 2015; Lietal, 2016
Chromosome
Common Chromosome 10, 17, 8p11 Murakami et al, 2005; Ding et al, 2012; Toh etal,

2013; Lau et al., 2014
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Pathway Gene Frequency of Mutations. References
HBV- HCV-HCC  Alcoholic  Combined
Hee Hee etiologies*
Telomere TERT 31%~43% 64%~80%  68%~83%  31%~65%  Naultetal, 2013; Totoki et al, 2014; Fujmoto etal, 2015;
maintenance Schulze et al., 2015; Kawai-Kitahata et al., 2016; Yang Z.
etal, 2016
Wnt/beta-catenin  CTNNBT 10%~16% 24%~42%  33%~50%  11%~46%  Satoh etal, 2000; et al, 2011; Fujmoto etal, 2012;
pathway Guichard et al., 2012; Cleary et al., 2013; Kan et al., 2013;
Ahn et ., 2014; Totoki et al, 2014; Schulze et al,, 2015;
Kawai-Kitahata et al., 2016; Rebouissou et al., 2016; Yao
S.etal, 2016
AXINT 8% 2%~21%  Satoh etal, 2000; Guichard et al, 2012; Kan etal, 2013;
Ahn etal., 2014; Totoki et al, 2014; Schuze et al., 2015;
Kawai-Kitahata et al., 2016
Cell oycle P53 30%~68% 12%~23%  25% 13%~62%  Lietal, 2011; Woo etal., 2011; Fujimoto et al, 2012;
Guichard et al., 2012; Huang et al,, 2012; Cleary et al,, 2013;
Ken et al,, 2013; Naul et al., 2013; Ahn et al., 2014; Meng
etal, 2014; Totoki et al,, 2014; Schulze et al., 2015;
Kawai-Kitahata et al., 2016; Yao S. et al., 2016
IRF2 2%~6%  Guichard et al, 2012; Ahn etal, 2014
RB1 10% 3%~10%  Kanetal., 2013; Ann etal., 2014; Totoki et al,, 2014; Yao
S.etal, 2016
conot 5% O%~6%  Ahnetal, 2014; Totoki et al, 2014; Schulze et al., 2015
CDKN2A 5% 2%~8%  Guichard et al, 2012; Ahn et al, 2014; Totoki et al, 2014;
Schulze et al., 2015; Kawai-Kitahata et al., 2016
Epigenetic ARIDIA 7% 1%~17%  Fujmoto et al, 2012; Guichard et al, 2012; Huang et al.,
modifier 2012; Cleary et al,, 2013; Ahn et al., 2014; Totoki et al, 2014;
Schulze et al., 2016; Kawai-Kitahata et al., 2016; Yao
S.etal, 2016
ARID2 2%~3%  14%~18% 1%~18%  Lietal., 2011; Fujmoto etal, 2012, 2015; Guichard et al,
2012; Huang et al., 2012; Cleary et al., 2013; Ahn et al.,
2014; Totoki et ., 2014; Schuize et al,, 2015;
Kawai-Kitahata et al., 2016; Yao S. et al., 2016
MLL % 2%~7%  Fujimoto etal., 2012; Cleary et al., 2013; Ahn et al, 2014
M2 5% 5%~6%  Cleary etal., 2013; Ahn etal. 2014; Schuize et al., 2015
MLL3 8% 1%~7%  Fujmoto etal, 2012; Cleary et al, 2013; Ahn et al, 2014;
Schulze et al,, 2015
MLL4 3%~7%  Clearyetal, 2013; Schuize et al,, 2015
PIBK/ARYMTOR  RPSGKA3. 5% 2%~10%  Guichard etal, 2012; Ahn et al., 2014; Totoki et al., 2014;
and Ras/Raf/MAP Schulze et al, 2015
kinase pathways
PIK3CA 1%~2%  Guichard etal,, 2012; Totoki et al,, 2014; Schulze et al.,
2015; Kawai-Kitahata et al., 2016
FGF19 5% 0%~6%  Ahnetal, 2014; Totoki et al, 2014; Schulze et ., 2015
Stress oxidative NFE2L2 1%~6%  Guichard etal, 2012; Totoki et al,, 2014; Schulze et al.,
pathway 2015; Kawai-Kitahata et al., 2016
KEAPT 2%~8%  Cleary etal, 2013; Totoki et al, 2014; Schulze et al, 2015
JAK/STAT JAKT 1%~9%  Kan etal, 2013; Ahn etal., 2014; Totoki et al, 2014
pathway
Recurrent focal TERT, FGF19, CCND1, MET, MTDH, BCL9, VEGFA Sawey et al., 2011; Guichard et al,, 2012; Wang et al., 2013;
amplifications Totoki et al,, 2014; Schulze et al., 2016
Homozygous CDKN2A, CDKN2B, CDKN2B, AXINT, IRF2, ARID1A, RPSEKA3 Guichard et al., 2012; Wang et al., 2013; Totoki et al, 2014;
deletions Schulze et al., 2015

HBV, hepatitis B virus; HCC, hepatocelular carcinoma; HCV, hepatitis C virus.
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Mutation Frequency® RR or OR (95% Cl) References

Hee non-HCC
Any preS mutation 455-72.3% 18.1-26.0% 382250561 Liu et al, 2009; Yang et al., 2015
PreS deletion 292:51.1% 11.3-18.2% 3.98 (228695 Liu et al, 2009; Yang et al., 2015
Pres2 start codon mutation 17.7-21.2% 72-80% 2.63(1.30-5.34)° Yang et al., 2015
MATBTT/SW172" Changes over the treatment ‘Cumulative incidence of Yeh et al,, 2011
duration of NAs. HCC: 1.8% (2/113) in the
mutation-absent; 30%
(3/10)inthe

mutation-present

BCP, A1762T/G1764A (K130MNVIST)  66.5%(2,480/3,729) 30.8% (2594/6,511) 3.0 (2.35-3.95) Yang Z. etal, 2016

Enhancer Il, C1653T 26.7-46.2% 13.3-282% 1.83(1 .21-2.76)" Liu et al., 2009; Yang et al., 2015
BCP, T1758V (x1127T) 25.9-46.2% 15.5-235% 2.00(1.492.94° Liu etal, 2009; Yang etal,, 2015
PreC, G1896A 38.8-84.6% 27.9-82.7% 0.7 (0.47-1.26 Liu etal, 2009; Yang etal., 2015
Xmawnts
A10R/S144R double mutation Not reported. Shietal., 2016
XKIBOM-4xXV13114+ XV5M (trple) mutations  41.9% (13/31) 11.9%(5/42) 5.34(1.65-17.309) Leeetal, 2011

Frequency ranges were extracted from studies included in the meta-analyses (Liu et al, 2009; Yeng et al., 2015).
bPooled AR from reference Yang et al. (2015).
Cl, confidence interval: NAs, nucleostlide analogs; OR, odds ratio; RR, relative risk.





