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Editorial on the Research Topic 


Unconventional Animal Models in Infectious Disease Research



Beyond an in vitro setting, the use of a biological system is considered imperious to unravel the enigma of host-pathogen interactions, particularly those eventuating in an infectious disease scenery. In the past two-decades, the use of animal models, especially the unconventional ones, in studying infectious disease occurrence and progression has stemmed out. This rise in the use of animal models in research was greatly reinforced by the furtherance advancements in the field of genetics that has opened up for feasible genetic manipulation of both the host and the pathogen as needed throughout the course of conducted studies. Within this frame of reference, our launched topic envisioned to bring in research work that have used a broad spectrum of unconventional animal models to introduce pioneering findings in host-pathogen interaction studies. These findings will not only shed more light on our understanding of host-pathogen interfaces, but also set the foundation for innovative therapeutic regimens to control infectious diseases.

In the first contributed article to our Research Topic (Li et al.), the authors described the characteristics of the duck enteritis virus (DEV) ICP22 protein and explored its role in DEV replication. Their findings present ICP22 as a non-essential immediate early protein chiefly located in the nucleus of infected duck embryo fibroblasts cells and reveal that ICP22 encloses a classical nuclear localization signal at 305-314 AA, with a need of residue 309 for ICP22 nuclear localization. Moreover, their verdicts evidently highlight the role of the US1 gene encoding ICP22 in DEV replication. One potential benefit of this finding could be implicated in combating Duck plague infectious disease caused by DEV.

Within the poultry viral infectious disease contexture as well, and as part of the ongoing search for novel anti-viral control strategies, the second contributed article to our Research Topic (Hu et al.) present autophagy as a potential therapeutic target for Duck tembusu virus (DTMUV) infection. In this study conducted on ducks as the animal model of choice, and as a follow up on their previous in vitro work divulging that autophagy promotes DTMUV replication (Hu et al., 2020), the authors show that autophagy is triggered in a DTMUV infection setting and that autophagy inhibitors impedes DTMUV replication and attenuates DTMUV-caused pathological manifestations possibly through a host innate immune response-dependent manner.

Owing to the importance of using Drosophila melanogaster in infectious disease research and to our recently achieved ground-breaking findings in host-pathogen interaction studies using the fruit fly model organism (Kamareddine et al., 2018a; Kamareddine et al., 2018b; Jugder et al., 2021), the third contribution to this Research Topic was a review put up by our group to distinctly highlight the importance and advantages of Drosophila as a model organism of choice in host-pathogen interactions studies (Younes et al.). Communally, this review, along with others including another review from our group on a similar subject matter (Kamareddine et al., 2020) aim to provide comprehensive insight into the use of animal models in disease research.

Besides Drosophila, zebrafish also gained great popularity in infectious disease research as a prime model organism. Several studies including that of Johansen and Kremer submitted to our Research Topic, for example, employed the use of zebrafish embryos to unravel the pathogenesis of human diseases. In their study herein, the authors investigated the disease pathogenesis entangled in Mycobacterium fortuitum infection and revealed a role of the cystic fibrosis transmembrane conductance regulator (CFTR) in host immune defense against this pulmonary and extra-pulmonary infection-causing bacteria.

Within the same notion of implementing animal models to decipher key players involved in immune defense mechanisms against invading pathogens, Zhang et al.’s study in this Research Topic exploited the Anopheles gambiae mosquito model, along with genetic and biochemical assays, to underline the role of the clip domain serine protease CLIPB10 in the regulatory network controlling the melanization immune response against the malaria parasites. The findings of this study acquaints previous similar work from this research group on the Anopheles gambiae model organism, mainly those directed towards unraveling the molecular mechanisms of different innate immune arms in the malaria vector against invading pathogens (Yassine et al., 2012; Yassine et al., 2014; Kamareddine et al., 2016; Zhang et al., 2016; El Moussawi et al., 2019).

Lately, the greater wax moth, Galleria mellonella, has been also introduced as a new-fangled model for host-pathogen interaction studies (Bismuth et al., 2019). In their contributed work to this Research Topic, Ménard et al. present larval staged Galleria mellonella as a fast and easy system to use for investigating the role of small regulatory RNAs (sRNAs) in staphylococcus aureus virulence, opening up for similar future studies on other human bacterial pathogens using this model organism. Likewise, Revtovich et al.’s contribution to this Research Topic represent the first developed and characterized “high-throughput C. elegans–E. faecium infection model” used for identifying a spectrum of virulence genes that take part in the pathogenesis of the bacterial infection. Such an established platform could be eventually built on to introduce novel treatment approaches for E. faecium infection, fundamentally those emerging in hospital settings.

Although our Research Topic was particularly directed towards the use of unconventional animal models in infectious disease research, mice as traditional model organisms have always served as a basic platform for in vivo studies. As such, we welcomed the contribution of Ji et al. to this Research Topic whose work relied on the use of a neonatal mouse necrotizing enterocolitis (NEC) model to study the effect of exogenous Autoinducer-2 (AI-2) on intestinal dysbiosis and inflammation and therefore clinch a role of AI-2 in partially rescuing flora disruption and decreasing the inflammatory response in the mouse NEC model.

Owing to the outstretched success we achieved in this volume of our Research Topic, we have now launched volume II under the same topic title in which we welcome more submissions and aim to initiate a useful foundation for interested scientists in this subject matter.
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Editorial on the Research Topic


Unconventional Animal Models in Infectious Disease Research


The multiplicity of host-pathogen interactions associated with infectious diseases frequently necessitate the use of a complicated biological system. Therefore, animal models have contributed substantially to unraveling the physiopathology of infectious diseases. The feasibility to manipulate different animal models aids in (i) discovering the role of host or microbial factors in the infection pathogenesis, (ii) understanding different mechanisms of tissue invasion, host defense, pathogen dissemination. This Research Topic, which includes 8 high-quality research papers (7 original research articles, and 1 review), sheds the light on the use of unconventional model as a platform for advancement in infectious disease research and address novel ground-breaking findings in host-pathogen interaction studies, which paved the way for discovering new therapeutic targets and vaccine development. The most important findings are summarized in Table 1.


Table 1 | Summary for the outcomes of all accepted articles in this special issue.



The first article focused on the role of autophagy during duck tembusu virus (DTMUV) infection using duck as a model (Hu et al.). The authors used two drugs as autophagy regulators, which are rapamycin (autophagy enhancer) and methyladenine and chloroquine (autophagy inhibitor). They discovered that DTMUV infection triggered autophagy in duck’s spleen and brain. They also demonstrated that the autophagy inhibitors suppressed DTMUV replication and reduced DTMUV-induced pathogenic symptoms. They concluded that autophagic regulation was linked to the expression of innate immunity genes such as the pattern recognition receptors, type I interferons, and cytokines.

The second article also utilized ducks to study the role of DEV ICP22 protein in duck enteritis virus (DEV) (Li et al.). DEV duplicate US1 genes encode a DEV ICP22 protein. The authors reported that ICP22 protein, molecular mass of 57 kDa, can enter the nucleus by itself using conventional NLS motif. However, DEV ICP22 protein cannot enter the nucleus after mutating amino acid 309R, demonstrating that this amino acid is the crucial residue for ICP22 localization. Most importantly, they concluded that the DEV ICP22 protein is a non-essential immediate-early protein primarily found in the nucleus of infected duck-embryo-fibroblasts (DEF) cells and that US1 deletion can hamper DEV replication.

Johansen and Kremer were able to show that zebrafish embryos are susceptible to M. fortuitum infection in a dose-dependent manner. Interestingly, they showed that M. fortuitum was able to form granulomas in embryos as early as 2 days post-infection. In addition, they noticed that transient macrophage depletion led to rapid embryo death. Interestingly, they reported that the depletion of cystic fibrosis transmembrane conductance regulator (CFTR) in zebrafish by morpholino significantly increased the mortality rate, bacterial burden, and abscess formation. This is consistent with previous studies showing that CFTR expression on both innate and adaptive immune cells contributes to immunological dysfunction in cystic fibrosis (CF) (Hu et al.; Johansen and Kremer; Li et al.; Sermet-Gaudelus et al., 2003; Bruscia et al., 2009; Bonfield et al., 2012; Richards and Olivier, 2019).

Insect models proved to be very valuable for infectious diseases studies. Ménard et al., developed a non-mammalian infection model using larval G. mellonella to investigate the function of small regulatory RNAs (sRNAs) during S. aureus infection. The authors collected total RNA from S. aureus at several time points during the infection. They concluded that the expression patterns of the examined sRNAs were distinct and fluctuated over time, with small pathogenicity island RNA D (sprD) and small pathogenicity island RNA C (sprC) expression increasing during infection and correlated with larval death. In addition, they found out that when either sprD or sprC is deleted, the decline in insect death rates is delayed. The findings of Ménard et al. shed lights on the usefulness of G. mellonella as an infection model to investigate all 50 bona fide sRNAs known to be expressed by S. aureus.

Zhang et al., also utilized insects as a model to study the function of CLIPB10 in protease cascades “in vivo”. Activation of prophenoxidase (proPO), a form of immune system regulation, leads to the formation of eumelanin on foreign microorganisms. ProPO activation is tightly controlled by different mechanisms including clip domain serine proteases (CLIPs), proteolytically inactive homologs, and serpin inhibitors. The authors studied the function of the CLIPB10 in Anopheles gambiae, which is the most common malaria vector in Sub-Saharan Africa. They reported that CLIPB10 was required for the melanization of ookinete stages of Plasmodium berghei. In addition, recombinant serpin 2 protein, a key inhibitor of the proPO activation cascade, efficiently inhibited CLIPB10 activity in vitro. The authors concluded that CLIPB10 along with CLIPB9 plays a critical role as the second protease with prophenoloxidase-activating function in A. gambiae suggesting functional redundancy in the protease network that controls melanization.

Studying enterococcal pathogenesis generally requires vertebrates’ models, making them slow, expensive, and ethically problematic (Weiner et al., 2016). Therefore, Revtovich et al., developed the first high-throughput Caenorhabditis elegans infection model. They successfully showed that E. faecium could effectively invade and colonize the intestine of C. elegans and elicit an immunological response. They used this model to examine a panel of lab strains with targeted virulence factor deletions. Although deletion of a single virulent factor such as Δfms15 was sufficient to affect virulence, multiple deletions were generally necessary to alter the pathogenesis, implying that host-pathogen interactions are multifactorial.

Autoinducer-2 (AI-2) is thought to be a bacterial interspecies signaling molecule that plays an important role in the physiological behaviors of bacteria. Ji et al., studied the role of AI-2 in Necrotizing enterocolitis (NEC) mouse model. They randomly divided C57BL/6 mice into three groups: control, NEC, and NEC+AI-2 (NA). They reported that AI-2 significantly decreased in the NEC group. In addition, the intestinal injury scores, expression of TLR4, NF‐kB, and proinflammatory factors were reduced in the NA group, whereas the expression of anti-inflammatory factors was increased in the NA group. They concluded that AI-2 partially reverses flora disorder and decreases inflammation in an NEC mouse model.

Younes et al., review discussed the use of drosophila in host–pathogen interaction research. Drosophila has recently gained a lot of attention due to the evolutionarily conserved features with higher vertebrates, such as cascades of the innate immune, pathways of signal transduction, and transcriptional regulators. The versatility, low cost, affordable maintenance, short life cycle, high fecundity, well-characterized genome made drosophila one of the most powerful model species (Younes et al.).
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The duplicate US1 genes of duck enteritis virus (DEV) encode a protein with a conserved Herpes_IE68 domain, which was found to be closely related to the herpes virus immediate early regulatory protein family and is highly conserved among counterparts encoded by Herpes_IE68 genes. Previous studies found the homologous proteins HSV-1 ICP22 and VZV ORF63/ORF70 to be critical for virus transcription and replication. However, little is known about the DEV ICP22 protein. In this paper, we describe the characteristics of this protein based on pharmacological experiments, real-time quantitative Polymerase Chain Reaction, Western blot, and immunofluorescence assays. We also investigate the role of the protein in DEV replication via mutation of US1. As a result, we found that the DEV ICP22 protein is a non-essential immediate early protein predominantly located in the nucleus of infected DEF cells and that DEV replication is impaired by US1 deletion. We also found that ICP22 contains a classical nuclear localization signal (NLS) at 305-312AA, and ICP22 cannot enter the nucleus by itself after mutating residue 309.

Keywords: herpesvirus, DEV, US1, ICP22, IE gene, non-essential, NLS


INTRODUCTION

Duck plague is an acute, febrile, septic, and lethal infectious disease of ducks, geese, and swans (Cheng, 2015). The causative agent of this virus is known as duck plague virus (DPV) or duck enteritis virus (DEV), belonging to the alpha-herpesvirus superfamily of Herpesviridae (Bukreyev et al., 2014). Similar to its homologs, the DEV genome consists of a linear, double-stranded DNA comprising a unique long (UL), a unique short (US), a unique short internal repeat (IRS), and a unique short terminal repeat (TRS) region (UL-IRS-US-TRS) (Wu et al., 2012). Traditionally, viral genes have been believed to be expressed in a temporal cascade sequentially composed of immediate early (IE), early (E), and late (L) genes during lytic infection (Alfonsodunn et al., 2017). IE genes are transcribed immediately upon infection without the requirement of de novo protein synthesis, and early genes are commonly used to regulate viral replication. Late proteins form the capsid or surface receptors.

Although some DEV genes have been studied in depth (Ming-Sheng et al., 2008, 2010; Hua et al., 2009, 2011; Chanjuan et al., 2010; Wei et al., 2010; Wang et al., 2011; Wu et al., 2011; Zhang et al., 2011, 2017; He et al., 2012, 2018; Ying et al., 2012; Liu et al., 2016; Gao et al., 2017; Liu C. et al., 2017; Liu T. et al., 2017; Feng et al., 2018; Ma et al., 2018; You et al., 2018; Zhao et al., 2019), information regarding the DEV US1 gene is extremely limited. It is known that the DEV US1 gene is 990 bp in length and duplicated within the inverted repeat sequences delineating the US region of the genome (Ying et al., 2012). The homolog of its encoded protein ICP22 has been well described in Herpes simplex virus types 1 and 2 (HSV-1 and HSV-2) (Barcy and Corey, 2001; Lei et al., 2012; Zaborowska et al., 2014), Pseudorabies virus (PRV) (Cai et al., 2016), Equine herpes virus types 1 and 4 (EHV-1 and EHV-4) (Holden et al., 1995; Kim et al., 1997; Meulen et al., 2006), Bovine herpes virus type 1 (BHV-1) (Köppel et al., 1997), and Varicella zoster virus (VZV) (Di et al., 2005; Ambagala and Cohen, 2007). As one of the most important immediate early protein of HSV-1, ICP22 plays an important role in virus replication and transcriptional regulation and is necessary for acute replication of HSV-1 in eyes and neurons as well as the establishment of HSV-1 latent infection (Fraser and Rice, 2005; Rice and Davido, 2013).

Shortly after HSV-1 enters susceptible cells, the viral genome is transported to the nucleus, after which HSV-1 effectively recruits the RNA Pol II transcription machinery of host cells to transcribe viral genes at a high level while inhibiting the transcription of most host genes. The mechanism by which Pol II preferentially transcribes viral genes over host genes has not been determined, but some physical changes occur in Pol II itself (Fraser and Rice, 2005). According to previous work, ICP22 mediates two completely different effects on Pol II: induction of Pol IIi formation and loss of Pol II ser-2 phosphorylation (Ser-2P) (Zaborowska et al., 2016). It has also been shown that ICP22 promotes recruitment of the viral genome by transcription elongation factors, such as the FACT complex, to facilitate the transcriptional expression of the viral L gene in the late stage of infection (Fox et al., 2017). Furthermore, in the lytic infection phase of HSV-1 infection, the nucleocapsid assembled in the nucleus needs to enter the cytoplasm after initial packaging in the perinuclear space (Newcomb et al., 2017), with ICP22 having a regulatory role; that is, initial effective packaging of the newly produced nucleocapsid of HSV-1 requires ICP22 (Yuhei et al., 2014). In addition, a novel function of ICP22 was recently identified, involving alteration of chaperone localization in host cells (Köppel et al., 1997). It can be seen from the above research that HSV-1 ICP22 regulates the transcriptional expression of certain viral genes to create a nuclear environment conducive to viral replication, thereby promoting effective virus replication in host cells. Therefore, ICP22 is of great significance to the life cycle of herpes virus in host cells as well as in the interaction between pathogens and host cells.

ORF63, the ICP22 homolog of VZV, which is critical for efficient establishment of latency (Ambagala and Cohen, 2007), does not affect RNAPII phosphorylation or host chaperones (Fraser and Rice, 2005). At the same time, other studies have reported that BICP22, the homolog of ICP22 in BHV-1, exerts a general repressive effect on each kinetic class (Köppel et al., 1997). This finding might indicate that ICP22 acts in a species- or genus-specific manner. At present, the properties of the duplicate DEV US1 genes and their encoded proteins have not been determined, and additional research is warranted to determine whether DEV ICP22 acts in a manner similar to its homologs.

To describe the DEV US1 gene and its encoded protein, an ICP22-specific antibody was prepared, after which RT-qPCR, WB and IFA were used to analyse the transcription, expression level and intracellular localization of the duplicated US1 gene of DEV after infection or eukaryotic transfection. The US1 gene type was assessed using the nucleic acid synthesis inhibitor ACV and the protein synthesis inhibitor CHX (Liu et al., 2015). The results showed that DEV ICP22 is an immediate early protein located in the nucleus of DEF cells, which contains a classical NLS at 305-314 AA of the ICP22 protein. To elucidate the roles of DEV US1 and its NLS in virus replication, a two-step homologous recombination technique was used for US1 mutating, the results showed the US1 gene and its 308-312AA is important for DEV replication. This is the first report of DEV US1 and these details regarding its role in virus replication will be helpful for further investigation of its function and mechanism.



MATERIALS AND METHODS


Cells and Viruses

Monolayer cultures of duck embryo fibroblasts (DEFs) were propagated in Dulbecco's Modified Eagle Medium (DMEM; Gibco, USA) supplemented with 10% newborn bovine serum (NBS) and incubated at 37°C in a 5% CO2 humidified incubator. Wild-type DEV CHv (Ying et al., 2012) and its recombinant virus DEV BAC were generated in our laboratory (Ying et al., 2017).



Plasmid Construction and Transfection

All enzymes used for cloning processes were purchased from Takara (Takara, China), except for MonClone™ Hi-Fusion Cloning Mix V2 (Monad, China). ICP22 ORFs (composed of 990 bp) were amplified via PCR from the genomic DNA of DEV using primers P1 and P2 (Table 1) and purified using a PCR gel purification kit (Tiangen, China). Subsequently, the products were inserted into correspondingly digested pEGFP-N1 and pet32a(+) vectors using EcoR I and Xho I QuickCut enzyme to create the recombinant plasmids EGFP-ICP22 and pet32a(+)-ICP22, and following the same steps for other plasmids. In this study, eukaryotic expression plasmids were transfected into 70–90% confluent cells using Lipofectamine™ 3000 Transfection Reagent (Invitrogen, USA) following the manufacturer's instructions.


Table 1. Primers used in this study.

[image: Table 1]



Generation of a Polyclonal Antibody Against the Recombinant ICP22 Protein

As previously described Cheng et al. (2012), the plasmid pet32a(+)-ICP22 was transformed into Escherichia coli BL21 for protein expression. Bacterial pellets were resuspended in 20 mmol/L Tris-HCL buffer, and the supernatant was incubated with Ni-NTA his• Bind® Resin (Millipore, USA) at low temperature for 2 h. The samples were centrifuged to obtain a precipitate that was washed three times with washing solution to remove non-target proteins. The ICP22 protein was further purified by 10% SDS-PAGE gel and electroelution and used to generate a polyclonal antibody in mice.



Real-Time Quantitative PCR (RT-qPCR)

RT-qPCR was performed primarily according to a previous method (He et al., 2018). Briefly, DEF cells were infected with DEV at an MOI of 10. Total RNA was isolated from the DEV-infected DEF cells at different time points post-infection (0.5, 2, 4, 8, 12, 24, 36, and 72 h) using TRIzol (Invitrogen, USA). cDNA was synthesized in a reverse transcriptase reaction using a PrimeScript™ RT reagent Kit with gDNA Eraser (Takara, China). Subsequently, qPCR was performed in a 10-μL reaction volume. The primers P3 and P4 used are listed in Table 1. The β-actin gene was used as an endogenous control to normalize differences in the amount of total RNA in each sample. RT-qPCR was performed in triplicate and analyzed using the 2−ΔCT threshold cycle method.



Pharmacological Inhibition Reaction

The procedure was performed as described previously (Liu et al., 2015). Briefly, the nucleic acid synthesis inhibitor ACV and the protein synthesis inhibitor CHX were used for determination of the US1 gene type. In brief, total RNA was isolated from DEV-infected DEF cells incubated with ACV or CHX at 24 h post-infection and reverse-transcribed into cDNA. The cDNA was used for PCR analysis, and the product was identified using agarose gel electrophoresis.



Western Blotting Analysis

As previously described Li et al. (2011), DEFs infected with DEV or treated with drugs were harvested at the indicated time points for sample preparation. The samples were separated by 10% SDS-PAGE and transferred to polyvinylidene fluoride (Millipore, USA) membranes. The membranes were blocked with 5% BSA TBS buffer containing 0.05% Tween-20 for 2 h and incubated with the diluted primary antibody for 2 h at 37°C. The membrane was washed with TBST and incubated with goat anti-mouse HRP-labeled IgG (Abcam, Britain) secondary antibodies for 1 h at 37°C. After washing, the membrane was developed using an ECL kit.



Immunofluorescence Assay

IFA was performed as previously described Liu et al. (2015), with minor modifications. Briefly, 4% paraformaldehyde was used to fix DEF cells grown on coverslips in 6-well plates at different time points. The cells were permeabilized in 0.25% Triton X-100 and blocked in 5% BSA at 37°C. The anti-ICP22 antibody and FITC/TRITC-conjugated IgG (Invitrogen, USA) were used as primary and secondary antibodies, respectively. All antibodies were diluted in 1% BSA PBS. The cells were treated with 4'6-diamidino-2-phenylindole (DAPI) for 15 min to stain the nucleus. Images were captured using a fluorescence microscope after the coverslips were sealed onto glass slides with glycerine buffer.



Construction and Identification of the US1 Mutant Viruses

The Red-mediated recombination scheme is shown in Figure 5A (consider the first US1 gene deletion as an example), primarily referring to the method of Tischer et al. (2006, 2010). Transfection of DEV in BAC-ΔUS1-GS1783 and DEV in BAC-2ΔUS1-GS1783 plasmids into DEFs was subsequently performed; when fluorescence was observed, the cell medium was collected to obtain recombinant virus DEV CHv-BAC-G-ΔUS1 (BAC-ΔUS1) and DEV CHv-BAC-G-2ΔUS1 (BAC-2ΔUS1) (Figure 5B). The identification of BAC-ΔUS1 and BAC-2ΔUS1 is depicted in Figure 6. As shown in Figure 6A, 1 μg of plasmid was digested for 30 min with BamH I or Xho I at 37°C, and then agarose gel electrophoresis was carried out at 30 V for ~10 h. We used P7 to identify recombinant viral genomic DNA to ensure that the recombinant virus was not contaminated by the parental strain BAC (Figure 6B). The construction process of DEV CHv-BAC-G-ΔUS1-R309A (BAC-ΔUS1-R309A) and DEV CHv-BAC-G-ΔUS1-308-312AA (BAC-ΔUS1-308-312AA) is the same as above.



Growth Curve and Determination of DNA Copies

Growth curve analysis was performed as described previously (Ma et al., 2018). Briefly, the growth kinetics of US1 mutant viruses were compared to that of the parental strain. Cell cultures were infected at an MOI of 0.01 (multi-step assay) or 2 (single-step assay). After 2 h of adsorption, the cells were washed and then overlaid with DMEM containing 2% NBS. Supernatants and infected cells were separately harvested at 24, 48, 72, 96 h (multi-step assay) or 6, 12, 18, 24, 36 h (single-step assay) at successive intervals, and the amount of infectious virus was determined by plaque assay using DEF cells.

The viral dosage and sampling time points were the same as for the growth curve detection described above. First, the UL30 DNA fragment was amplified with primer P8, and the fragment diluted in a 10-fold gradient was used as a template followed by the addition of primer P9 and probe P10 for qPCR to construct a standard curve: Y = −4.262X+43.675. Primers P8, 9, and 10 used in this part are listed in Table 1. The viral DNA in the samples was extracted using a Viral RNA/DNA Extraction Kit (Takara, China). qPCR was performed after the addition of primer P9 and probe P10, and viral DNA copies were estimated at various time points using the standard curve. All of the analyses were performed independently in triplicate with the standard error.




RESULTS


Generation of a Polyclonal Antibody Against the Recombinant ICP22 Protein

Polyclonal antiserum was generated using purified protein ICP22 to evaluate changes in intracellular localization and protein expression of DEV US1. As shown in Figure 1A, a distinct band with a molecular mass of ~75 kDa was visible when pet32a(+)-ICP22 expression was induced using IPTG in E. coli BL21 at 37°C for 6 h; the ICP22 protein molecular mass is ~35 kDa, that of the His-tagged protein is approximately 17 kDa, and pet32a(+) is approximately 20 kDa. Next, the fusion protein was purified by gel electrophoresis and electroelution to generate the mouse anti-ICP22 protein polyclonal antibody. After a total of 5 weeks, polyclonal sera were collected, and the ELISA titer of the anti-US1 antibody was determined to be 1:32,000.


[image: Figure 1]
FIGURE 1. Prokaryotic expression of DEV ICP22 and identification of the ICP22 protein. (A) M, Protein molecular mass marker; Lane 1, untreated samples; lane 2, recombinant bacterial supernatant after IPTG induction; lane 3, the purified ICP22 protein. (B) Identification of the ICP22 protein by the prepared anti-ICP22 antibody in the eukaryotic expression plasmid EGFP-ICP22 transfection group (left panel) or DEV infection group (right panel).


DEV was individually inoculated or transfected into DEFs with eukaryotic expression plasmid EGFP-ICP22 and tested against each other using the ICP22 antibody and a commercial GFP antibody to assess the specificity of the homemade antibody. As shown in Figure 1B, the EGFP-ICP22 fusion protein is ~85 kDa (left panel), whereas an ~57-kDa band was observed after DEV infection (right panel).



Transcription Kinetics of the DEV US1 Gene

The transcription kinetics of the DEV US1 gene were plotted to investigate variations in the transcriptional level of the DEV US1 gene in DEFs during infection. The results of RT-qPCR showed that the US1 gene began to be transcribed at 0.5 h after infection, with the amount of transcription increasing with time and peaking at 36 h after infection, similar to the transcriptional profile of the immediate early gene UL54 of DEV (Liu et al., 2015). After reaching the peak, the relative transcription level began to decrease gradually (Figure 2).


[image: Figure 2]
FIGURE 2. Transcriptional analysis of the DEV US1 gene in infected cells with 10 MOI DEV; the average relative content of the DEV US1 gene transcripts was calculated at the indicated time points using GraphPad Prism 8.0 software. Each time point was examined in triplicate with the standard error.




Dynamic Expression of the DEV US1-Encoded Protein in DEFs

To analyse the dynamic expression level of the ICP22 protein in infected cells more intuitively, samples were lysed at different times after viral infection for Western blot analysis. The US1-encoded ICP22 protein could be detected at 2 h after virus infection, and its expression level was stable from 12 to 36 hpi, peaked at 24 hpi, and decreased significantly after 48 hpi. Expression of the endo-reference protein β-actin was stable throughout infection (Figure 3).


[image: Figure 3]
FIGURE 3. Dynamic expression of ICP22 in DEV-infected cells. Expression of ICP22 in DEFs with 10 MOI DEV was examined by Western blot assay (top panel). The quantitative result of WB is shown in the bottom panel. Mock-infected DEFs were used as a control.




Pharmacological Inhibition Test

Drug inhibition experiments were performed to determine US1 gene types. As shown in Figure 4, DEV US1 was still detected after treatment with the nucleic acid synthesis inhibitor ACV or the protein synthesis inhibitor CHX, which was the same as that of the measured immediate early gene UL54 (Liu et al., 2015). The reported E gene UL13 (Hu et al., 2017), L gene US2 (Gao et al., 2015), and β-actin were also detected as controls. The positive and negative lanes represent uninfected and infected DEF cells without any treatment, respectively. The pharmacological inhibition test indicated that the DEV US1 gene is an immediate early gene.


[image: Figure 4]
FIGURE 4. Identification of the US1 gene type in DEV-infected cells. M, DL2000 Marker; ACV group, DEV-infected cells treated with 300 μg/mL nucleic acid synthesis inhibitor ACV; CHX group, DEV-infected cells treated with 50 μg/mL the protein synthesis inhibitor CHX; NC group, DEV-infected cells without drugs; Mock group, mock-infected DEFs were used as a control.




Construction and Identification of the Duplicated US1 Deletion Mutant

The construction of recombinant DEV in BAC-ΔUS1-GS1783 and DEV in BAC-2ΔUS1-GS1783 were carried out following the flow diagram displayed in Figure 5A. As shown in Figure 5B, plasmids from the positive clone were transfected into DEFs. After fluorescent spots appeared, the cell medium was collected, and the recombinant viruses DEV CHv-BAC-ΔUS1 and DEV CHv-BAC-2ΔUS1 with deletion of the US1 gene were obtained.


[image: Figure 5]
FIGURE 5. Construction of DEV CHv-BAC-ΔUS1 and DEV CHv-BAC-2ΔUS1. (A) Schematic diagram of constructing the duplicated US1 deletion mutant using the Red recombinant system. (B) DEV CHv-BAC-ΔUS1 and DEV CHv-BAC-2ΔUS1 were rescued in DEF cells.


Identification of recombinant virus DEV CHv-BAC-ΔUS1 (BAC-ΔUS1) and DEV CHv-BAC-2ΔUS1 (BAC-2ΔUS1) were carried out by enzyme digestion, IFA and Western blotting. As shown in Figure 6A, the DEV CHv-BAC and BAC-ΔUS1, 2ΔUS1 plasmids were digested by BamH I or Xho I into multiple fragments of different sizes, and the band differences are indicated by arrows. In IFA and Western blot analyses, no specific red fluorescence or specific band was observed for DEV-2ΔUS1, which indicated that the DEV US1 deletion (BAC-ΔUS1 and BAC-2ΔUS1) were successfully constructed (Figures 6C,D).


[image: Figure 6]
FIGURE 6. Identification of BAC-ΔUS1 and BAC-2ΔUS1. (A) Identification of BAC-ΔUS1 and BAC-2ΔUS1 by enzyme digestion. M, 1 kb ladder marker; lane 4, negative control. (B) Identification of DEV-ΔUS1 and DEV-2ΔUS1 by PCR. (C) Identification of BAC-ΔUS1 and BAC-2ΔUS1 by IFA. (D) Identification of BAC-ΔUS1 and BAC-2ΔUS1 by Western blot analysis.




Determination of Growth and DNA Copies of US1 Mutants

To better characterize ICP22, we evaluated the role of US1 in DEV infection in vitro by one-step and multi-step growth assays with DEF cells (Figure 7A). The results showed that after infection of three strains in DEF cells at the same multiplicity of infection, a similar proliferation pattern was observed, with severe replication defects after deletion of US1. The virus titer of the deletion strain was significantly lower than that of the parent strain; in particular, at 18 h (2 MOI) and 48 h (0.01 MOI) after infection, 2ΔUS1 was nearly 100 times lower than DEV BAC. To further analyse the role of the US1 gene in viral replication, we detected the number of viral copies in the samples. Compared with BAC, a notable decrease was observed for -BAC-2ΔUS1 (Figure 7B), coinciding with the results of the growth curves.


[image: Figure 7]
FIGURE 7. Viral titres and viral copies of one-step and multi-step replication kinetics. (A) Viral titer in the cytoplasm, supernatant and total of one-step growth assays (top panel) and multi-step replication kinetics (bottom panel). (B) Viral copies in the cytoplasm and total of one-step growth assays (top panel) and multi-step replication kinetics (bottom panel). Each time point was measured in triplicate, with the standard error indicated. A representative experiment with at least three repeats was performed. Ns represents no significance, *p < 0.1, **p < 0.01, ***p < 0.001 and ****p < 0.0001.




Intracellular Localization of ICP22

The intracellular distribution of ICP22 was confirmed through IFA using mouse anti-ICP22 serum and FITC-conjugated goat anti-mouse IgG. As shown in Figure 8A, IFA results indicated that ICP22 began to enter the nucleus at 6 h after DEV infection, and all ICP22 had entered the nucleus at 24 h. To determine whether ICP22 enters the nucleus by itself or with other viral proteins, EGFP-ICP22 was transfected into DEFs for analysis of ICP22 distribution. We found that ICP22 began to enter the nucleus at 12 h after transfection, with all inside the nucleus at 36 h (Figure 8B).


[image: Figure 8]
FIGURE 8. Intracellular localization of ICP22 in DEFs. (A) Intracellular localization of ICP22 in infected DEFs at different time points with 10 MOI; mock was used as a control. (B) Intracellular localization of ICP22 at different time points in EGFP-ICP22-transfected DEFs. pEGFP-N1 was used as a control.




ICP22 Is Located in Nucleus Independent of NLS Motif in Infected DEFs

A series of plasmids were constructed to investigate how does ICP22 get into the nucleus (Figure 9A). As shown in Figure 9B, C2-β-Gal-ICP22 and C2-β-Gal-ICP22 NLS were localized to the nucleus, which was consistent with the positive control group C2-SV40 NLS-β-Gal. However, the NLS deleted plasmid C2-β-Gal-ICP22 ΔNLS was localized in the cytoplasm, which was consisting with that of C2-β-Gal (Chen et al., 2018). Further mutating of alkaline acid K/R in 308-314AA to alanine found the C2-β-Gal-ICP22 R309A and C2-β-Gal-ICP22 308-314AA were localized in the cytoplasm consisting with C2-β-Gal.


[image: Figure 9]
FIGURE 9. Screening for key amino acids in NLS after transfection. (A) Schematic diagram of the ICP22 plasmids. (B) Localization of ICP22 in different plasmids transfected DEFs. mock was used as a control. (C) Localization of ICP22 in different mutation plasmids transfected DEFs.


Based on the above results, point mutation viruses DEV CHV-BAC-ΔUS1 R309A and 308-312AA were constructed using Red recombinant system. As shown in Figure 10A, although ICP22 began to enter the nucleus at different time points after different virus infection, it could be located in the nucleus eventually. To better characterize the effect of DEV ICP22 R309A and 308-312AA on virus titer, we carried out the one-step and multi-step growth assays in vitro (Figure 10B). The result showed differential performance: the virus titer of the 308-312AA mutant was significantly higher than parent strain BAC-ΔUS1, even nearly 100 times higher than DEV BAC-ΔUS1 at 48 and 72 h after infection, but there is no obvious significant difference between the proliferation pattern between BAC-R309A and BAC-ΔUS10 (0.01MOI) and one-step growth assays.


[image: Figure 10]
FIGURE 10. Intracellular localization of ICP22 and viral titres of one-step and multi-step replication kinetics. (A) Intracellular localization of ICP22 in infected DEFs at different time points with 10 MOI BAC-ΔUS1, BAC-ΔUS1 R309A, and BAC-ΔUS1 308-312AA. (B) Viral titer in the cytoplasm, supernatant, and total of one-step growth assays (top panel) and multi-step replication kinetics (bottom panel). Each time point was measured in triplicate, with the standard error indicated. A representative experiment with at least three repeats was performed. Ns represents no significance, *p < 0.1, **p < 0.01, ***p < 0.001 and ****p < 0.0001.





DISCUSSION

To prepare the anti-ICP22 polyclonal antibody, the recombinant expression plasmid pet32a(+)-ICP22 was constructed. To test the specificity of the homemade antibody, DEFs were transfected with EGFP-ICP22 or infection with DEV, demonstrating that the prepared ICP22 antibody can recognize ICP22 specifically in transfection or infection assays and that ICP22 expressed in DEFs is ~57 kDa. Further commercial GFP antibody detection confirmed our findings. However, in our previous prokaryotic expression analysis, the ICP22 protein was found to be ~35 kDa. These results suggest that some modifications occurred during eukaryotic expression, resulting in a migration of ~22 kDa. It has been reported that modification of ICP22 is of great significance for its functions and occurs in other viruses; among them, different degrees of modification have been widely reported (Poon et al., 2000; O'Toole et al., 2003; Hoover et al., 2006; Bastian and Rice, 2009). According to bioinformatics analysis (Figure S1), DEV ICP22 has multiple phosphorylation and glycosylation sites, which may be related to the observed migration pattern. Further research will focus on ICP22 modifications and effects on its function.

As mentioned earlier, lytic herpesvirus genes are believed to be expressed in a cascade sequentially composed of IE, E, and L genes during lytic infection (Alfonsodunn et al., 2017). We performed the following analyses to identify the US1 gene type. First, we investigated the relative expression of the DEV US1 gene in DEV-infected DEF cells at different time points using RT-qPCR. The results showed transcript expression as early as 0.5 h that gradually increased until peaking at 24 h (Figure 2). Subsequently, we detected the dynamic expression of ICP22 at the protein level at specific time points and transcript levels. The ICP22 protein was detected at 2 h after infection, and its expression level peaked at 24 h, confirming the results of the translation studies and indicating that ICP22 can be expressed very early after infection with DEV. Finally, we identified the gene type of US1 using the nucleic acid synthesis inhibitor ACV and the protein synthesis inhibitor CHX (Liu et al., 2015). The pharmacological inhibition test showed that US1 was not affected by these two drugs. Combined with the above three tests, it can be determined that US1 is an immediate early gene, as is the reference gene UL54 (Liu et al., 2015).

US1 deletion mutants were also generated to investigate the roles of ICP22 in virus replication. The successful rescue of DEV CHv-BAC-ΔUS1 and DEV CHv-BAC-2ΔUS1 recombinant strains indicated that the US1 gene is not required for DEV replication. The ensuing examination of the growth kinetics and viral DNA copies of US1 deletion mutants and parental virus showed a lower viral titer and DNA copy number for DEV-CHv-BAC-2ΔUS1, indicating severe replication defects after deletion of the duplicate US1 genes, further suggesting that the US1 gene is important for DEV replication.

The intracellular localization of the protein is the basis for understanding the functions of a protein. In recent years, there have been reports that the ICP22 encoded by HSV-1 localizes to the cell nucleus independently of other viral proteins (Stelz et al., 2002). HSV-1 infection greatly alters the location of many host chaperones, including Hsc70, Hsp70, Hsp40, and Hsp90, causing their accumulation in the nucleosome, a region known as the virus-induced chaperone-enriched domain (VICE). Other studies have also reported that ICP22 localizes to VICE domains and is required for VICE domain formation during productive viral infection (Bastian et al., 2010). In our study, we found that ICP22 began to enter the nucleus at 6 h after DEV infection and that all of the protein had entered the nucleus at 24 h after DEV infection. To explore whether ICP22 localizes via active or passive transport, we constructed the ICP22 eukaryotic expression plasmid EGFP-ICP22 for transfection. As illustrated in Figure 1, the molecular weight of EGFP-ICP22 is ~85 kDa, which is considerably <50 kDa (Macara, 2001; Sorokin et al., 2007). EGFP-ICP22 began to enter the nucleus at 12 h after transfection, and all had entered the nucleus at 36 h, suggesting that the ICP22 protein has the ability to actively enter the nucleus. A series of plasmids and viruses were constructed to investigate how does ICP22 get into the nucleus. As shown in Figures 9, 10, we can conclude that the predicted NLS motif has strong nuclear import ability similar to that of SV40-NLS, and residue 309 is the key amino acid for determination of DEV ICP22 localization after transfection. But the NLS motif is not necessary for the localization of ICP22 in infected DEFs, and the delay of entering nucleus associated with DEV growth in vitro. According the previous studies, neither ICP4 nor ICP0 were recruited into NPDs (Newly synthesized Protein Domains, NPDs), while early in infection ICP22 was selectively recruited (Teo et al., 2016). And the ICP27 interacts with the C-terminal domain and is involved in the recruitment of RNAP II to viral transcription and replication compartments. During infection with ICP27 mutants that are unable to recruit RNAP II to viral replication sites, viral transcript levels were greatly reduced, viral replication compartments were poorly formed and Hsc70 focus formation was curtailed (Li et al., 2008). Combining the interaction between ICP22 and RNAP II, we speculate that ICP27 cooperates with the host protein to transport ICP22 to the nucleus. In addition, it is also possible that ICP22 contains other weak NLS. Therefore, it may be that other potential NLS and intracellular factors alone or together to drive ICP22 into the nucleus. However, this part of the experiment has not been carried out yet, in future, we will study the mechanism of ICP22 incorporation without NLS. In summary, we believe that the transformation of localization from the cytoplasm to the nucleus indicates that the position of synthesis is in the cytoplasm but that the function is exerted in the nucleus.



CONCLUSIONS

The DEV US1 ORF, as IE gene, is 990 bp in length and duplicated within the inverted repeat sequences delineating the US region of the genome. The molecular mass of the ICP22 protein is ~57 kDa, and the protein can enter the nucleus by itself with a classical NLS motif. ICP22 cannot enter the nucleus by itself after mutating amino acid 309R, indicating the amino acid 309R is the key residue. Construction of the US1 mutant viruses and determination of the virus titer indicated that DEV US1 and its NLS are non-essential but associated with a severe growth deficit in vitro.
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Duck tembusu virus (DTMUV) is newly emerged in poultry and causes great losses to the breeding industry in China and neighboring countries. Effective antiviral strategies are still being studied. Autophagy is a cellular degradative pathway, and our lab's previous data show that autophagy promotes DTMUV replication in vitro. To study the role of autophagy further in vivo, we utilized ducks as the animal model to investigate the autophagy responses in DTMUV-targeted tissues. And also, we utilized autophagy regulators, including Rapamycin (Rapa) as the autophagy enhancer, 3-Methyladenine (3-MA) and Chloroquine (CQ) as the autophagy inhibitors, to adjust the host autophagic levels and then study the effects of autophagy on tissue damages and virus replication. As a result, we first found DTMUV infection trigged autophagy and autophagy regulator treatments regulated autophagy levels successfully in duck spleens and brains. Next, we found that autophagy inhibitors inhibited DTMUV replication and alleviated DTMUV-induced pathological symptoms, whereas the autophagy inducer treatment led to the opposite effects. And we also found that autophagic regulation was correlated with the expression of innate immune genes, including pattern recognition receptors, type I interferons, and cytokines, and caused different effects in different tissues. In summary, we demonstrated that autophagy facilitated DTMUV replication, aggravated the developments of pathological symptoms and possibly counteracts the host's innate immunity response in vivo.

Keywords: DTMUV, autophagy, spleen, brain, tissue damage, replication, immune response


INTRODUCTION

Autophagy is a cellular degradative pathway that delivers intracellular senescent organelles, long-lived proteins, and exogenous pathogenic microorganisms to lysosomes for degradation (Klionsky and Emr, 2000). When cells are exposed to environmental stresses such as starvation, lack of growth factors, energy requirements, or invasion by pathogenic microorganisms, autophagy will be activated as a defense strategy to maintain the homeostasis of the intracellular environment (Chun and Kim, 2018). Autophagy is a dynamic process, including the formation of autophagosomes and the degradation of autophagosomes in lysosomes. One of the key signals for the formation of autophagosome is the mammalian target of rapamycin complex 1 (mTORC1), which is suppressive for autophagy (Klionsky et al., 2016). Therefore, some mTOR inhibitors have been used as autophagy inducers, such as Rapa (Jung et al., 2010) and Everolimus (Crazzolara et al., 2009). Another critical signal is phosphatidylinositol 3-kinases (PI3K), which is required for autophagy. And some PI3K inhibitors have been used as autophagy inhibitors, such as 3-MA (Wu et al., 2010), wortmannin (Blommaart et al., 1997), and 2-(4- morpholinyl)-8-phenyl-4H-1-benzopyran-4 -one (LY294002) (Blommaart et al., 1997). There are also some autophagy inhibitors targeting the process of autophagic degradation. For instance, Chloroquine (CQ) has been reported to inhibit autophagy by raising the lysosomal pH, which leads to inhibition of both fusion of autophagosome with lysosome and lysosomal protein degradation (Shintani and Klionsky, 2004). Bafilomycin A1 also inhibits autophagic degradation by inhibiting fusion between autophagosomes and lysosomes (Yamamoto et al., 1998).

Duck Tembusu virus (DTMUV), a member of the Flavivirus genus within the Flaviviridae family, is newly emerged in ducks in China (Su et al., 2011; Yan et al., 2011). Duck is the typical host of DTMUV, and some other species, like chickens, geese, and sparrows, also have been reported to be infected with DTMUV (Yu et al., 2018). Seriously, there might be high risk for poultry-to-human or mice transmission of the DTMUV (Liu et al., 2013; Tang et al., 2013). Therefore, it is emergency to study the DTMUV-host interaction and develop effective anti-virus therapies. Multiple evidence has shown that the duck spleen is the target organ of DTMUV (Li et al., 2015; Sun et al., 2019b). Moreover, DTMUV has been reported to cause neurologic dysfunction (Thontiravong et al., 2015; Lv et al., 2019), which is similar to the neurological symptom caused by other flavivirus (Mustafá et al., 2019). And the presence of DTMUV has been detected in the duck brain (Li et al., 2015; Lv et al., 2019), which indicates that the duck brain is another target organ of DTMUV.

Multiple evidence has indicated that autophagy plays an important role in flavivirus infection (Ke, 2018). But there are rare reports on the effect of autophagy on virus replication in vivo. In this study, we first utilized ducks as the animal model to invested the role of autophagy in DTMUV infection in vivo.



MATERIALS AND METHODS

Ethics Statement

All animal experiments have been approved by the committee of experiment operational guidelines and animal welfare of Sichuan Agricultural University, China (the approved permit number is XF2014-18) and were performed in accordance with the relevant guidelines and regulations of National Institutes of Health. All surgeries were performed under sodium anesthesia with pentobarbital and every effort was made to relieve the suffering.



Animals and Virus

One-day-old Cherry Valley ducks were purchased from a farm operated by Sichuan Agricultural University (Sichuan, China) and housed in isolators until use. DTMUV-free ducks were confirmed by an immunochromatographic strip (ICS) developed by our lab (Deng et al., 2017). The DTMUV CQW1 strain (GenBank: KM233707.1) used in this study was isolated from a young duck in Southwest China and purified by the plaque method in our laboratory (Zhu et al., 2015).



Experimental Design

Twenty-five 7-day-old ducks were randomly divided into 5 groups (n = 5/each group). The ducks in group 2, 3, 4, and 5 were infected with 400,000 TCID50 viruses by intramuscular injection, and then treated with saline, rapamycin (Rapa, 2 mg/kg of body weight), 3-Methyladenine (3-MA, 2 mg/kg), or Chloroquine (CQ, 20 mg/kg) by intraperitoneal injection, respectively. The pharmaceutical treatments were carried out 2 h after virus infection, which was followed by treatments with drugs or saline every 12 h. The ducks in group 1 were treated with saline as the control. At 72 h posttreatment, these ducks were euthanized and duck tissues were collected for different goals with different protocols as followed.



Antibodies and Chemicals

The primary antibodies of anti-LC3 (14600-1-AP) and anti-β-actin (60008-1-Ig), were purchased from Proteintech (Wuhan, Hubei, China). Anti-SQSTM1/p62 (5114) was purchased from Cell Signaling Technology (Danvers, Massachusetts, USA). The monoclonal antibody against the DTMUV E protein was prepared in our laboratory. Horseradish peroxidases (HRP) conjugated to goat anti-mouse secondary antibodies (BF03001) were purchased from Beijing Biodragon Immunotechnologies (Beijing, China). Rapamycin (Rapa) (HY-10219), 3-Methyladenine (3-MA) (HY-19312), chloroquine (CQ) (HY-17589), and were purchased from MedChemExpress (MCE, Monmouth Junction, New jersey, USA).



Western Blotting (WB)

Hundred milligram of spleens specimens and brains specimens were weighed and then immediately cryopreserved in liquid nitrogen until being processed for protein isolation. When processed for protein isolation, spleen tissues and brain tissues were homogenized and then lysed with RIPA lysis buffer (Solarbio, R0020, Beijing, China) containing 1 mM phenylmethylsulfonyl fluoride (PMSF, an inhibitor of serine proteases and acetylcholinesterase) (Boster, AR1178, Beijing, China). The concentration of extractive protein was measured using a BCA protein assay kit (Solarbio, PC0020, Beijing, China). Equal amounts of protein samples were boiled for 5 min in 4 × SDS-PAGE loading buffer, separated on 12-15% SDS-PAGE gels, and then electrotransferred onto polyvinylidene fluoride (PVDF) membranes (BIO-RAD, 162-0177, Hercules, California, USA). The PVDF membranes with the target proteins were then blocked for 2 h at room temperature in Tris-Buffered Saline and Tween 20 (TBST) containing 5% non-fat milk powder. After that, the membranes were incubated with anti-LC3 (1:1000), anti-p62 (1:1000) and anti-β-actin (1:2000) antibodies at 4 °C overnight and then with the corresponding secondary antibodies (1:5000), conjugated to HRP at 37 °C for 1 h. The protein bands were developed by an ECL Plus kit (Solarbio, PE0010, Beijing, China) and imaged by ChemiDoc MP (Bio-Rad, Hercules, California, USA). The densitometry of WB bands was measured by the Image Lab software.



Hematoxylin and Eosin (HE) Staining and Immunohistochemistry (IHC)

The spleen tissues and brain tissues were fixed in 4% paraformaldehyde, and then enclosed in paraffin-intended subsequent histopathological examination. A 4 μm section of each tissue was stained with hematoxylin and eosin. Each section was examined under an optical microscope. IHC was conducted as described previously (Ou et al., 2017). Briefly, slides were boiled in Tris/EDTA pH 9.0 for 20 min. Then, 0.01 M HCl was used to block endogenous alkaline phosphatase for 15 min at room temperature (RT). Then, 3% H2O2 was used to block endogenous peroxidase for 15 min at RT. The slides were incubated in 5% BSA blocking solution followed by overnight incubation at 4°C in mouse anti-DTMUV-E polyclonal antibody (1:20 dilutions). HRP coupled goat anti-mouse IgG (1:1000 dilutions) was incubated for 30 min at 37°C. Then, positive staining was colored with DAB solution for 10 min at RT and counterstained with hematoxylin.



Quantitative RT-PCR Assay (qRT-PCR)

Hundred milligram of spleen specimens and brains specimens were collected with the same procedure as previously described in the section of “Western blotting.” Total cellular RNA was isolated from 100 mg of tissue specimens using the RNAiso plus Reagent (TaKaRa, Japan), and subsequently transcripted into cDNA using PrimeScript™ RT reagent Kit (Takara, RR047A, Dalian, China) according to the manufacturer's protocol. The mRNA levels of immune genes, including RIG-I, MDA5, TLR3, IFN-α, IFN-β, IFN-γ, IL-1β, IL-6, and IL-8, were detected by qRT-PCR which was performed using the Bio-Rad CFX96 Real-Time Detection System (Bio-Rad, USA), and the β-actin was as the housekeeping gene. Additionally, viral copies were detected by previously established methods in our laboratory (Zhang et al., 2019b). The sequences of the gene-specific primers used for qRT-PCR are shown in Table 1.


Table 1. Primer sequences used in this study.
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Statistical Analysis

Data are presented as means ± standard deviations (SD). The significance of the variability between different treatment groups was analyzed by the two-tailed independent Student t-test using the GraphPad Prism software (version 6.0). A P < 0.05 was considered to be statistically significant.




RESULTS

DTMUV Infection Enhances Autophagy in Duck Spleens and Brains

Our previous data have shown that DTMUV infection triggered autophagy in vitro. To further know the role of autophagy in vivo, we tested the protein levels of autophagy makers, including the conversion from LC3-I to LC3-II and the degradation of p62, in DTMUV-targeted organs. Duck spleens and brains have been reported to be the target organs in DTMUV infection (Li et al., 2015; Thontiravong et al., 2015; Lv et al., 2019; Sun et al., 2019b). As shown in Figure 1, DTMUV infection increased the protein levels of LC3-II but decreased p62 levels compared to those in the control group, which indicated that DTMUV enhanced both autophagic initiation and autophagic flux in spleens (Figure 1A) and brains (Figure 1B). We also examined the formations of autophagosome-like vesicles in the two organs by TEM. Many double-membrane structures, including autophagosome-like (Figures S1C,G) and autolysosome-like vesicles (Figures S1D,H), were observed in the spleens and brains of DTMUV-infected ducks (Figures S1B,F), whereas few double-membrane structures observed in the organs of saline-treated ducks (Figures S1A,E). Furthermore, we found that Rapa treatment further improved LC3-II increase and p62 decrease in both spleens and brains (Figures 1A,B), which indicated the promotion of autophagic activation. 3-MA treatment, an inhibitor of autophagy initiation, decreased the levels of LC3-II but increased p62 levels in spleens compared to those in DTMUV-infected ducks with saline treatment. Whereas, there were decreased levels of LC3-II, but no significant change of p62 levels in brains (Figure 1B). CQ treatment enhanced the accumulation of both LC3-II and p62, which indicated that DTMUV-trigged autophagic flux was inhibited in both spleens and brains.


[image: Figure 1]
FIGURE 1. Measurement of autophagic markers in the duck spleens and brains. The protein levels of LC3 and p62 in duck spleens (A) and duck brains (B) were analyzed by Western blot assay. The ratios of targeting proteins to β-actin were normalized to those in the saline group. Data are expressed as means ± standard deviations (n = 5). Differences were evaluated with Two-tailed Student's t-test. #p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.




Autophagy Regulators Affect the Gross Pathology of Spleens and Brains in DTMUV-Infected Ducks

To investigate the effect of autophagy on the gross pathology of spleens and brains in DTMUV-infected ducks, we observed the gross pathologies of the two tissues with different autophagy regulator treatments. As shown in Figure 2A, the normal spleen was with normal size and in pale red. DTMUV infection caused the spleen to be swollen and in dark red. Rapa treatment aggravated these symptoms, whereas 3-MA and CQ treatments relieved them. As for brains, as shown in Figure 2B, the normal brain was in light pink and with few blood streaks on the meninx. DTMUV infection caused meninx congestion, and Rapa treatment made the brain dark pink, which indicated more serious symptoms in the brain. Whereas, there were fewer blood streaks on the brains with 3-MA and CQ treatments, which indicated that the symptom of meninx congestion was relieved.


[image: Figure 2]
FIGURE 2. Gross pathology of the spleens (A) and the brains (B) of ducks infected with DTMUV in the absence or presence of either Rapa, 3-MA, or CQ, respectively. Treatment with saline was used as the control. Images shown were representative from five ducks in each group.




Autophagy Regulators Affect the Histopathologic Lesions of Spleens and Brains in DTMUV-Infected Ducks

We further analyzed the histopathologic lesions of spleens and brains. As shown in Figure 3A, there were normal structures of the spleens in the only saline-treated ducks, including white pulps (WPs), red pulps (RPs), and the clear boundary line between WPs and RPs. DTMUV infection caused an obvious increase of red blood cells in RPs, which indicated the spleen congestion and hemorrhage. This result might explain the dark red color of spleens with DTMUV infection (Figure 2A). Rapa treatment aggravated these pathological changes, and it was hard to observe the boundary line between WPs and RPs in these spleens. On the contrary, there were just slight congestions in the spleens with 3-MA treatments and CQ treatments, which indicated that 3-MA and CQ alleviated these pathological symptoms caused by DTMUV infection.


[image: Figure 3]
FIGURE 3. Hematoxylin and eosin staining of cells in the spleens (A) and the brains (B) of ducks infected with DTMUV in the absence or presence of either Rapa, 3-MA, or CQ, respectively. Treatment with saline was used as the control. Images shown were representative from five ducks in each group. The images were with 100X magnification for spleens and 400X for brains. Black arrows: blood cells in the meninx.


As for brains (Figure 3B), there were normal meninx structure, and no blood cells observed under the meninx. While the space under meninx was dilated and amounts of blood cells were observed in that in DTMUV-infected brains. And Rapa treatment further aggravated the histopathologic lesions induced by DTMUV infection. There was a bigger space under meninx and the blood might outflow of the meninx in the DTMUV-infected brains with Rapa treatment. On the contrary, there were just slight swellings of meninges and a few blood cells under the meninges in the DTMUV-infected brains with 3-MA treatments and CQ treatments.



Autophagy Regulators Affect the Replication of DTMUV in Duck Spleens and Brains

Generally, the levels of pathological symptoms were always related to the amount of virus in tissues. Then, we analyzed DTMUV replication in spleens and brains of ducks with autophagy regulator treatments. First, the virus titers were analyzed by qRT-PCR. As shown in Figures 4A,B, the results showed that virus titers were increased significantly in both spleens and brains with Rapa treatments, whereas decreased with 3-MA and CQ treatments compared to that in the only saline-treated group. Furthermore, the expression of envelope protein of DTMUV was tested by IHC in the two tissues. As shown in Figure 4C, many E-positive cells were observed in DTMUV-infected spleens and brains with Rapa treatment or not. While, there was a decreased number of E-positive cells in 3-MA-treated and CQ-treated tissues. No E-positive cells were observed in only saline-treated spleens or brains.


[image: Figure 4]
FIGURE 4. The replication of DTMUV in the spleens and the brains of ducks infected with DTMUV in the absence or presence of either Rapa, 3-MA, or CQ, respectively. (A,B) The viral titers in the spleens (A) and the brains (B) were analyzed by qRT-PCR and expressed as means ± standard deviations (n = 5). Differences were evaluated with Two-tailed Student's t-test. **p < 0.01, ***p < 0.001. (C) The expression of DTMUV E protein was tested by IHC. Images shown were representative from five ducks in each group.




Autophagy Regulators Affect the Innate Immune Responses of Spleens and Brains in DTMUV-Infected Ducks

Autophagy has been reported to play essential roles in virus infection and host immune responses. To investigate the effects of autophagy on the innate immune responses with DTMUV infection in vivo, we tested the mRNA expression levels of pattern recognition receptors (PRRs, including RIG-1, MDA5, and TLR3), interferons (IFNs, including IFN-α, IFN-β, and IFN-γ) and cytokines (IL-1β, IL-6, IL-8), in duck spleens and brains.


Expression of Immune Genes in the Spleens

Among the PRRs expressed in the spleens (Figure 5A), DTMUV infection increased the mRNA levels of RIG-I, MDA5, and TLR3 significantly. And we further found that the levels of RIG-I and MDA5 were inhibited with Rapa treatment, whereas enhanced with 3-MA and CQ treatments in DTMUV-infected spleens, as compared to those with saline treatment. Besides, Rapa treatment increased the mRNA levels of TLR3, while 3-MA and CQ treatments decreased it compared to that in saline treatment. These results indicated that autophagy played a positive role in the expression of RIG-1 and MDA5, but a negative role in TLR3.


[image: Figure 5]
FIGURE 5. Expression of immune-related genes in the spleens of ducks infected with DTMUV in the absence or presence of either Rapa, 3-MA, or CQ, respectively. (A) The mRNA levels of PRRs, including RIG-I, MDA5, and TLR3. (B) The mRNA levels of IFNs, including IFN-α, IFN-β, and IFN-γ. (C) The mRNA levels of pro-inflammatory cytokines, including IL-1β, IL-6, IL-8. Treatment with saline was used as the control. Data are expressed as means ± standard deviations (n = 5). Differences were evaluated with Two-tailed Student's t-test. #p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.


Among the IFNs expressed in the spleens (Figure 5B), DTMUV infection increased the mRNA levels of IFN-α (28.23-fold) and IFN-β (2.5-fold) significantly, in particular a bigger increase of the IFN-α level compared to that of IFN-β. Whereas, the level of IFN-γ was decreased in DTMUV-infected spleens. Furthermore, we found that the levels of IFN-α and IFN-β were inhibited with Rapa treatment, whereas enhanced with 3-MA and CQ treatments in DTMUV-infected spleens, as compared to those with saline treatment. But there were no significant effects on IFN-γ levels in the spleen tissue with autophagy regulator treatments.

Among the cytokines expressed in spleen tissues (Figure 5C), DTMUV infection only decreased the mRNA level of IL-8 significantly, whereas no effects on IL-1β and IL-6. We also found that Rapa treatment further inhibited the level of IL-8, while 3-MA and CQ treatments enhanced that compared to saline treatment, which indicated that the level of IL-8 was correlated to the autophagy responses. In addition, 3-MA and CQ treatments have no effects on the mRNA levels of IL-1β and IL-6, while Rapa treatment increased the levels of IL-1β significantly, but no effects on IL-6.



Expression of Immune Genes in the Brains

Among the PRRs expressed in brain tissues (Figure 6A), DTMUV infection increased the mRNA levels of RIG-I, MDA5, but decreased TLR3 significantly. And the level of RIG-I was inhibited with Rapa treatment, whereas enhanced with 3-MA and CQ treatments, as compared to saline treatment. In addition, Rapa treatment has no effects on the levels of MDA5 or TLR3. 3-MA treatment increased the levels of MDA5 but no effect on TLR3, whereas CQ treatments increased the levels of TLR3 but no effects on MDA5.


[image: Figure 6]
FIGURE 6. Expression of immune-related genes in the brains of ducks infected with DTMUV in the absence or presence of either Rapa, 3-MA, or CQ, respectively. Treatment with saline was used as the control. (A) The mRNA levels of PRRs, including RIG-I, MDA5, and TLR3. (B) The mRNA levels of IFNs, including IFN-α, IFN-β, and IFN-γ. (C) The mRNA levels of cytokines, including IL-1β, IL-6, IL-8. Data are expressed as means ± standard deviations (n = 5). Differences were evaluated with Two-tailed Student's t-test. #p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.


Among the IFNs expressed in brain tissues (Figure 6B), DTMUV infection increased the mRNA levels of IFN-α and IFN-γ significantly, but no effects on IFN-β. And the level of IFN-α was inhibited with Rapa treatment while enhanced with 3-MA and CQ treatments, as compared to saline treatment. But there were no significant effects on IFN-β levels with autophagy regulator treatments. In addition, Rapa treatments inhibited the level of IFN-γ, whereas 3-MA and CQ treatments have no effects on that.

Among the cytokines expressed in brain tissues (Figure 6C), DTMUV infection increased the mRNA levels of IL-6 and IL-8 significantly, but no effects on IL-1β. Furthermore, the level of IL-6 was inhibited with Rapa treatment, whereas enhanced with 3-MA and CQ treatments, as compared to saline treatment. In addition, Rapa treatment inhibited the level of IL-1β but no effects on IL-8. And 3-MA or CQ treatments have no effects on IL-1β and IL-8 levels.





DISCUSSION

Multiple evidence suggests that autophagy plays a crucial role in the life cycles of flaviviruses in vitro and in vivo (Ke, 2018). As we have investigated that autophagy promotes the replication of DTMUV in vitro (Hu et al., 2020), to further provide the clinical evidence on the effects of autophagy on DTMUV replication and pathogenesis, we utilized ducks as the animal model to study the role of autophagy in DTMUV-targeted organs.

We first found that DTMUV infection triggered autophagy in duck spleens and brains which were the target organs of DTMUV (Figure 1 and Figure S1). Autophagy always occurs in the target organs of virus infection. For instance, Dengue virus (DENV), another flavivirus, also has been reported to trigger autophagy in mice brains (Lee et al., 2013). Newcastle Disease Virus (NDV) and Avian Influenza A H5N1, RNA virus of other species, also trigged autophagy in their target organs, respectively (Sun et al., 2012, 2014). The trigged-autophagy in target organs might be caused by the amount of virus replication in these organs. Moreover, to study the effects of autophagy on DTMUV pathogenicity in vivo, we utilized autophagy regulators to adjust the host autophagic levels. Rapa has been investigated to be an effective enhancer of autophagy in vivo, such as mice (Lee et al., 2013) chickens (Sun et al., 2014). Our result in Figure 1 showed the protocol of Rapa treatment in this study successfully increased the autophagic level. 3-MA inhibits autophagy by blocking autophagosome formation via the inhibition of class III PI3K (Klionsky et al., 2016) and has been used to inhibit the autophagy induced by various Flaviviruses, such as Zika Virus (ZIKV) in vitro (Cao et al., 2017), DENV in vitro (Lee et al., 2008) and in vivo (Lee et al., 2013), classical swine fever virus (CSFV) in vitro (Pei et al., 2014). And our previous data has shown 3-MA treatment successfully inhibits DTMUV-induced autophagy in vitro (Hu et al., 2020). However, one case shows that prolonged treatment with 3-MA promotes autophagy under nutrient-rich conditions (Wu et al., 2010). But there is no evidence to show the promotion of 3-MA treatment in virus- or starvation-inducted autophagy. In this study, we treated ducks with 3-MA once every 12 h and for 72 h, which had a good efficiency for the inhibition of DTMUV-inducted autophagy in duck brains and spleens (Figure 1). And also, to eliminate the problem of the dual role of 3-MA in autophagy, we utilized another autophagy inhibitor, CQ, to block DTMUV-induced autophagy. CQ inhibits autophagy by decreasing autophagosome-lysosome fusion (Mauthe et al., 2018), and has been reported to block NDV-inducted autophagy in Chickens, which is a relative species to duck (Sun et al., 2014). In the current study, CQ enhanced the accumulation of LC3-II and p62 (Figure 1), indicting the successful inhibition of DTMUV-induced autophagy in ducks. Above all, the autophagy inducer and inhibitors adjusted autophagic levels in the two organs successfully, which meant that we could utilize these models to study the mechanism of the role of autophagy on DTMUV replication next.

DTMUV caused obvious gross pathologies and histopathologic lesions in duck spleens and brains (Figures 2, 3). These changes are consistent with other's reports (Lv et al., 2019; Sun et al., 2019a). And we first found that the levels of autophagy were positively correlated with the degree of tissue damages induced by DTMUV infection. The therapeutic effects of autophagy inhibitors also have been reported in ZIKV (Zhang et al., 2019a), DENV (Lee et al., 2013), NDV (Sun et al., 2014), and H5N1 (Sun et al., 2012) infection in vivo. Moreover, the tissue damage of spleens indicated that DTMUV infection might cause damage to the host immune system. Multiple evidence indicates that autophagy is a tool to regulate the innate immune system (Germic et al., 2019). So, autophagy inhibitors might alleviate spleen damage by adjusting the levels of innate immune responses. Like some other flaviviruses (Mustafá et al., 2019), DTMUV infection also counteracted the Blood-Brain Barrier and invaded the Central Nervous System (CNS). There is an opinion that the pathogenesis of CNS is always related to impaired autophagy (Nikoletopoulou et al., 2015). Our results also showed that brain damage was related to the levels of autophagy. We provided some references for the therapeutic developments of flaviviruses-caused neurologic symptoms.

The levels of tissue damage are always related to virus replication in the corresponding tissues. In the current study, we found that autophagy regulator treatments affected DTMUV replication significantly in the target tissues. The formation of autophagosomes has been reported to be required for the maturation of infectious dengue virus production (Mateo et al., 2013). And also, autophagosomes supply places for the formation of membrane structures of hepatitis C virus (HCV) (Mohl et al., 2016). Besides, some flaviviruses, including HCV (Ren et al., 2016; Shrivastava et al., 2016), DENV (McLean et al., 2011), and Japanese encephalitis virus (Tasaki et al., 2016), use autophagic membranes for their release via the exosomal pathway through multivesicular bodies (Shrivastava et al., 2011; Metz et al., 2015), and these may be related to the process of the fusion between autophagosomes and lysosomes. Therefore, in this study, Rapa and 3-MA might affect the replication of DTMUV in target tissues by regulating the formation of autophagosomes. 3-MA also has been reported to reduce DENV replication in mice by autophagy pathway (Lee et al., 2013). CQ is an autophagy inhibitor by inhibiting the autophagosome-lysosome fusion and might reduce DTMUV replication by targeting this pathway. Similar results are also found in ZIKV-infected mice with CQ treatment (Zhang et al., 2019a). Moreover, our lab's previous data invested that p62 regulated the innate antiviral response in DTMUV-infected cells (Hu et al., 2020). Hence, CQ treatments might also inhibit DTMUV replication by causing the accumulation of p62, and then affecting the host antiviral response in vivo. In addition, CQ also has some antiviral activities by autophagy-independent pathways. CQ is weak base, and meddles in protein processing, and degradation by alkalifying the acidic organelles like Golgi vesicles, endosomes, lysosomes (Gratton et al., 2019). And the low pH is essential for the entry, the viral RNA release, and the exit of flaviviruses, like ZIKV, DENV, HCV, and others (Tscherne et al., 2006; Sánchez-San Martín et al., 2009; Zheng et al., 2014; Persaud et al., 2018). DTMUV also has been reported to enters BHK-21 cells by a low pH-dependent endosomal pathway (Baloch et al., 2019). Therefore, CQ treatment might inhibit DTMUV replication by blocking the pH-dependent stages of DTMUV replication. Further study needs to be done for the mechanism of the therapeutic effects on Flavivirus infection.

How did autophagy affect DTMUV replication in spleens or brains? Autophagy has been seen to mediate the innate immunity through the secretion of interferon and inflammation (Deretic et al., 2013). So, we tested the expression levels of innate immune genes in the two tissues with autophagy regulator treatments. There is a limitation of utilizing pharmaceutical autophagy regulators in the research on the interface between autophagy and the immune system. Because chemical inhibitors or inducers always affect multiple cellular pathways, and some chemical regulators can affect immune responses in an autophagic-independent manner (Klionsky et al., 2016). For instance, PI3K is not only the target of many autophagy inhibitors like 3-MA, Wortmannin and LY294002, but also the regulator of Toll-like receptor (TLR)-mediated inflammatory responses (Kuo et al., 2006; Guiducci et al., 2008). 3-MA has been reported to regulate inflammatory response by PI3K-Akt-Glycogen pathway rather than autophagy (Lin et al., 2012). Another type of autophagy inhibitors, including CQ and Bafilomycin A1, are targeting endosomal acidification which is related to the signaling of endosomal TLRs (Rutz et al., 2004; Hart et al., 2005). Actually, genetic approaches and methods based on the specific depletion of ATG proteins from different autophagy functional clusters are the best experimental strategy for this experiment (Echavarria-Consuegra et al., 2019). But it is hard to perform RNA silencing or other protein- or gene-specific targeting technologies in animals of the duck species which is an unconventional animal model. Therefore, to eliminate these problems, we set up both autophagy-enhanced and autophagy-inhibited treatments and then screened out the immune genes whose expression levels varied with autophagy levels. We found that the mRNA levels of RIG-I, MDA5, TLR3, IFN-α, IFN-β, and IL-8, were changed with autophagy levels altered by autophagy regulators in the spleen, whereas the mRNA levels of RIG-I, IFN-α, and IL-6 in the brain. The expression of type I IFNs is controlled by upstream PRR signaling pathways, including the retinoic RIG-I-like receptor (RLR) family and the TLR family (Tian et al., 2019). In the current study, we found that autophagy played a negative role in the expression levels of RLPs and type I IFNs in both duck spleens and brains. HCV-mediated and DENV-mediated autophagy also have been reported to suppress RIG-I signaling and type I IFN production (Ke and Chen, 2011; Shrivastava et al., 2011). But the mechanism of autophagy -suppressed RLR pathways and type I IFNs and the different responses in different organs are still unknown. There was an interesting finding that TLR3 levels were negatively correlated with type I IFN levels in the spleens. The signaling of endosomal TLRs might be affected by autophagy-associated membrane fusion events. However, the interaction between autophagy and endosomal TLRs is still unclear and controversial. Autophagy has been reported to be a positive role in TLR7-mediated and TLR9-mediated type I IFN production (Zhou et al., 2012; Hayashi et al., 2018), whereas a negative role in TLR7-mediated type I IFNs in Enterovirus 71 (EV71) and coxsackievirus A16 (CA16) infections (Song et al., 2018). The role of autophagy on TLR3-mediated type I IFNs in DTMUV infection needs further study in the future. Cytokines play protective or destructive roles in response to virus infection, and autophagy plays critical roles in virus-mediated inflammation secretion (Zhong et al., 2016; Qian et al., 2017). In the current study, we found autophagy inhibitors enhanced IL-8 mRNA level in the spleen, whereas enhanced IL-6 levels in the brain. Some other reports shows that autophagy inhibition reduces the production of IL-8 (Harris et al., 2011; Luo et al., 2015). We thought this difference might because of the different host species, different pathogens, or different organs. IL-6 is not only a factor involved in the immune response but also plays many critical roles in the nervous system (Erta et al., 2012). And IL-6 has been reported to be associated with the West Nile virus (WNV)-caused neuroinflammatory (Kumar et al., 2010). The changes of IL-6 level special in the brain might be related to DTMUV-caused neurologic symptoms (Figure 3).

In summary, as shown in Figure 7, the current study demonstrated that DTMUV-trigged autophagy facilitated DTMUV replication, aggravated the developments of pathological symptoms and possibly counteracts the host's innate immunity response in vivo. However, the mechanism of the different autophagy-mediated immune responses in different tissues is still unknown. Above all, our study supports further clinical evidence to use autophagy-related therapies against DTMUV infection and gives some references for the developments of the treatments for other flavivirus infections.


[image: Figure 7]
FIGURE 7. Proposed model of autophagy promotes DTMUV replication and tissue damages in vivo.
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Autophagy Is a Potential Therapeutic Target Against Duck Tembusu Virus Infection in Vivo 
By Hu Z, Pan Y, Cheng A, Zhang X, Wang M, Chen S, Zhu D, Liu M, Yang Q, Wu Y, Zhao X, Huang J, Zhang S, Mao S, Ou X, Yu Y, Zhang L, Liu Y, Tian B, Pan L, Rehman MU, Yin Z and Jia R (2020). Front. Cell. Infect. Microbiol. 10:155. doi: 10.3389/fcimb.2020.00155


In the original article, there was a mistake in Figure 3 as published. This figure contains the wrong slides of microscopy. The corrected Figure 3 appears below.

The authors apologize for this error and state that this does not change the scientific conclusions in any way. The original article has been updated.




Figure 3 | Hematoxylin and eosin staining of cells in the spleens (A) and the brains (B) of ducks infected with DTMUV in the absence or presence of either Rapa, 3-MA, or CQ, respectively. Treatment with saline was used as the control. Images shown were representative from five ducks in each group. The images were with 100X magnification for spleens and 400X for brains. Black arrows: blood cells in the meninx.
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The Mycobacterium fortuitum complex comprises several closely related species, causing pulmonary and extra-pulmonary infections. However, there is very limited knowledge about the disease pathogenesis involved in M. fortuitum infections, particularly due to the lack of suitable animal models. Using the zebrafish model, we show that embryos are susceptible to M. fortuitum infection in a dose-dependent manner. Furthermore, zebrafish embryos form granulomas from as early as 2 days post-infection, recapitulating critical aspects of mycobacterial pathogenesis observed in other pathogenic species. The formation of extracellular cords in infected embryos highlights a previously unknown pathogenic feature of M. fortuitum. The formation of large corded structures occurs also during in vitro growth, suggesting that this is not a host-adapted stress mechanism deployed during infection. Moreover, transient macrophage depletion led to rapid embryo death with increased extracellular cords, indicating that macrophages are essential determinants of M. fortuitum infection control. Importantly, morpholino depletion of the cystic fibrosis transmembrane conductance regulator (cftr) significantly increased embryo death, bacterial burden, bacterial cords and abscesses. There was a noticeable decrease in the number of cftr-deficient infected embryos with granulomas as compared to infected controls, suggesting that loss of CFTR leads to impaired host immune responses and confers hypersusceptiblity to M. fortuitum infection. Overall, these findings highlight the application of the zebrafish embryo to study M. fortuitum and emphasizes previously unexplored aspects of disease pathogenesis of this significant mycobacterial species.

Keywords: Mycobacterium fortuitum, granuloma, infection, cording, cystic fibrosis, CFTR, pathogenesis, zebrafish


INTRODUCTION

The incidence of non-tuberculous mycobacterial (NTM) infections is increasing globally, surpassing the infection rate of tuberculosis in many developed countries (Johansen et al., 2020). NTM are increasingly acknowledged pathogens capable of infecting a vast array of tissues and inducing a wide spectrum of clinical symptoms in humans, with pulmonary infections being the most common clinical manifestations (Ratnatunga et al., 2020). NTM infections are particularly prevalent in immunocompromised individuals and those with underlying genetic and structural defects. They have emerged in recent years as prevalent pathogens in cystic fibrosis (CF) patients, with several global CF centers reporting the isolation of NTM in the respiratory tract of CF patients (Roux et al., 2009; Skolnik et al., 2016). NTM prevalence in CF patients varies between 5 and 20%, with the Mycobacterium avium complex and the Mycobacterium abscessus complex being the most significant species (Richards and Olivier, 2019). However, less frequently isolated species in CF patients include other NTM, such as Mycobacterium gordonae, Mycobacterium kansasii or M. fortuitum (Sermet-Gaudelus et al., 2003; Cândido et al., 2014; Martiniano et al., 2016; Richards and Olivier, 2019).

The M. fortuitum complex includes M. fortuitum, Mycobacterium peregrinum, Mycobacterium porcinum, Mycobacterium septicum, Mycobacterium conceptionense, Mycobacterium boenickei, Mycobacterium houstonense, Mycobacterium neworleansense, Mycobacterium brisbanense, Mycobacterium farcinogenes, Mycobacterium senegalense, and Mycobacterium setense (Brown-Elliott and Wallace, 2002; Brown-Elliott and Philley, 2017; Tortoli et al., 2017). M. fortuitum is a rapid-growing and frequently identified NTM species, causing localized skin and soft tissue infections (Wallace et al., 1983). Several clinical cases have also reported catheter infections, post-surgical infections, peritonitis, eye infections, and pulmonary infections (Brown-Elliott et al., 2012; Brown-Elliott and Philley, 2017). Unfortunately, our understanding surrounding the pathogenicity of M. fortuitum has been hampered by the lack of genetic tools and by the restricted panel of cellular and animal models available. Among the few animal models reported, a murine infection model was characterized by a sustained persistent infection of M. fortuitum in the kidneys (Parti et al., 2005, 2008). However, while the bacilli proliferated freely inside murine macrophages they did not invade a murine kidney cell line (Parti et al., 2005). A murine neutropenic model, in which neutropenia is induced by intraperitoneal doses of cyclophosphamide, has also been exploited to demonstrate the in vivo efficacy of drugs against M. fortuitum and M. abscessus (Das et al., 2019). In addition, a recent study highlighted the suitability of the Galleria mellonella moth larvae as a cheap, efficient and rapid in vivo model for the screening of antibiotic combinations and novel treatments against NTM, including M. fortuitum (Entwistle and Coote, 2018; García-Coca et al., 2019).

Infection of mice with M. fortuitum are also accompanied by visible symptoms, such as spinning disease (Saito and Tasaka, 1969; Parti et al., 2005), often associated with neurological disorders. Interestingly, spinning disease due to invasive abscess formation within the central nervous system has been described both in mice as well as in zebrafish embryos infected with M. abscessus (Saito and Tasaka, 1969; Bernut et al., 2014a), suggesting that both M. abscessus and M. fortuitum display common pathogenic traits in these animals. Interestingly, M. fortuitum, formerly Mycobacterium ranae, was originally recovered from frogs in 1905 and considered a pathogen for animals and humans since its first isolation from a human abscess in 1938. Together with Mycobacterium marinum, it is commonly associated with fish tuberculosis, a systemic and chronic disease characterized by the presence of granulomatous reactions. Supporting the view that M. fortuitum infects amphibians and fish, inoculation in adult goldfish led to the development of a characteristic chronic granulomatous response similar to that associated with natural mycobacterial infection (Talaat et al., 1999). Overall, these observations suggest that zebrafish may represent a valuable model to study pathogenesis of this understudied mycobacterial species.

Zebrafish have recently gained favor as a useful and amenable model to study host-bacterial interactions (Davis et al., 2002; van der Sar et al., 2004; Clay et al., 2007; Prajsnar et al., 2008, 2013; Vergunst et al., 2010; Alibaud et al., 2011; Cambier et al., 2014; Gomes and Mostowy, 2020). Due to genetic tractability and optical transparency, zebrafish embryos represent an exquisite model to study important aspects of infectious diseases. Whilst the adult zebrafish possess a complex immune system similar to that of humans, comprising both the innate and adaptive arms of immunity, the early embryonic stages solely harbor innate immunity (Davis et al., 2002). Infection of embryos, thus allows a more in-depth focus on the role of innate immunity during the very early stages of infection (Davis et al., 2002; Torraca and Mostowy, 2018). Zebrafish infection with the fish pathogen M. marinum has led to remarkable insights into the understanding of human tuberculosis (Davis et al., 2002; Berg and Ramakrishnan, 2012), the role of macrophages in pathogen dissemination (Davis and Ramakrishnan, 2009), infection-induced antibiotic tolerance (Adams et al., 2011), the contribution of ESX secretion system in granuloma formation (Volkman et al., 2004) and induced granuloma-associated angiogenesis which promotes mycobacterial growth and facilitates the spread of infection to distant tissue sites (Oehlers et al., 2015). However, a noticeably important breakthrough came from the M. abscessus model of infection in zebrafish, which unraveled the importance of cording as mechanism of immune evasion (Bernut et al., 2014a) and the role of TNF signaling in controlling infection (Bernut et al., 2016a). Because many conserved virulence mechanisms and host susceptibility determinants identified during zebrafish infection have been validated in humans (Tobin et al., 2010; Bernut et al., 2019), we reasoned that zebrafish may also represent a useful experimental model to decipher the virulence and immunopathology of M. fortuitum infections.

Herein, we have exploited the zebrafish embryo as an amenable model for the study of systemic M. fortuitum infections. We describe the aggressive and lethal infections caused by M. fortuitum, which develops in the absence of either functional innate immunity or CFTR.



MATERIALS AND METHODS


Mycobacterial Strains and Culture Conditions

Mycobacterium abscessus CIP104536T, M. fortuitum subsp. fortuitum (ATCC 6841) and Mycobacterium smegmatis mc2155 were routinely grown and maintained at 37°C in Middlebrook 7H9 broth (BD Difco) supplemented with 10% oleic acid, albumin, dextrose, catalase (OADC; BD Difco) and 0.025% Tyloxapol (Sigma-Aldrich) (7H9OADC/T) or on Middlebrook 7H10 supplemented with 10% OADC enrichment (7H10OADC) and in the presence of antibiotics if required. To observe in vitro liquid growth phenotypes, bacteria were grown in Cation-adjusted Mueller-Hinton Broth (CaMHB; Sigma-Aldrich).



Creation of Fluorescent M. fortuitum

Fluorescent M. fortuitum was generated using the pVV16-eGFP replicative vector (Vilchèze et al., 2014). Electro-competent M. fortuitum were generated as previously described (Viljoen et al., 2018). M. fortuitum was placed on ice for 2 h prior to pelleting by centrifugation (3,000 × g at 4°C for 15 min). Following centrifugation, bacteria were resuspended in decreasing volumes of wash buffer (10% glycerol (v/v) and 0.025% Tyloxapol in distilled water) and pelleted by centrifugation for a total of 4 washes. For electroporation transformation, 1 μg of plasmid DNA was added to 200 μL of electrocompetent bacteria and transferred to a chilled 0.2 cm electrode gap GenePulser electroporation cuvette (Bio-rad) and transformed using a GenePulser Cxell electroporator (Bio-rad) (2.5 kV, 1, 000 Ω and 25 μF). Bacteria were recovered in 800 μL of 7H9OADC/T and placed at 37°C overnight. For selection of green fluorescent colonies, M. fortuitum was plated on 7H10OADC supplemented 50 μg/mL kanamycin (Euromedex). Positive colonies were selected based on fluorescence and maintained in 7H9OADC/T supplemented with 50 μg/mL kanamycin. Fluorescent M. abscessus has been previously described (Bernut et al., 2014a).



Preparation of Single Cell M. fortuitum

Single cell preparations of fluorescent M. fortuitum were created, as previously described (Bernut et al., 2015). Exponential-phase M. fortuitum were pelleted at 3000 × g for 10 min at room temperature and resuspended in 1 mL of 7H9OADC/T. Bacteria were passed through a 26 gauge needle 15 times, followed by two rounds of 10 s sonication, made up to 50 mL with 7H9OADC/T and centrifuged at 3000 × g for 10 min at room temperature. Pelleted bacteria were resuspended in up to 1 mL of 7H9OADC/T and 10 μL aliquots of single cell M. fortuitum prepared and placed at −80°C until required.



Zebrafish Maintenance

Zebrafish experiments were completed in accordance with the Comité d'Ethique pour l'Expérimentation Animale de la Région Languedoc Roussillon under the reference CEEALR36-1145. All experiments in the current study were performed using the golden mutant and macrophage reporter Tg(mpeg1:mCherry) lines as previously described (Bernut et al., 2014a, 2015). Zebrafish embryos were obtained and maintained as previously described (Bernut et al., 2015).



Morpholino Injection and cftr Knockdown

Morpholinos were designed and purchased from GeneTools. A splice-blocking morpholino specifically targeting zebrafish gene cftr (ZEBRAFISHIN, ZDB-GENE-050517-20) (5′-GACACATTTTGGACACTCACACCAA-3′) was injected into zebrafish embryos at the 1–4 cell stage (1 mM, 2 nL). Furthermore, details of the morpholino efficacy and specificity and cftr knockdown was previously validated as described (Bernut et al., 2019). Briefly, this splice blocking morpholino was designed against the exon 3-intron 3 junction within the cftr gene. Sequencing analysis indicated that the cftr morpholino blocks normal splicing, resulting in a 54 bp deletion in exon 3, and leading to the knockdown of CFTR expression (Bernut et al., 2019).



Zebrafish Microinjection and Infection

At 24 h post-fertilization, embryos were dechorionated using Pronase (10 mg/mL; Sigma-Aldrich) for up to 5 min at room temperature, followed by extensive washing in zebrafish water. Following dechorionation, embryos were injected with either liposomal clodronate or PBS-filled liposomes (Liposoma) (2 nL) via caudal vein injection, as previously described (Bernut et al., 2014a, 2015). At 30 h post-fertilization, embryos were anesthetized in 0.02% tricaine solution and infected with fluorescent M. fortuitum via caudal vein injection (3 nL containing ≈100 bacteria/nL). Bacterial inoculum was checked a posteriori by injection of 3 nL into sterile PBS and plating onto 7H10OADC. Following infection, embryos were transferred to 24-well plates (2 embryos/well) and incubated at 28.5°C for the duration of the experiment. Embryo age is expressed as days post-infection (dpi).



Zebrafish Monitoring and Live Imaging

Embryo survival was monitored daily based on the presence or absence of a heartbeat. Survival curves were determined by counting dead larvae for up to 12 days, or until uninfected embryos begin to die. At designated key time points post-infection, embryos were anesthetized in 0.02% tricaine solution and mounted on 3% (w/v) methylcellulose solution for live imaging. Images were taken using a Zeiss Axio Zoom.V16 coupled with an Axiocam 503 monochrome camera (Zeiss). Fluorescent Pixel Count (FPC) measurements were determined using the “Analyse particles” function in ImageJ. Granulomas were identified based on the co-localization of fluorescent macrophages and fluorescent M. fortuitum. All experiments were completed at least two times independently.



Statistical Analysis

Survival curve analysis was completed using the log-rank (Mantel-Cox) statistical test. Abscess, cord, granuloma and bacterial burden (FPC) analyses were completed using unpaired Student′s t-test. All statistical tests were completed using Graphpad Prism (Version 8.0.1).




RESULTS


M. fortuitum Forms Large Corded Aggregates in vitro

Zebrafish naturally require lower ambient temperatures of ~28°C for normal growth and development. In establishing a new model to study the pathogenesis of a disease-causing agent, it is critical that the replication of the pathogen is not affected by these temperatures. As has been reported for other NTM such as M. abscessus (Bernut et al., 2014a) and M. kansasii (Johansen and Kremer, 2020), these species are able to replicate at lower ambient temperatures, albeit at a slower rate, highlighting their adaptability to the zebrafish platform. We firstly wanted to determine whether M. fortuitum is able to grow at lower temperatures compared to traditional 37°C incubation. When grown in 7H9OADC/T at 30°C, we observed that M. fortuitum was able to reach early stationary phase around Day six, which was comparable to other rapid growers that are known to thrive at lower temperatures, such as M. abscessus and M. smegmatis (Figure 1A). Comparatively, all species grew at a much faster rate and reached stationary phase earlier when grown at 37°C, which was to be expected and has been reported for other NTM species (Johansen and Kremer, 2020) (Figure 1B).
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FIGURE 1. Mycobacterium fortuitum forms large corded bacterial aggregates in vitro. (A) M. abscessus CIP104536T smooth (S) and rough (R) variants, M. fortuitum subsp. fortuitum (ATCC 6841) and M. smegmatis mc2155 were inoculated in 7H9OADC/T at an optical density of 0.05 (OD620) and incubated at 30°C and (B) 37°C under shaking at 100 rpm. Growth measurements were taken daily over a 7-day period until cultures reached stationary phase. Data shown is the merge of two independent experiments. Error bars represent standard deviation. (C) In vitro liquid growth properties of the different NTM species in CaMHB medium following 3–4 days static culture at 30°C in a 96-well plate. The boxed area depicts the zoomed section of liquid growth in the bottom left hand corner of each well. Scale bars represent 2 mm. (D) In vitro solid agar growth properties of M. fortuitum and M. abscessus R variant following 3 days growth at 30°C. Scale bars represent 1 mm.


It has been well-described that specific mycobacteria are able to grow in large cord-like aggregates; a trait that has been often regarded for the most pathogenic mycobacteria such as Mycobacterium tuberculosis, M. marinum, M. abscessus and recently M. kansasii (Glickman et al., 2000; Staropoli and Branda, 2008; Bernut et al., 2014a, 2016b; Johansen and Kremer, 2020). As such, we wanted to determine whether M. fortuitum also possessed similar traits, which may explain why it is regarded as an opportunistic pathogen and frequently isolated in pulmonary and extra-pulmonary sites (Wallace et al., 1983; Brown-Elliott and Philley, 2017). Remarkably, when grown at both 30 and 37°C in CaMHB, a liquid medium commonly used for testing of antimicrobial susceptibility, we observed the formation of large cord-like aggregates for M. fortuitum (Figure 1C). These cords were different in size and appearance when compared to rough M. abscessus; an NTM species well-known for its large extracellular cord formation both in vitro and in vivo (Bernut et al., 2014a, 2016a,b). When we observed bacterial growth on 7H10OADC solid agar, we also identified the presence of large cord-like structures for M. fortuitum, which were noticeably different in appearance to rough M. abscessus (Figure 1D).



M. fortuitum Is Pathogenic in a Zebrafish Model in a Dose-Dependent Manner

We firstly wanted to determine whether M. fortuitum was able to promote embryonic death in a dose-dependent manner. At 30 h post-fertilization, bacterial suspensions of M. fortuitum were injected in the caudal vein of zebrafish embryos. We observed that embryos infected with 200, 500 or 1,000 CFU of M. fortuitum induced ~20% embryonic death in a 12-day period (Figure 2A). This is similar to what has been observed for other NTM, such as the smooth variant of M. abscessus (Bernut et al., 2014a) or M. kansasii (Johansen and Kremer, 2020). Moreover, infection with higher doses, corresponding to 2,500 or 5,000 CFU, led to 40 and 70% of embryo death, respectively, within a 12-day period. Interestingly, larval killing occurred rapidly (within 4 days post-infection) after which the percentage of survival remained stable. Embryos infected with 10,000 CFU all succumbed within a 4-day period. Whole embryo imaging demonstrates that larval killing was directly correlated to the bacterial burden and that bacteria were disseminated throughout the entire embryo, suggestive of a systemic infection (Figure 2B). Collectively, these findings demonstrate the feasibility of the zebrafish model to study acute infections with M. fortuitum.


[image: Figure 2]
FIGURE 2. Zebrafish embryos are susceptible to Mycobacterium fortuitum infection in a dose-dependent manner. (A) Zebrafish embryos were injected with varying dosages of GFP-expressing M. fortuitum at 30 h post-fertilization via caudal vein injection. Embryo survival was monitored over a 12 day period. N = 20–25 embryos/group. Statistical analysis was completed using the log-rank (Mantel-Cox) statistical test for survival curves. Data shown is the merge of two independent experiments. (B) Representative images of zebrafish embryos infected with varying dosages of GFP-expressing M. fortuitum at 2 days post-infection. Green represents M. fortuitum. Scale bars represent 1 mm. **P ≤ 0.01, ***P ≤ 0.001.




The Zebrafish/M. fortuitum Model Recapitulates Important Mycobacterial Pathophysiological Features

We next monitored the kinetic of the bacterial burden upon intravenous infection of embryos with 300 CFU of M. fortuitum expressing GFP by determination of fluorescent pixel counts (FPC). There was a significant increase in the bacterial loads between 2 and 4 dpi, after which bacterial loads remained stable between 4 and 6 dpi, suggesting that the bacterial expansion is controlled at later time points (Figure 3A).


[image: Figure 3]
FIGURE 3. Zebrafish infected with Mycobacterium fortuitum recapitulate the hallmark features of other pathogenic mycobacteria. (A) Following infection mpeg1::mCherry zebrafish embryo at 30 h post-fertilization via caudal vein injection with 300 CFU of GFP-expressing M. fortuitum, bacterial burden was quantified using fluorescent pixel count (FPC determination using ImageJ software) at 2, 4, and 6 days post-infection. For each experiment, all groups were normalized against the 2 days post-infection group. Each datapoint represents an individual embryo. Error bars represent standard deviation. Statistical significance was determined by Student′s t-test. Plots represent a pool of 2 independent experiments containing approximately 20 embryos per group. (B) The granuloma formation kinetic in embryos following infection with M. fortuitum. Error bars represent standard deviation. Data shown is the merge of two independent experiments. Statistical significance was determined by Student′s t-test. (C) Representative image of a granuloma at 4 days post-infection. The white arrow highlights the granuloma. Scale bar represents 1 mm. (D) The kinetic of bacterial cord formation in zebrafish embryos following M. fortuitum infection. Error bars represent standard deviation. Data shown is the merge of two independent experiments. Statistical significance was determined by Student′s t-test. (E) Representative image of a bacterial corded M. fortuitum aggregate surrounded by recruited macrophages at 4 days post-infection. Note the sheer size of the bacterial aggregate in comparison to the smaller macrophages. Green represents M. fortuitum, while red represents macrophages. Scale bar represents 50 μm. (F) The kinetic of abscess formation in zebrafish embryos infected with M. fortuitum. Error bars represent standard deviation. Data shown is the merge of two independent experiments. Statistical significance was determined by Student′s t-test. (G) Representative image of an M. fortuitum abscess at 4 days post-infection. The white arrow highlights the abscess. Green represents M. fortuitum, while red represents macrophages. Scale bar represents 1 mm. *P ≤ 0.05, ***P ≤ 0.001, ****P ≤ 0.0001.


A major feature of mycobacterial infection is the formation of the granuloma (Pagán and Ramakrishnan, 2018). Importantly, zebrafish embryos do not possess adaptive immunity and so granuloma identification is strictly based on the presence of macrophages at the infection foci (Davis et al., 2002). This host immune aggregate acts to restrict pathogen spread, however mycobacteria have developed unique mechanisms allowing their prolonged survival within these host structures (Volkman et al., 2004; Davis and Ramakrishnan, 2009; Bernut et al., 2014a; Johansen and Kremer, 2020). Comparatively, extracellular cord formation within the zebrafish embryo is often representative of acute infection and generally is indicative of mycobacterial escape from the phagosome and macrophage destruction (Bernut et al., 2014a, 2015, 2016a). Abscess formation often represents loss of infection control and typically occurs following extracellular cord formation and expansion (Bernut et al., 2014a, 2015, 2016a). Abscesses represent a marker of disease severity and are often associated with cellular debris, tissue destruction, and acute infection in zebrafish (Bernut et al., 2014a). As such, we wanted to determine whether zebrafish embryos infected with M. fortuitum are able to recapitulate critical determinants of mycobacterial infection. To visualize and monitor the presence of granulomas, infections with M. fortuitum expressing GFP were carried out in the caudal vein of the mpeg1:mCherry zebrafish reporter line harboring red fluorescent macrophages. We observed the presence of granulomas in approximately 60% of infected embryos at 2 dpi, which increased to 80% of embryos by 4 dpi and then remained constant between 4 and 6 dpi (Figures 3B,C). This coincides with the arrest of bacterial proliferation between 4 and 6 dpi as seen in Figure 3A. When we counted the number of embryos with cords, ~50% of embryos displayed these extracellular bacterial structures, which was consistent throughout the experiment until 6 dpi (Figures 3D,E). We observed a significant increase in the number of embryos with abscesses from 5 to 40% between 2 and 4 dpi (Figures 3F,G). These findings demonstrate that the zebrafish model effectively recapitulates critical aspects of mycobacterial pathophysiology following M. fortuitum infection and highlights the applicability of this model for the study of M. fortuitum pathogenesis. These results also suggest that acute infection is typified by rapid bacterial expansion and that cord formation occurs very rapidly within 2 dpi, while the bacterial growth is controlled once granulomas are fully formed at 4 dpi.



Macrophages Are Essential Host Determinants of M. fortuitum Infection Control

Macrophages are the first responders to infection and one of the major cell populations within the mycobacterial granuloma (Volkman et al., 2004; Bernut et al., 2016a; Pagán and Ramakrishnan, 2018). It is well-known that macrophage depletion has a detrimental outcome for mycobacterial infection in zebrafish embryos, leading to premature larval death within several days post-infection (Clay et al., 2007; Bernut et al., 2014a). Currently, it is not known whether macrophages play such a crucial role in M. fortuitum infection as compared to other mycobacterial species. As such, we aimed to elucidate whether macrophages are essential determinants of M. fortuitum infection control. Liposomal clodronate is highly effective in depleting macrophages within the zebrafish embryo for up to 6 days as previously reported (Bernut et al., 2014a, 2015). Using Lipoclodronate macrophage depletion, 100% killing was achieved in animals infected with ≈300 CFU at 3 dpi (Figure 4A). This was associated with a massive increase in bacterial loads in macrophage-depleted embryos as compared to wild-type fish receiving PBS clodronate at 2 dpi, thus highlighting the critical role of macrophages in controlling M. fortuitum infection (Figure 4B). Further, embryo imaging clearly highlighted the very high bacterial loads in the macrophage-depleted embryos as compared to the wild-type fish (Figure 4C), consistent with bacterial burden quantification. Importantly, we observed a greater proportion of embryos with cords and an increase in the number of cords per embryo in Lipoclodronate-treated embryos as compared to PBS-injected animals, emphasizing the need of macrophages to restrict intracellular growth and preventing extracellular cord formation (Figure 4D). There was also a greater proportion of Lipoclodronate treated embryos with abscesses and a higher number of abscesses per embryo when compared to PBS groups at 2 dpi (Figure 4E). Together, these results demonstrate that the hypersusceptibility of Lipoclodronate-treated embryos to M. fortuitum stems from their lack of macrophages.


[image: Figure 4]
FIGURE 4. Lipoclodronate macrophage depletion results in lethal M. fortuitum infection. (A) At 24 h post-fertilization, embryos were treated with liposomal clodronate via caudal vein injection to transiently deplete macrophages. At 30 h post-fertilization, embryos were injected intravenously with 300 CFU of GFP-expressing M. fortuitum with embryo survival monitored over a 12 day period. n = 20–25 embryos/group. Statistical analysis was completed using the log-rank (Mantel-Cox) statistical test for survival curves. Data shown is the merge of two independent experiments. (B) Bacterial burden at 2 days post-infection was calculated using fluorescent pixel count (FPC) determination with ImageJ software. Lipoclodronate-treated embryos were normalized against corresponding controls in each experiment. Each datapoint represents an individual embryo. Error bars represent standard deviation. Statistical significance was determined by Student′s t-test. Plots represent a pool of 2 independent experiments containing approximately 20 embryos per group. (C) Representative images of wild-type (WT) and Lipoclodronate-treated embryos infected with 300 CFU of GFP-expressing M. fortuitum at 2 days post-infection. Scale bars represent 1 mm. (D) The proportion of embryos with bacterial cords and the total distribution of cords categorized as low (<5 cords/embryo), moderate (6–10 cords/embryo) and high (>10 cords/embryo) in M. fortuitum-infected embryo at 2 days post-infection. Error bars represent standard deviation. Data shown is the merge of two independent experiments. Statistical significance was determined by Student′s t-test. (E) The proportion of embryos with abscesses and the average number of abscesses per infected embryo at 2 days post-infection. Error bars represent standard deviation. Data shown is the merge of two independent experiments. Statistical significance was determined by Student′s t-test. **P ≤ 0.01, ****P ≤ 0.0001.




CFTR Depletion Leads to Increased Susceptibility to M. fortuitum Infection

It is estimated that 5–20% of CF patients will develop NTM infection (Richards and Olivier, 2019), indicating that these patients are at increased risk of infection due to genetic susceptibility. Although less frequently encountered than M. avium or M. abscessus, several studies have reported the presence of M. fortuitum in CF patients (Sermet-Gaudelus et al., 2003; Cândido et al., 2014; Martiniano et al., 2016; Richards and Olivier, 2019). Recent work has shown that CFTR is important for fine-tuning host oxidative stress and restricting intracellular growth of M. abscessus in a zebrafish model (Bernut et al., 2019). These embryos also possessed fewer granulomas and granulomas displayed a disorganized structure, suggesting that CFTR is also an important determinant of infection containment within the granuloma microenvironment. We thus inquired whether CFTR depletion also conferred increased susceptibility to M. fortuitum infection. Using a morpholino knockdown strategy previously validated to target the zebrafish cftr gene (Bernut et al., 2019), we observed a massive increase in embryo mortality (almost 60% mortality at 12 dpi) following M. fortuitum infection in cftr morphants when compared to wild-type infected embryos (Figure 5A). In addition, mortality started earlier in cftr morphants than in wild-type fish. When we further examined bacterial burden, we observed an increase in CFTR-depleted embryos at 2 dpi when compared to wild-type infection, which was greatly increased by 4 dpi (Figures 5B,C). Strikingly, in CFTR-depleted embryos, there was an enhanced proportion of embryos with cords at both 2 and 4 dpi when compared to wild-type infection. Moreover, there was an increase in the number of cords per embryo in CFTR-depleted embryos at 2 dpi when compared to wild-type (Figure 5D). There was also a significantly greater number of embryos with abscesses and a greater number of abscesses per embryo at 4dpi in the CFTR-depleted group as compared to wild-type infections (Figure 5E). In contrast, infected cftr morphants produced less granulomas when compared to wild-type infections, however the number of granulomas per embryo remained constant over time (Figure 5F), similarly to what was previous observed in M. abscessus infected cftr morphants (Bernut et al., 2019). In contrast to wild-type embryos where bacterial proliferation is constrained when granulomas are formed (Figure 3), the opposite scenario occurs in cftr morphants whereby bacterial proliferation progresses whilst the number of granulomas remains unchanged. These findings suggest that depletion of CFTR impairs host immune responses resulting in granuloma formation.
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FIGURE 5. CFTR ablation leads to rapid larval death and uncontrolled bacterial expansion. (A) Cftr mrophants at 30 h post-fertilization were infected with 300 CFU of GFP-expressing M. fortuitum via caudal vein injection and embryo survival was monitored over a 12 day period. N = 20–25 embryos/group. Statistical analysis was completed using the log-rank (Mantel-Cox) statistical test for survival curves. Data shown is the merge of three independent experiments. (B) Bacterial burden was quantified by fluorescent pixel count (FPC) determination using ImageJ software, with each data point representing an individual embryo. Each group was normalized against the wild-type cohort at 2 days post-infection. Error bars represent standard deviation. Statistical significance was determined by Student′s t-test. Plots represent a pool of three independent experiments containing ~20–25 embryos per group. (C) Representative images of wild-type (WT) and CFTR depleted (cftr) embryos infected with 300 CFU of GFP-expressing M. fortuitum at 2 days post-infection. Scale bars represent 1 mm. (D) The proportion of embryos with bacterial cords and the average number of cords per infected embryo at 2 and 4-days post-infection. Error bars represent standard deviation. Data shown is the merge of three independent experiments. Statistical significance was determined by Student′s t-test. (E) The proportion of embryos with abscesses and the average number of abscesses per infected embryo at 2 and 4-days post-infection. Error bars represent standard deviation. Data shown is the merge of three independent experiments. Statistical significance was determined by Student′s t-test. (F) The proportion of embryos with granulomas and the average number of granulomas per infected embryo at 2 and 4-days post-infection. Error bars represent standard deviation. Data shown is the merge of three independent experiments. Statistical significance was determined by Student′s t-test. *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001.


Overall, these findings emphasize the importance of CFTR as a host factor in controlling M. fortuitum pathogenesis through granuloma formation and preventing extracellular cord formation, indicating that CFTR dysfunction results in hypersusceptibility to M. fortuitum infection.




DISCUSSION

Mycobacterium fortuitum is increasingly recognized as an opportunistic nosocomial pathogen responsible for a wide panel of clinical infections, including lung diseases. However, our understanding of the pathogenic mechanisms of this important NTM species remains obscured by the lack of relevant animal models. Herein, we exploited the zebrafish model to directly and non-invasively dissect critical steps in the pathogenesis of M. fortuitum. Genetic manipulation of the host, combined with a fluorescent reporter bacterial strain were used to decipher the interplay between M. fortuitum and host macrophages. We provide evidence that zebrafish embryos, displaying only innate immunity, represent a suitable and permissive host that is susceptible to high doses of M. fortuitum. Chemical depletion of macrophages led to a rapid expansion of M. fortuitum, establishing a systemic and acute infection leading to rapid larval killing. Most importantly, morpholino depletion of CFTR led to hypersusceptibility of zebrafish embryos to M. fortuitum infection, providing the first insight into the significance of CFTR in M. fortuitum pathogenesis. The pathophysiological events of M. fortuitum infection are reminiscent to those reported earlier for M. abscessus, a well-acknowledged CF pathogen and can be summarized in a sequential manner (Figure 6): (1) Following intravenous injection, M. fortuitum is rapidly phagocytosed by macrophages; (2) Once inside the phagosome, M. fortuitum is initially able to replicate until the recruitment of additional macrophages to the site of infection; (3) Infection is contained with the formation of the mycobacterial granuloma and leads to a chronic infection. However, in a subset of wild-type embryos and to a much greater extent in CFTR embryos, it is very likely that the escape or release of M. fortuitum from infected macrophages is favoring extracellular bacterial multiplication in the form or serpentine cords (highly stimulated in macrophage-depleted embryos). Bacterial cords can withstand phagocytosis by macrophages which further exacerbates uncontrolled bacterial multiplication and ultimately results in abscess formation, tissue damage and larval death. This is supported by recent findings indicating that caspase-mediated apoptosis of catfish macrophages occurs rapidly after infection with M. fortuitum (Datta et al., 2018). Thus, one can envisage a similar scenario where apoptosis of zebrafish macrophages releases M. fortuitum into the extracellular milieu, promoting the production of extracellular cords.
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FIGURE 6. A hypothetical schematic summarizing the pathogenesis of Mycobacterium fortuitum in both wild-type and CFTR backgrounds. (1) Following intravenous injection of M. fortuitum into zebrafish embryos, macrophages are rapidly recruited to the site of infection and phagocytose bacilli; (2) Once inside the phagosome, M. fortuitum is able to initially replicate, however in a wild-type scenario, host defenses are able to slow the bacterial expansion until further macrophages are recruited. Comparatively, following CFTR depletion, bacteria are able to rapidly expand within the phagosome, presumably due to defective host oxidative defense mechanisms. (3) Additional macrophages are recruited to the infection foci, forming the granuloma which acts to contain infection dissemination in wild-type embryos. In a proportion of wild-type embryos, we propose that macrophage apoptosis triggers the escape of bacilli to the extracellular space which facilitates the growth of bacilli into large corded aggregates, promoting zebrafish embryo death. In CFTR-depleted embryos, there are fewer granulomas and a greater proportion of cords which leads to more rapid embryonic death and a greater proportion of cords and abscesses.


Multiple hypotheses may explain why high doses of M. fortuitum are required to induce efficient and rapid killing of zebrafish larvae, as compared to M. marinum (Volkman et al., 2004; Davis and Ramakrishnan, 2009). One plausible explanation could be attributed to the fact that M. fortuitum remains phagolysosomal, presumably because of the lack of ESAT-6 secretion (Houben et al., 2012), although pan-genomic analyses seem to indicate that the M. fortuitum genome possesses an ESX-1 cluster (Dumas et al., 2016). Indeed, a clear link between translocation and mycobacterial virulence has been proposed, relying on a functional ESX-1 system and ESAT-6 secretion, which facilitates translocation of members of the M. tuberculosis complex and M. marinum from the phagolysosome to the cytosol (Houben et al., 2012). However, M. abscessus which escapes the phagosome lacks ESX-1, but it has been postulated that communication with the cytosolic compartment is favored by the presence of a functional ESX-4 secretion system (Roux et al., 2016; Laencina et al., 2018; Johansen et al., 2020). Future work is therefore required to investigate the contribution of the different ESX systems in the pathogenicity of M. fortuitum.

Moreover, we have harnessed the CFTR zebrafish model of infection as an innovative vertebrate recapitulating aspects of CF immuno-pathogenesis (Bernut et al., 2019). M. fortuitum-infected CFTR-depleted zebrafish rapidly succumbed to infection, reflecting a hypersusceptibility phenotype to this mycobacterial species in CF and providing a first glance into the vulnerability of CF patients to M. fortuitum infection. Previous work indicated CFTR participates in neutrophil chemotaxis to the infected sites and the adjustment of oxidative host defenses, conditioning efficient phagocyte-mediated bacterial killing, together generating a protective granulomatous response (Bernut et al., 2019). However, the role of neutrophils in the defense against M. fortuitum remains to be investigated in future studies. CFTR depletion is also associated with a deficiency in radical oxygen species production altering phagocyte-mediated killing. It is, therefore, very likely that this low oxidative response in cftr morphants results in increased intracellular loads of M. fortuitum and premature cell death. Thus, the reduced number of protective granulomas together with the uncontrolled extracellular mycobacterial spread leads to acute infection and larval death in cftr morphants. Our study indicates that CFTR is a regulator of host immunity to M. fortuitum, as suggested previously for M. abscessus. Importantly, CFTR depletion has been shown to have no impact on the control of host immunity to the non-pathogenic M. smegmatis nor to the pathogenic M. marinum (Bernut et al., 2019). These findings imply that species-specific restriction mechanisms occur for various NTM, an interesting observation that will require further investigation. Overall, this new animal model allows us to propose that cftr represents a gene of susceptibility to M. fortuitum infection.

This study also paves the way to new translational possibilities in the fight against M. fortuitum infections. The zebrafish model described here, particularly conducive to spatiotemporal imaging of M. fortuitum infections, may also be exploited to test the in vivo efficacy of known antibiotics or new drug treatments. It may represent a unique biological system allowing non-invasive observations to evaluate, in real time, the efficacy of compounds in a living vertebrate, as shown previously for M. marinum (Takaki et al., 2012) and M. abscessus (Bernut et al., 2014b; Dubée et al., 2015; Dupont et al., 2017; Raynaud et al., 2019) and applied to high-throughput in vivo testing of drug efficacy (Carvalho et al., 2011).
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Owing to the genetic similarities and conserved pathways between a fruit fly and mammals, the use of the Drosophila model as a platform to unveil novel mechanisms of infection and disease progression has been justified and widely instigated. Gaining proper insight into host–pathogen interactions and identifying chief factors involved in host defense and pathogen virulence in Drosophila serves as a foundation to establish novel strategies for infectious disease prevention and control in higher organisms, including humans.
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INTRODUCTION

Drosophila, a chief tool in contemporary genetic studies, became one of the most powerful model organisms widely used in scientific explorations. The versatility, low cost, short life cycle, well-characterized genome, and feasibility of genetic manipulation made the fruit fly an indispensable model organism for basic research. The modern era of Drosophila research initially took off when the fly was deployed in developmental biology, particularly in fly embryo studies to identify novel genes involved in development (Nusslein-Volhard and Wieschaus, 1980). Further studies conducted in Drosophila have contributed to novel groundbreaking findings that allowed the identification of fundamental components of different pathways conserved between the fruit fly and higher mammalian organisms, including humans. Recently, Drosophila gained great popularity in host–pathogen interaction and infectious disease control studies due to several reasons, many of which were attributed to evolutionary conserved features in both Drosophila and vertebrates including innate immune cascades, signal transduction pathways, and transcriptional regulators. The fruit fly surprisingly serves as a host for a diversity of pathogens and could be readily infected with these pathogens naturally or in an experimental setting. The existence of a wide array of molecular and genetic tools that allow gene manipulation in specific cells/tissues in the fly also favors its use in host–pathogen interaction studies. Genetic and genome-wide RNAi screens in either intact flies or cell lines have identified a wide array of host effector molecules and pathways involved in host defense against invading pathogens. Reciprocally, flies can be used to screen for pathogen-virulence factors. The fly's GAL4-UAS transactivation system (Brand and Perrimon, 1993) allows the direct expression of transgenes encoding host or pathogen proteins in a cell-type-specific manner in vivo. Also, the fly's LexA transcriptional system, allows combinatorial gene expression in a distinct or overlapping fashion in vivo (Pfeiffer et al., 2010; Yagi et al., 2010), opening up for the feasibility of conducting epistasis analysis and revealing a role of specific genes in regulating cellular processes and pathways. Such experiments are difficult to be conducted in higher model organisms including mammals, advocating the use of Drosophila in host–pathogen interaction studies. Like all invertebrates, Drosophila lacks an adaptive immune response and relies exclusively on innate immunity with both its humoral and cellular arms to fight off invading pathogens. These innate immune responses mainly include production of antimicrobial peptides (AMPs) and anti-pathogenic factors through core signaling pathways (Toll, IMD, and JAK/STAT), anti-viral response through the RNA interference (RNAi) pathway, and pathogen immobilization through phagocytosis, encapsulation, and melanization (Agaisse and Perrimon, 2004; Akira et al., 2006; Govind, 2008). In this review, we provide an overview of the use of Drosophila in host–pathogen interaction studies and highlight the role of the fly's innate immune system in pathogen control. We also recapitulate a broad spectrum of host defense and pathogen virulence factors identified in Drosophila-pathogen studies and involved in microbial control and disease progression.



HOST DEFENSE FACTORS

Drosophila is considered a significant model organism in studying host–pathogen interactions (Figure 1). The establishment of the D. melanogaster whole genome sequence in 2000 (Adams et al., 2000) paved the way for adapting existing high-throughput RNAi screening methodologies in Drosophila cell lines to study gene function and identify specific gene targets and immune-associated components and modulators (Ueda, 2001; Kiger et al., 2003). Combining the findings of high-throughput RNAi screens with classical genetic methods and in vivo fly studies enabled the identification of humoral and cell-mediated host defense factors against a wide array of intracellular and extracellular pathogens (Cherry, 2008; Bier and Guichard, 2012).


[image: Figure 1]
FIGURE 1. Advantages and practical applications in Drosophila for host–pathogen interaction studies. The left side of the figure delineates the advantages of using the fruit fly model organism in research, and the right side outlines its use as a platform for understanding the etiology of a disease and the potential means of controlling it.



Humoral Host Defense

Humoral innate immune responses in Drosophila mainly include production of AMPs and anti-pathogenic factors through Toll, IMD, and JAK/STAT signaling pathways. The primarily role attributed to the Toll pathway was its involvement in Drosophila embryonic development (Nusslein-Volhard and Wieschaus, 1980). In 1995, Hultmark et al. introduced Toll (Toll-1) as a potent immune activator in fruit fly cell lines (Rosetto et al., 1995). Since then, the Toll pathway was shown to be implicated in immune defense against an array of pathogens. Unlike the mammalian Toll pathway, the activation of Drosophila Toll signaling is not initiated by direct interaction with microbial determinants, but rather by the cleaved form of spätzle, a cytokine-like molecule that is thought to be processed by secreted serine proteases (SPs) and spätzle-processing enzyme (SPE). SPs and SPE are regulated by several pathogen recognition receptors (PRRs) including peptidoglycan recognition protein SA (PGRP-SA), PGRP-SD, Gram-negative binding protein 1 (GNBP1), and GNBP3 (Gottar et al., 2006). To avoid exaggerated immunity, the activation of the Toll pathway is generally tightly regulated. Upregulation of Spn1, a member of the serpin superfamily protease inhibitors located upstream of SPE, for example, contributes to the Toll pathway inactivation and to a downregulation in the expression of AMPs, mainly Drosomycin. Fungal-infected Spn1 null mutants exhibit an up-regulation in Drosomycin (Fullaondo et al., 2011). ModSP, a modular serine protease, activates the Toll pathway to culminate in AMP production. ModSP mutant flies challenged with either gram-positive bacteria (Enterococcus faecalis or Listeria monocytogenes) or fungal species (Candida albicans) succumb to death-associated reduction in AMP gene expression (Buchon et al., 2009a). In addition to its well-defined role against fungal and gram-positive bacteria, Oh et al. reported a role of the Toll pathway in defense against acid-fast mycobacteria. Mycobacterium abscessus, a non-tuberculous mycobacteria in humans, colonizes the gut of D. melanogaster and induces predominant expression of Drosomycin upon Toll pathway activation (Oh et al., 2013). Strikingly, Gottar et al. identified a pathway that acts jointly with GNBP3 to activate the Toll pathway upon fungal infection. PR1, a C. albicans virulence factor, activates Toll signaling by promoting the proteolytic cleavage and maturation of the Persephone protease (PSH). This finding indicates that the detection of fungal infection in Drosophila is dependent on both the recognition of foreign fungal invariant patterns and on tracking the consequence of virulence elements on the infected host (Gottar et al., 2006). Interestingly, and although both GNBP3 and PSH-dependent pathway are also required for Toll pathway activation upon Candida glabrata infection, only GNBP3 mutants are susceptible to Candida glabrata infection, implicating that the downstream effector mechanisms like AMP production and melanization activated against different fungal infections may not be the same (Chamilos et al., 2010; Quintin et al., 2013). Several studies have also employed D. melanogaster as a model organism to characterize anti-viral Toll immunity. The Toll pathway was shown to play a role in efficiently inhibiting Drosophila X viral (DXV) replication. Interestingly, the levels of Drosophila AMP genes induced in response to DXV infection were similar to those reported during Escherichia coli infection (Zambon et al., 2005). Extracellular virions, which were first discovered in Drosophila, and currently in metazoans, are also recognized by Toll-like receptors located on cell surfaces and inside endo-lysosomal compartments (Medzhitov, 2001).

Recently, the impact of post-translational modifications on modulating Toll signaling has been also studied in fruit flies. Such modifications were shown to change the localization and trafficking of the protein in a cell, enhance or inhibit the protein activity, and/or alter the protein's ability to bind to protein signaling partners. The Drosophila Ubc9/Lwr enzyme, for example, affects Toll signaling by stimulating the sumoylation of the Dorsal transcription factor (Schmidt, 2014). Likewise, β-arrestin Kurtz (Krz) regulates Toll signaling via protein sumoylation by interacting with the SUMO protease Ulp1. Krz or Ulp1 Drosophila larval mutants exhibit inflammation-like phenotypes characterized by elevation in lamellocyte production, formation of melanotic tumors, accumulation of transcriptional effectors (Dorsal and Dif) of the Toll pathway, and increased expression of anti-microbial peptides (Drosomycin). Interestingly, loss of function of these two genes reveal a dose-dependent sensitive and synergistic response, suggesting that they belong to the same signaling pathway (Anjum et al., 2013). Moreover, Pellinos, a family of E3 ubiquitin ligases, were shown to also regulate Toll signaling by catalyzing the K63-linked polyubiquitination of Pelle, an IL-1 receptor-associated kinase homolog in Drosophila (Medvedev et al., 2015). Genome-wide screening studies of the Toll pathway also identified novel immune-associated components and regulators including the Deformed Epidermal Auto-regulatory Factor 1 (DEAF1) transcription factor as an essential component for the expression of the Toll target AMP Drosomycin (Kuttenkeuler et al., 2010).

Similar to the Toll pathway, the Drosophila IMD pathway, which is mainly directed against gram-negative pathogens, plays a fundamental role in humoral immunity through AMP production and pathogen clearance. IMD mutant flies, for example, are sensitive to Vibrio cholerae infection (Wang et al., 2013; Kamareddine et al., 2018a), while those with a gain-of-function mutation exhibit resistance, plausibly by lowering the virulence effect of the cholera toxin via increasing the rate of intestinal stem cell division (Wang et al., 2013). DreddD55 IMD mutant flies infected with Xenorhabdus nematophila and Photorhabdus luminescens nemato-bacterial composites also fail to survive infection compared to Dif1 Toll mutants and wild-type infected flies, albeit the 24 h priming with non-pathogenic E. coli prior to X. nematophila and P. luminescens infection. These findings advocate the notion that X. nematophila and P. luminescens pathogens target components of the IMD pathway, despite AMPs synthesis triggered by the nemato-bacterial composite infection (Aymeric et al., 2010). Apart from its well-defined role against gram-negative bacteria, recent studies have also highlighted a role of IMD signaling in defense against fungal and gram-positive bacterial infection (De Gregorio et al., 2002a; Hedengren-Olcott et al., 2004; Pham et al., 2007; Dionne and Schneider, 2008; Costa et al., 2009). Interestingly, non-canonical AMP-independent IMD immunity have been also shown to be crucial in the Drosophila gut defense system. Hori et al. reported that IMD mutant flies are sucseptible to Staphylococcus aureus oral infections and revealed a role of the IMD pathway in clearance of S. aureus from the fly gut (Hori et al., 2018). In alliance with this distinctive role in gut immunity, the IMD pathway was also shown to control gut homeostatic balance in a microbiota-dependent–infection-independent context. The gut flora, which induces IMD signaling activation, significantly affects the midgut transcriptome and promotes the expression of key genes involved in host physiology. A study by Kamareddine et al. revealed that IMD signaling in enteroendocrine cells activated by the intestinal microbiota acetate metabolite regulates the expression of the tachykinin peptide hormone, promoting metabolic homeostasis in the host. Both germ-free flies and IMD mutant flies were shown to behave similarly by exhibiting developmental retardation, disrupted lipid metabolism, and a status of inactive insulin signaling (Kamareddine et al., 2018a). Owing to the fact that humoral immunity in Drosophila is chiefly mediated by AMP production by fat body cells, particular attention has been also given to our understanding of IMD signaling in the fat body. A study by Tsichritzis et al. (2007) revealed that the deubiquitinase Cylindromatosis (CYLD) inhibits NF-κB signaling and downregulates the IMD response. Although CYLD mutant flies exhibit an increase in AMP expression, particularly those with prior infections, yet these mutants succumb to death significantly faster than controls upon E. coli infection. Although the target of CYLD in the IMD pathway remains uncharacterized, this poor survival rate of CYLD-deficient flies could be attributed to an alteration in the structure and function of fat body cells, as CYLD regulates homeostatic balance in these cells. Interestingly, several factors that affect physiology and development in a host also affect Toll and IMD signaling through manipulating fat body maturation. The induction of Diptericin expression in larvae, for example, is affected by age and is dependent on the presence of the ecdysone molting hormone. A mutation affecting the metabolism of ecdysone could indirectly affect the immune status of a host (Meister and Richards, 1996; Ligoxygakis et al., 2002a). It is worth noting here that signaling mechanisms between the gut and the fat body contribute to the regulation of systemic immune responses in the host (Lemaitre and Hoffmann, 2007). Upon oral infection, Ecc15 and P. entomophila can colonize and multiply in the fly gut, triggering strong systemic immunity, without a need for those bacterial species to cross the wall of the gut (Vodovar et al., 2005; Acosta Muniz et al., 2007).

Since the IMD pathway is similar to the mammalian tumor necrosis factor receptor (TNFR) pathway (Leulier et al., 2000; Costa et al., 2009), which plays a critical role in infectious disease control particularly against viral infections (Herbein and O'Brien, 2000), several studies deployed Drosophila as a model organism to gain further insight into the role of IMD signaling in anti-viral immunity. The cricket paralysis virus (CrPV), an RNA virus that infects a wide range of insect hosts, displays increased virulence with higher viral loads in IMD mutant flies (Costa et al., 2009). Interestingly, IMD signaling-mediated anti-CrPV immunity seems to be also AMP independent. Similar to CrPV infection, sindbis viral replication increases in IMD mutant flies (Avadhanula et al., 2009). Moreover, knocking down the peptidoglycan recognition protein-LC (PGRP-LC), a membrane associated IMD pathway receptor, in Drosophila S2 cells also promotes an increase in the genome copy number of the sigma virus and causes a significant up-regulation in the expression of the L gene compared to other viral genes (Liao et al., 2019). An anti-microbial RNAi signaling screen performed by Foley et al. publicized different classes of negative and positive gene regulators of IMD signaling including those that enhance response to peptidoglycan stimulation (46 EDRi genes), and others that constitutively activate NF-kB in the absence of LPS induction (26 CDRi genes) (Blandin et al., 2004). Further screens identified additional IMD positive regulators including Iap2 and TAB (Garver et al., 2006; Kawai and Akira, 2006). Similar to the studies that have been conducted on the Toll pathway, the impact of post-translational modifications on regulating IMD signaling has been also recently deliberated in fruit flies. SP36/Scny was shown to negatively regulate IMD signaling transduction by hydrolyzing UbK63, a key player in IMD ubiquitination (Thevenon et al., 2009). Similarly, USPs were also shown to regulate IMD immune signaling. USP2, for instance, deubiquitinates Imd, promoting its degradation (Engel et al., 2014).

The JAK/STAT signaling pathway, which controls various biological processes and tissue hemostasis in both mammals and invertebrates, also contributes to humoral immunity in a host. It is mainly activated upon microbial infection and/or cellular damage induced by stress response/pathogen infection, and culminates in the production of regulatory molecules, anti-viral agents, and anti-bacterial agents including AMPs. Cell damage induced by Serratia marcescens and Erwinia carotovora infection in Drosophila for example induces JAK/STAT signaling (Buchon et al., 2009b; Cronin et al., 2009) and activates a gut-specific defense machinery characterized by the expression of a subset of AMPs including the Drosomycin-like peptide (dro3). This activation, which is pathogen specific and triggered by cell damage caused by bacterial infection rather than by the bacteria itself (Buchon et al., 2009c), is particularly important in maintaining gut homeostasis by controlling epithelial cell proliferation and renewal in response to bacterial infection (Buchon et al., 2009b; Jiang et al., 2009). In the absence of infection, the indigenous gut flora triggers the expression of hopTum−l or upd3, which is generally adequate to induce intestinal stem cell progeny differentiation and gut regeneration through JAK/STAT and JNK signaling (Buchon et al., 2009b). Moreover, global gene expression analysis of Drosophila gut tissues to oral Erwinia carotovora infection revealed an important contribution of IMD and JAK/STAT pathways, but not the Toll pathway, to the regulation of gut immune responses (Buchon et al., 2009c). Although the intricate contribution of JAK/STAT signaling to cellular immunity has not been fully understood, it has been thought to be involved in cellular responses like hemocyte proliferation and differentiation (Agaisse and Perrimon, 2004). Recently, Yang et al., reported a role of JAK/STAT signaling in parasitoid egg wasp encapsulation in infected Drosophila larvae (Yang et al., 2015). Several studies addressing the role of JAK/STAT pathway in anti-viral immunity also revealed that the expression of “traditional” JAK/STAT pathway target genes including upd2, upd3, and TotM, is induced by many viral species including vesicular stomatitis virus, Flock House virus, and Drosophila X virus (Kemp et al., 2013; Myllymaki and Ramet, 2014). Likewise, the Drosophila C virus infection triggers the expression of several genes like virus-induced RNA-1 (vir-1). Many of these induced genes enclose STAT binding sites in their promoter regions, and their activation is therefore dependent on JAK/STAT signaling. The JAK tyrosine kinase Hopscotch (Hop) was also shown to be involved in controlling Drosophila C virus loads and to participate in inducing the expression of some virus-regulated genes. Deficiencies in JAK/STAT signaling increases Drosophila C virus load and exhibits high mortality rates in infected flies (Dostert et al., 2005). Although double-stranded RNA (dsRNA) itself does not induce viral response in Drosophila, recent studies have shown that recognizing virus-derived dsRNA through the amino terminal DExD/H-box helicase domain of Dicer-2 promotes the expression of the vago-secreted protein (Paradkar et al., 2012) that plays an antiviral role against Drosophila C virus infection (Paradkar et al., 2012). Interestingly, vago seems to induce the JAK/STAT pathway through a Dome-independent mechanism, signifying the existence of an alternative receptor that is yet to be determined. This finding provides a conceivable role of vago in connecting both RNAi and JAK/STAT signaling pathways, suggesting that vago, which is thought to be insect specific, could serve as a cytokine and functionally relate to the mammalian interferon system (Paradkar et al., 2012). By comparing RNA interference (detailed in the section below) with JAK/STAT anti-viral immunity, however, RNAi interference epitomizes an effectual antiviral machinery that operates against an array of RNA and DNA viruses, unlike the antiviral contribution of JAK/STAT signaling, which seems to be more species specific (Kemp et al., 2013) (Figure 2).
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FIGURE 2. Humoral innate immune signaling pathways. (A) Represents a schematic diagram of the Toll pathway. Gram-positive bacteria and fungi recognized by pathogen recognition receptors (PRRs) trigger the activation of this pathway. Modular serine protease (MSP) and spätzle-processing enzyme (SPE), which are regulated by several PRRs are thought to process the cleavage of the spätzle ligand into a mature spätzle that binds to the Toll receptor, initiating downstream signaling pathway that culminates in the translocation of the NFB-like transcription factors Dif and/or Dorsal into the nucleus, promoting the expression to antimicrobial peptides (AMPs) in response to infection. Serpin (Spn) tightly regulates the primary steps of this pathway to avoid exaggerated immunity. (B) Represents a schematic diagram of the IMD pathway. Gram-negative bacteria recognized by receptors of the IMD pathways like the peptidoglycan recognition protein-LC (PGRP-LC) trigger the pathway activation, promoting the formation of the IMD, FADD, and Dredd (caspase 8 homolog) complex. This in turn activates Dredd, which is thought to be involved in the cleavage of the NFB-like transcription factors Relish (Rel). This formed complex also activates Tak1 (MAP3 kinase) and the IKK complex (IRD5 and key) to phosphorylate Rel. Once translocated into the nucleus, Rel promotes the expression to AMPs in response to invading pathogens. (C) Represents a schematic diagram of the JAK/STAT pathway. The UPD ligand binds to the DOME receptor leading to its activation. The phosphorylation of JAK and DOME create docking puts for STATs recruited to the formed complex. STATs themselves become phosphorylated generating an active dimer that translocates to the nucleus, promoting effector gene expression.




Cell-Mediated Host Defense

Phagocytosis, which is involved in ingesting apoptotic debris and destroying foreign pathogens by hemocytes (plasmatocytes, crystal cells, and lamellocytes), represents a fundamental mean of maintaining tissue homeostasis (Lemaitre and Hoffmann, 2007). Various receptors and key players chiefly involved in the phagocytic process have been identified in Drosophila. Pearson et al. revealed that the Drosophila scavenger receptor C1 (SR-CI), which has a broad polyanionic ligand-binding specificity similar to the mammalian class A macrophage-specific scavenger receptor (SR-A), exhibits great affinity and saturable binding of 125I-labeled acetylated low-density lipoprotein when expressed in mammalian cells (Pearson et al., 1995). Cuttell, et al. highlighted a previously uncharacterized role of the CED1/6/7 pathway in phagocytosis, by demonstrating that Draper (a CED-1homolog that belongs to the CED1/6/7 pathway)-mediated phagocytosis requires the Drosophila Junctophilin protein, Undertaker (UTA), and is linked to Ca2+ homeostasis (Cuttell et al., 2008). Additionally, Kocks et al. identified a role of Eater, an EGF-like repeat transmembrane receptor of the Nimrod family present on Drosophila hemocytes, in bacterial phagocytosis (Kocks et al., 2005). Likewise, Bretscher et al., uncovered the contribution of Eater in hemocyte localization, attachment, and adhesion, and in efficient phagocytosis of gram-positive (Staphylococcus aureus, Staphylococcus epidermidis, Micrococcus luteus), but not gram-negative (Escherichia coli and Serratia marcescens) bacteria (Bretscher et al., 2015). The intergin βν phagocytic receptor was also shown to be involved in defense against septic but not oral S. aureus infection in Drososphila (Shiratsuchi et al., 2012). Studies in Drosophila S2 cells in turn identified a role of PGRP-LC in phagocytosis of gram-negative (E. coli), but not gram-positive bacteria (Ramet et al., 2002). Apart from its scavenger function, PGRP-SC1 was also shown to act as an opsonin, and therefore, contribute to bacterial phagocytosis (Garver et al., 2006). Several thioester proteins (TEPs) identified in different insect species including Anopheles gambiae, also act as a bona fide opsonin to promote gram-positive and gram-negative bacterial phagocytosis (Levashina et al., 2001). In Drosophila, functional data publicized a role of several fruit fly TEPs, including TEP2, TEP3, and TEP6 in binding to several pathogens including E. coli, S. aureus, and C. albicans, respectively (Stroschein-Stevenson et al., 2006). Interestingly, Croquemort (CRQ), a CD36-related receptor that is exclusively expressed on macrophages in Drosophila embryo, was shown to be required for effectual phagocytosis of apoptotic corpses, but is not necessary for bacterial engulfment (Franc et al., 1999). Several screens identified cellular mediators of phagocytosis. Among those genes are four transcription factors, one of which encodes the GATA-factor Serpent, a chief regulator of hematopoesis in flies. Complimentary expression profile studies identified 45 genes, including the SR-C1 scavenger receptor gene that is down-regulated upon Serpent depletion (Meister and Tuschl, 2004; Haasnoot and Berkhout, 2006). RNAi against these Serpent-dependent genes further identified Eater and Nimrod phagocytic receptors (Miyano-Kurosaki and Takaku, 2006). Given that various classes of entry receptors plausibly facilitate the uptake of different microbes, although overlying and repetitive specificities do exist occasionally, many screen studies are usually done following specific microbial infections. Stroschein-Stevenson et al. identified 184 genes essential for efficient fungal uptake using Candida-infected phagocytic S2 cells. Among those genes is the macroglobulin-related protein (Mcr), which specifically opsonize Candida, unlike TEP2 and TEP3 that are needed for opsonization and efficient uptake of E. coli and S. aureus, respectively (Stroschein-Stevenson et al., 2006). Another screen following Mycobacteria fortuitum infection revealed 54 genes including the novel class B scavenger receptor peste (Li et al., 2002) that is essential for Mycobacteria fortuitum and Listeria monocytogenes, but not for E. coli and S. aureus uptake in S2 cells (Galiana-Arnoux et al., 2006). Genome-wide RNA interference screening was put forth to introduce host factors that block intracellular bacterial pathogenesis using cells. Interestingly, comparative studies of host defense genes involved in hindering bacterial pathogenesis revealed that some host factors have general inhibitory roles in intracellular pathogenesis, while others specifically affect the mechanistic ability of certain bacterial species to access the host (Agaisse et al., 2005). Rab7, CG8743, and the ESCRT machinery, for instance, represent unique vulnerability factors of the host cell, as manipulating any of these factors alone no longer constrains the growth of the non-pathogen Mycobacterium smegmatis in Drosophila (Yang et al., 2015). A similar study on Mycobacterium marinum also identified the lysosomal enzyme beta-hexosaminidase as an imperative factor in modulating mycobacterial growth. Remarkably, this bactericidal activity of β-hexosaminidase seems to be Mycobacterium marinum specific, as it is not involved in constraining the growth of other bacterial species like Salmonella typhimurium and Listeria monocytogenes (Koo et al., 2008).

Encapsulation is a another cellular response that is devoted to eliminate pathogens by forming hemocytic capsules around foreign bodies that are outsized to be phagocytozed (Kounatidis and Ligoxygakis, 2012). In Drosophila, cellular encapsulation happens in three stages. During the first stage, hemocytes, plausibly through their surface receptors, primarily recognize the parasitoid egg as a non-self. This recognition further promotes changes in the hemocyte cell surface membrane, exposing hidden molecules and presumably triggering downstream signaling (Nappi et al., 1991, 2000). During the second stage of encapsulation, the number of circulating hemocytes increases for a short term, and lamellocytes differentiate from plasmatocytes (Rizki and Rizki, 1990). Plasmatocytes account for more than 90% of all mature larval hemocytes and are involved in the phagocytic elimination of pathogenic microorganisms and dead cells (Lemaitre and Hoffmann, 2007). Activated lamellocytes, which are only present in larvae and whose expression is mainly induced upon infection, traffic to the parasitoid egg, flatten, and attach to the egg and to each other, creating a multilayered capsule (Strand and Pech, 1995). Lamellocytes are particularly involved in encapsulating and neutralizing invading pathogens that are too large to be up-taken by phagocytosis (Lemaitre and Hoffmann, 2007). The third stage of encapsulation involves crystal cells that account for 5% of the larval hemocytes. These cells function as storage sites for pro-phenoloxidase (PPO) and are therefore involved in the melanotic defensive response. Lysis of crystal cells triggers the melanization of the capsule surface (Strand and Pech, 1995; Fellowes and Godfray, 2000; Lemaitre and Hoffmann, 2007). Within the capsule, the encapsulated parasitoid egg gets killed by either direct asphyxiation (Salt, 1970) or by the release of superoxide anions or hydroxyl radicals from the capsule content (Nappi et al., 1995, 2000; Nappi and Vass, 1998) (Figure 3).
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FIGURE 3. Cell-mediated immunity. (A) Represents a schematic diagram of phagocytosis. After the pathogen deposits on the host cell surface (1), it binds to phagocytic receptors and gets internalized (2) and enclosed in a membrane-bound vacuole forming a phagosome (3). The phagosome undergoes subsequent phases of maturation before eventually forming a phagolysosome that contains factors including DNases and proteases involved in pathogen destruction (4). (B) Represents a schematic diagram of encapsulation. In the first stage of encapsulation, hemocytes recognize parasitoid eggs as foreign invaders, triggering downstream signaling (1). In the second stage of encapsulation, hemocytes increase in numbers and lamellocytes differentiated from plasmatocytes and attach to parasitoid eggs and to each other, forming a multilayered capsule (2). In the third stage of encapsulation, crystal cells are involved and synthesize enzymes needed for melanization. Parasitoid eggs get sheathed, immobilized by the deposited melanin, and destroyed within the capsule either by direct asphyxiation or by the release of superoxide anions or hydroxyl radicals (3).


Melanization is another prominent immune response in insects characterized by melanin synthesis and deposition around intruding microorganisms (Christensen et al., 2005). Melanization is also involved in wound healing, phagocytosis, blood coagulation, and AMP expression in arthropods (Ashida and Brey, 1995; Söderhäll and Cerenius, 1998; Cerenius et al., 2008). The melanotic reaction, which is generally induced by either a pathogenic infection or tissue injury, culminates in the proteolytic cleavage of inactive PPO to active phenol oxidase (PO), the chief enzyme in melanin biogenesis (Cerenius et al., 2008). To avoid the production of excessive intermediates that are toxic to the host, the activation of melanization is normally tightly regulated (De Gregorio et al., 2002b; Ligoxygakis et al., 2002b; Scherfer et al., 2008; Tang et al., 2008). In Drosophila, genetic studies identified melanization regulators including serine proteases and serpin proteins. MP1 and MP2/sp7/PAE1 clip proteases, for example, positively regulate melanization. Silencing either MP1 or MP2 inhibit PO activation upon pathogenic infection (De Gregorio et al., 2002b; Ligoxygakis et al., 2002b; Castillejo-Lopez and Hacker, 2005; Scherfer et al., 2008; Tang et al., 2008). Several studies also highlighted a role of PGRPs in inducing melanization. The proPO cascade in Drosophila larvae is induced by a forced expression of PGRP-LE, independent of infection. Consistent with this, PGRP-LE is required for infection (E. coli)-induced melanization (Takehana et al., 2002, 2004). Likewise, PGRP-LC regulates melanization in Drosophila (Schmidt et al., 2007). Although melanization is considered an integral component in insect immunity, evidence of direct killing through quinone synthesis and melanin production has been reported in a few studies in insect species only. In Anopheles gamabiae, melanization was shown to retard Beauveria bassiana growth and dissemination (Yassine et al., 2012). In Manduca sexta, however, 60–94% killing of a broad spectrum of gram-negative bacterial species including Klebsiella pneumoniae, Escherichia coli, Pseudomonas aeruginosa, and Salmonella typhimurium, and 52–99% killing of gram-positive bacterial species including Staphylococcus aureus, Bacillus subtilis, Bacillus cereus, and Micrococcus luteus was reported in an active melanotic milieu (Zhao et al., 2007). Similarly, a recent study in D. melanogaster publicitized a novel role of melanization in anti-nematode immunity (Cooper et al., 2019). It is worth noting here that some host–pathogen interactions are “genotype by genotype” driven. Drosophila melanogaster's melanotic and complement-like immunity, for example, vary extensively against the parasitoid wasp Leptopilina boulardi. PO activity is predominantly affected by the host genotype, while TEP1 upregulation is controlled by the parasite genotype itself. Lamellocyte differentiation, on the other hand, depends on the specific combination of both the host and parasite genotypes (Leitão et al., 2019).




RNA INTERFERENCE

The RNA interference (RNAi) pathway, which suppresses gene expression through targeted RNA degradation, embodies an ancient mechanism of anti-viral immunity in plants, nematodes, and arthropods including Drosophila (Hamilton and Baulcombe, 1999; Li et al., 2002; Lu et al., 2005; Wilkins et al., 2005; Cherry and Silverman, 2006; Wang et al., 2006; Zambon et al., 2006; Saleh et al., 2009; Karlikow et al., 2014). This pathway emerges in two major phases including the “initiation” and the “execution” phase. Either endogenous (short hairpin RNAs manufactured by the genome, perversely expressed trans-genes, and transposons) or exogenous sources (naturally occurring or experimentally made dsRNA) can introduce dsRNA to initiate RNAi (Hannon, 2002; Zambon et al., 2006). dsRNA are recognized and cleaved by Dicer molecules to form small RNAs (Hammond et al., 2000; Blaszczyk et al., 2001; Zambon et al., 2006) that get integrated into the RNA-induced silencing complex (RISC), denoting the execution phase of the RNAi pathway (Blaszczyk et al., 2001; Nykanen et al., 2001; Zambon et al., 2006). Unlike mammals that have only one Dicer gene, and which is difficult to study, flies possess two genes, Dicer1 and Dicer2, that are required for processing miRNA precursors from pre-miRNA and siRNA precursors from long dsRNA, respectively (Robles-Sikisaka et al., 2001). The single strand of either miRNA or siRNA integrated into the RISC complex acts as a platform for RISC to recognize complementary messenger RNA (mRNA) transcript. Upon recognition, Argonaute, one of the proteins in RISC, activates and cleaves the mRNA, inhibiting antiviral functions and suppressing viral expression (Karlikow et al., 2014) (Figure 4). Other existing, yet poorly identified, RNAi pathways include the PIWI-interacting RNA (piRNA) pathway that shields host cells from endogenous mobile genetic elements (Buchon et al., 2014). Several studies in Drosophila reported that loss-of-function mutations in essential RNAi pathway genes increase host vulnerability to viral infection (Zambon et al., 2006; Aliyari et al., 2008; Buchon et al., 2014). In mammals, other antiviral defense strategies, including protein sensors that recognize viral dsRNA motifs, have been identified. Among these sensors are the DEAD-box helicases RIG-I (Retinoic acid-inducible gene I) and MDA5 (Melanoma Differentiation-Associated protein 5), together known as RIG-I-like receptors (RLRs). Upon recognizing viral nucleic acid during the primary viral infection stages, these sensors induce the expression of type 1 interferons (IFNα and IFNβ) and other pro-inflammatory cytokines (Song and Rossi, 2017; van der Veen et al., 2018; Brisse and Ly, 2019). Interestingly, studies in Drosophila showed that Dicer-2 closely resembles the mammalian RLRs, not only by cleaving dsRNA into siRNA, but also by activating the transcription of antiviral effectors proteins (Deddouche et al., 2008). Genetic screening in the fruit fly revealed additional antiviral roles of DEAD-box helicase. DDX17 (known as Rm62), for example, exhibits antiviral activity against arthropod-borne bunyaviruses (Deddouche et al., 2008). In addition to these nucleic acid-elicited responses, some viruses can be directly recognized by Toll-7, which promotes the activation of antiviral autophagy in an AKT pathway-dependent manner through phosphoinositide 3-kinase (PI3K) and target of rapamycin (Tor) (Buchon et al., 2014). Likewise, other studies in Drosophila also revealed a direct antiviral role of autophagy against the vesicular stomatitis virus, initiated by the pathogen surface glycoprotein VSVG (Shelly et al., 2009). Sabin et al. identified Ars2 (CG7843) as a key element of Drosophila antiviral immunity using an RNAi library and demonstrated that a loss of Ars2 function in either cells or flies promotes vulnerability to RNA viruses. In addition to its antiviral characteristic, Ars2 was shown to modulate Dcr-2 activity in vitro by physically interacting with it. It was also shown to play an essential role in siRNA- and miRNA-mediated silencing. This crucial role of Ars2 in these small RNA pathways delivers novel insight into the biogenesis of small RNAs, a platform that could be extended to other systems (Sabin et al., 2009). Similarly, unrecognized host genes imperative for the influenza viral replication have been identified using genome-wide RNAi screens in Drosophila. Three of these identified genes have corresponding homologs in humans (ATP6V0D1, COX6A1, and NXF1). When tested in human HEK 293 cells, these genes were shown to be involved in the replication of H5N1 and H1N1 influenza A viruses, but not in vaccinia nor in vesicular stomatitis viral replication (Hao et al., 2008). The natural resistance-associated macrophage (NRAMP), a divalent metal ion transporter and a cell surface molecule expressed on Drosophila cells and required for binding and entry of sindbis virus to host cells, was also identified using RNAi technology. dNRAMP mutant flies were shown to be protected from viral infection (Rose et al., 2011). Interestingly, Carpenter et al. identified many differentially expressed genes in sigma virus-infected flies, several of which are neither up-regulated by bacterial or fungal infection, nor controlled by Toll, IMD, or JAK/STAT pathways, implying the involvement of other distinct regulatory immune mechanisms in defense against sigma virus in infected flies (Carpenter et al., 2009).
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FIGURE 4. The RNA interference pathway. Upon entry into the cells, viruses shed their shielding external coat, uncovering their RNA, and forming dsRNA. This formed dsRNA gets recognized by the Dicer complex and processed to form viral siRNA. A single strand of this siRNA gets incorporated into the RISC complex and act as a template to recognize complementary mRNA, resulting in mRNA cleavage and therefore silencing of viral RNA.


Ongoing studies are now applying genome-wide association study (GWAS) to identify the genetic basis of natural variation in Drosophila's immunity against pathogens. A study by Chapman et al. identified single nucleotide polymorphisms associated with genes (Bomanin gene BomBc1, krishah, and S6k) that significantly affected the fly's immunity to Enterococcus faecalis infection. Surprisingly, none of these genes are classified as canonical immune genes (Chapman et al., 2020).

Currently, the direction in unraveling host defense factors and innate immune effector molecules in the Drosophila model organism is heading toward bracketing classical genetic approaches with GWAS and genome-wide RNAi screening of flies with either loss of function or over-expressed immune genes, in addition to the use of co-immunoprecipitation assays and mass spectrometry to identify immune protein complexes. Moreover, bioinformatics analysis is being extensively adapted in deciphering candidate molecules and post-translational alterations that could impact the host's immune signaling pathways (Kanoh et al., 2019; Chapman et al., 2020). Nevertheless, and along with the ongoing high-throughput screens to discover conserved genes involved in host–pathogen interactions and immune signaling, the CRISPR/Cas9 technology has paved the way for additional wide-scale-based screens in Drosophila cultured cells, the results of which could be followed up in vivo in flies and/or mammals (Viswanatha et al., 2019). Some identified host factors required for defense against a broad spectrum of pathogens are summarized in Table 1.


Table 1. Host defense factors.
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PATHOGEN VIRULENCE FACTORS

Diverse well-designed screening assay systems have been established to identify virulence factors contributing to pathogen-induced host killing using the Drosophila model organism. Screening for virulence-attenuated mutants identified a set of genes involved in the multi-host pathogenesis of P. aeruginosa PA14, for example. Follow-up studies further characterized these genes to validate the use of Drosophila as a model for high-throughput identification of novel virulence factors. Characterizing hudR, an identified virulence gene encoding a MarR/SlyA family transcription factor, for instance, revealed that eminent expression of hudA (homologous to UbiD) is required and adequate to attenuate the virulence of hudR mutants in infected flies (Kim et al., 2008). Since quorum sensing is involved in the pathogenicity of P. aeruginosa, several studies focused on identifying quorum sensing-regulated virulence factors, as an appealing therapeutic approach to control P. aeruginosa infection (Bjarnsholt and Givskov, 2007). P. aeruginosa oxylipin lipids were also identified as pathogenic factors that promote bacterial virulence and biofilm formation in Drosophila (Martinez and Campos-Gomez, 2016). Further studies in P. aeruginosa also revealed that the phosphorylation state of the transcriptional response regulator AlgR inversely controls the production of pyoverdine and pyocyanin, two important P. aeruginosa virulence factors (Little et al., 2018). Other studies also focused on deciphering the effect of bacterial toxins on the host using fruit flies. P. aeruginosa exotoxin ExoS was shown to affect the activity of Rho GTPases, as the directed expression of the bacterial ExoS GAP domain (ExoSGAP) inhibits Rac1-, Cdc42-, and Rho-dependent signaling, suppressing Drosophila cellular immunity (Avet-Rochex et al., 2005). V. cholerae toxin, in turn, was shown to decrease intestinal stem cell division, alter epithelial regeneration, and induce cell–cell junctional damage (Guichard et al., 2013; Wang et al., 2013). Interestingly, the Vibrio polysaccharide (VPS)-dependent biofilm, which is highly activated upon entry into the arthropod intestine, is essential for Drosophila intestinal colonization (Purdy and Watnick, 2011). Surprisingly however, quorum sensing promotes a more auspicious interaction between the fly host and V. cholerae by reducing the nutritional burden of intestinal colonization in the host (Kamareddine et al., 2018b). Novel H. pylori effector proteins like the cytotoxin-associated gene A (CagA) have been studied in transgenic Drosophila flies. CagA mimics the eukaryotic adaptor protein Grb2-associated binder (Gab) and activates phosphatase SHP-2, a component of the receptor tyrosine kinase pathways. These findings in D. melanogaster could provide more insight into the role of translocated bacterial proteins that targets highly conserved eukaryotic cellular processes (Botham et al., 2008). The Anthrax toxin produced by Bacillus anthracis is comprised of protective antigen (PA), edema factor (EF), and lethal factor (LF) (Lacy and Collier, 2002). Similar to their function in mammals, LF cleaves MAPK kinases, and EF inhibits hedgehog pathway in flies (Guichard et al., 2006). This similarity in function strengthens the argument of choosing Drosophila as a multicellular host system to study in vivo function of virulence factors and diverse toxins. Drosophila has been also extensively used to study infectious properties of several bacterial species like Porphyromonas gingivalis (W83), a gram-negative obligate anaerobic bacteria strongly implicated in adult periodontitis (Griffen et al., 1998; Ezzo and Cutler, 2003; Igboin et al., 2011). P. gingivalis causes systemic infection in Drosophila and promotes potent killing in a dose-dependent manner. Interestingly, both heat-killed and live P. gingivalis are similarly pathogenic to the fly, suggesting a role of P. gingivalis cell surface components and Drosophila immunity in dictating pathology in this host–pathogen model (Igboin et al., 2011). Tabuchi et al. demonstrated an important role of dltA, a gene responsible for D-alanylation of techoic acid in the cell wall of gram-positive S. aureus, in inhibiting the fly's Toll pathway. S. aureus-infected dltA mutant flies exhibited an increase in life span compared to flies expressing dltA normally (Tabuchi et al., 2010). Fungal virulence factors have been also reported in several Drosophila studies. Gliotoxin, for example, contributes to the virulence of Aspergillus fumigatus in fruit flies with functional phagocytes as well as in non-neutropenic mice, suggesting that gliotoxin principally targets neutrophils or other phagocytes (Spikes et al., 2008). Cas5 transcription in Candida albicans regulates cell wall integrity and is essential for fungal virulence in both murine and Toll mutant flies (Chamilos et al., 2009). Likewise, Candida glabrata mutant strains lacking the yapsin virulence factors or the high-osmolarity glycerol pathway exhibit a less virulent effect in infected flies (Quintin et al., 2013). Several antifungal drug efficacy studies against invasive aspergillosis (Lionakis et al., 2005) and malasseziosis (Merkel et al., 2018) have been conducted in the Drosophila model. Many studies have also demonstrated the ability of parasitic nematodes, like those belonging to the Heterorhabditis genus, to infect and kill fruit flies at larval and adult stages and to trigger an up-regulation in several genes belonging to the Toll, IMD, JAK/STAT, and TGF-β signaling pathways (Castillo et al., 2013, 2015; Arefin et al., 2014). Heterorhabditis gerrardi, for example, harbors the pathogenic Photorhabdus asymbiotica bacteria, which gets ejected from the nematode gut into the host's hemolymph. In the hemolymph, Photorhabdus asymbiotica proliferates and releases toxins and virulence factors that kills the host and provides a favorable environment for the nematode (Waterfield et al., 2008; Eleftherianos et al., 2010). To analyze the impact of the Photorhabdus-Heterorhabditis mutualistic relation on the transcriptional profiles of the host, Castillo et al. (2015) performed next-generation RNA-sequencing on flies infected with Photorhabdus alone, germ-free Heterorhabditis lacking Photorhabdus, and Heterorhabditis carrying Photorhabdus. The bioinformatics analysis of that study revealed an impact of Photorhabdus on the transcription of fly genes associated with translational repression and stress responses, and an effect of Heterorhabditis on the expression profiles of genes involved in metabolism, lipid homeostasis, stress responses, DNA/protein synthesis, and functions of the nervous system.

In the last few years, a number of studies have examined virulence factors of human viral pathogens in Drosophila, as the fruit fly model facilitates the implementation of systematic, genome-wide RNAi analysis commonly used to identify genes that are involved in viral replication (Kuttenkeuler and Boutros, 2004). Since a broad spectrum of RNA viruses exploit internal ribosome entry sites (IRESs) for translation, genome-wide RNAi screen in Drosophila cells infected with Drosophila C virus were performed to reveal host factors required for IRES-dependent translation and viral replication. A study by Cherry et al. revealed 66 ribosomal proteins needed for Drosophila C virus, but not for non-IRES-containing RNA virus (Cherry et al., 2005). Some identified pathogen virulence factors are summarized in Table 2.


Table 2. Pathogen Virulence Factors.
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CONCLUSION

The use of animal models serves as a foundation to reveal conserved aspects of human disease. Unraveling detailed mechanisms of host–pathogen interactions using Drosophila provides further insight into the pathogenic arm of a microorganism and the defensive arm of a host. A better understanding of host–microbe interactions is desirable for the development of novel successful treatment regimens for pathogen-caused diseases.
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Humoral immune responses in animals are often tightly controlled by regulated proteolysis. This proteolysis is exerted by extracellular protease cascades, whose activation culminates in the proteolytic cleavage of key immune proteins and enzymes. A model for such immune system regulation is the melanization reaction in insects, where the activation of prophenoxidase (proPO) leads to the rapid formation of eumelanin on the surface of foreign entities such as parasites, bacteria and fungi. ProPO activation is tightly regulated by a network of so-called clip domain serine proteases, their proteolytically inactive homologs, and their serpin inhibitors. In Anopheles gambiae, the major malaria vector in sub-Saharan Africa, manipulation of this protease network affects resistance to a wide range of microorganisms, as well as host survival. However, thus far, our understanding of the molecular make-up and regulation of the protease network in mosquitoes is limited. Here, we report the function of the clip domain serine protease CLIPB10 in this network, using a combination of genetic and biochemical assays. CLIPB10 knockdown partially reversed melanotic tumor formation induced by Serpin 2 silencing in the absence of infection. CLIPB10 was also partially required for the melanization of ookinete stages of the rodent malaria parasite Plasmodium berghei in a refractory mosquito genetic background. Recombinant serpin 2 protein, a key inhibitor of the proPO activation cascade in An. gambiae, formed a SDS-stable protein complex with activated recombinant CLIPB10, and efficiently inhibited CLIPB10 activity in vitro at a stoichiometry of 1.89:1. Recombinant activated CLIPB10 increased PO activity in Manduca sexta hemolymph ex vivo, and directly activated purified M. sexta proPO in vitro. Taken together, these data identify CLIPB10 as the second protease with prophenoloxidase-activating function in An. gambiae, in addition to the previously described CLIPB9, suggesting functional redundancy in the protease network that controls melanization. In addition, our data suggest that tissue melanization and humoral melanization of parasites are at least partially mediated by the same proteases.
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Introduction

Melanization, the biochemical formation and deposition of melanin fulfills diverse biological functions in living organisms (Cerenius and Soderhall, 2004; Vavricka et al., 2010; Sugumaran and Barek, 2016; Pavan et al., 2020). In arthropods, including mosquitoes the production of eumelanin is a broad-spectrum immune response against viruses (Rodriguez-Andres et al., 2012), bacteria (Hillyer et al., 2003; Yassine et al., 2014), fungi (Yassine et al., 2012a), chromista (Brey et al., 1988), and other eukaryotic parasites (Christensen, 1981; Michel et al., 2005; Habtewold et al., 2008). In mosquitoes, melanization initially received much attention as a selectable phenotype that confers refractoriness to parasites of public health importance including, malaria parasites and filarial worms (Collins et al., 1986; Chen and Laurence, 1987; Hurd et al., 2005). Subsequent genetic studies identified single genes whose knockdown (kd) triggers a potent melanotic response against Plasmodium ookinetes (Osta et al., 2004; Michel et al., 2005; Frolet et al., 2006; Nakhleh et al., 2017a), drawing considerable attention to the potential application of this response in controlling vector competence. Indeed the non-vector mosquito, Anopheles quadriannulatus, was shown to trigger a potent immune response to Plasmodium ookinetes characterized by a significant melanization of P. berghei ookinetes and occasionally of P. falciparum (Habtewold et al., 2008).

The infection-induced melanization in An. gambiae is tightly regulated by the complement-like pathway, specifically the thioester-containing protein 1 (TEP1), which upon activation is deposited on the surface of entities that are recognized as damaged or foreign (Blandin et al., 2004; Yassine et al., 2012a; Povelones et al., 2013). TEP1 binding to microbial surfaces triggers, in a yet unknown mechanism, the activation of a complex downstream network of clip domain serine proteases (CLIPs) constituted of both catalytic proteases (cSPs) and their non-catalytic homologs (cSPHs). A terminal protease in the cascade ultimately cleaves and activates the zymogen prophenoloxidase (proPO) into active phenoloxidase (PO), the rate-limiting enzyme in melanogenesis (Nakhleh et al., 2017b; Rhodes and Michel, 2017; Bartholomay and Michel, 2018). Melanin formation on surfaces of microbes is thought to hinder their intake of nutrients, while toxic intermediates, such as reactive oxygen and reactive nitrogen species, may also cause cellular damage (Nappi et al., 2009).

There are 110 cSPs and cSPHs currently annotated in the An. gambiae genome, which are divided into five sub-groups called CLIPA-E, based on phylogeny, clip-domain structure, and domain arrangement (Christophides et al., 2002; An et al., 2011; Cao et al., 2017). Groups B-D largely contain cSPs, with one or more clip domains at the amino terminus and a chymotrypsin-like protease domain at the carboxyl terminus. In contrast, all members of the CLIPA family are cSPHs and contain one to five clip domains at the N-terminus and a protease homolog domain at the carboxyl terminus, while CLIPEs include several members containing one catalytic domain plus one or more protease homolog domains in the same molecule. CLIPBs are core components of CLIP cascades that are secreted into the hemolymph as zymogens and are activated sequentially by specific cleavage at the linker region between the clip and protease domains by an upstream protease (An et al., 2011; Zhang et al., 2016). Studies in other model insects have shown that CLIPCs act upstream of CLIPBs in these cascades and that the terminal conversion of proPO to active PO is mediated by prophenoloxidase activating proteins (PAPs), which in all insects examined so far, always belong to the CLIPB family [reviewed in (Kanost and Jiang, 2015)].

ProPO activation cascades have to be strictly regulated to avoid excessive production of harmful byproducts, which could cause systematic damage. Serpins are a superfamily of serine protease inhibitors, which form covalent inhibitory complexes with target proteases (Gettins, 2002; Law et al., 2006; Whisstock and Bottomley, 2006; Meekins et al., 2016). Suppression of proPO activation in insects is mainly achieved through the inhibition of cSPs by a highly conserved serpin, called serpin-3 in M. sexta (Zhu et al., 2003), spn27A in Drosophila melanogaster (De Gregorio et al., 2002; Ligoxygakis, 2002; Tang et al., 2006), and SRPN2 in An. gambiae (Michel et al., 2005; An et al., 2011).

Two principal models of melanization observed in mosquitoes, tissue melanization and humoral melanization of microbes have been used in An. gambiae to identify putative CLIPA and B family members of the proPO activation cascade. Tissue melanization, induced by the depletion of SRPN2, the principal serpin that regulates proPO activation in An. gambiae, results in the formation of melanotic pseudo-tumors in the hemocoel in the absence of foreign objects or microbial infection (Michel et al., 2005; Michel et al., 2006; An et al., 2011). Humoral melanization, characterized by the deposition of melanin on foreign surfaces, can be induced through implantation of Sephadex beads or the injection of bacteria and fungal spores into the thorax of adult An. gambiae (Chun et al., 1995; Schnitger et al., 2007; Yassine et al., 2012b). In addition, humoral melanization of ookinete stages of rodent malaria parasites is induced through knockdown of the c-type lectins CTL4 and CTLMA2 in An. gambiae strains that are otherwise susceptible to these parasites (Osta et al., 2004). Targeted RNAi screens in these two models of melanization coupled with biochemical studies revealed a complex CLIP network in An. gambiae, which not only entails proteolytic activation among CLIPBs (An et al., 2011; Zhang et al., 2016), but also hierarchical interactions between CLIPAs (Yassine et al., 2014; Nakhleh et al., 2017a; El Moussawi et al., 2019). In addition, the list of CLIPs involved in humoral melanization is dependent on the genetic background as well as the target of melanization (Paskewitz et al., 2006; Volz et al., 2006). Studies in the yellow fever mosquito Aedes aegypti have also suggested that humoral and tissue melanization are regulated by distinct proPO activation pathways (Zou et al., 2010). Further complexity of the system can arise through the existence of several PAPs that may act in parallel, as suggested through biochemical analysis of the proPO activation cascades in the model lepidopteran Manduca sexta (Jiang et al., 1998; Jiang et al., 2003a; Jiang et al., 2003b; Zhu et al., 2003). Whether parallel proPO activation cascades exist and are invoked separately in tissue and humoral melanization in An. gambiae is currently unknown.

To address these open questions, this study focused on the analysis of An. gambiae CLIPB10 (Vectorbase Id in AGAMP4.4: AGAP029770, NCBI protein ID: XM_312744.4). CLIPB10 is the closest paralog to CLIPB9, the only bona fide PAP known in mosquitoes (An et al., 2011). CLIPB9 and B10, together with CLIPB8 are physically clustered in a 10 Kb region on chromosome 2R, and are the products of two consecutive duplications of their ancestral gene (Waterhouse et al., 2007; An et al., 2011). In addition, CLIPB10 was shown previously to contribute to humoral melanization of Sephadex beads (Paskewitz et al., 2006). Here, we investigate whether CLIPB10 also contributes to the humoral melanization of rodent malaria parasites as well as tissue melanization. In addition, we explore its enzymatic interactions with its closest CLIPB paralogs and the regulatory effector SRPN2, thus pinpointing CLIPB10 location in the proPO activation cascade.



Materials and Methods


Mosquito Strain and Maintenance

The An. gambiae G3 strain (MRA-112) was obtained through the MR4 Anopheles Program at the CDC in 2007, and has since then be maintained in the Michel laboratory as described previously (An et al., 2011). Heparinized horse blood (Plasvacc, Templeton, CA, USA) was provided through an artificial membrane feeding system.



RNAi Experiments Performed in Adult Female Mosquitoes

DsRNA were synthesized as described previously using primers listed in Table S1 (Michel et al., 2005). One to three day old female were injected with 138 nl of 1.5 µg/µl for each dsRNA. For single knockdown (kd) and double kd controls, dsGFP was added to keep the total dsRNA dose constant at 207 ng/mosquito between treatment and controls, as described previously (Zhang et al., 2016).



Ethics Statement and Plasmodium berghei Parasite Infections

This study was carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (Bethesda, USA). Animal protocol was approved by the Institutional Animal Care and Use committee IACUC of the American University of Beirut (permit number 17-10-451). The IACUC functions in compliance with the Public Health Service Policy on the Humane Care and Use of Laboratory Animals (USA), and adopts the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. P. berghei (strain PbGFPCON) constitutively expressing GFP was propagated in BALB/c mice (Franke-Fayard et al., 2004). Mosquitoes were allowed to feed on 5- to 6-week-old anesthetized mice containing a blood parasitemia of 4%–6% for 20 min at 20°C. Mosquitoes were then maintained on 10% sucrose solution at 20°C with a 12-h day-night cycle. Dissection and fixation of mosquito midguts was performed 7 days post blood feeding, followed by counting of fluorescent oocysts and melanized ookinetes with Zeiss fluorescence microscope as previously described (Volz et al., 2006). Five independent biological replicates with at least 42 mosquitoes each were examined.



Melanotic Tumor Phenotype Assessment in Adult Mosquitoes

DsRNA-injected mosquitoes were generated as described in 2.2 above, and maintained on sugar water for 21 days. To quantify melanotic pseudotumors, abdominal wall of each mosquito was dissected and examined under 40× magnification with Axio Imager A1 microscope (Zeiss) equipped with AxioCamMR5 (Zeiss). Image J was used to quantify the melanized area per abdomen. Two independent biological replicates with 40 mosquitoes each were used.



Reverse Transcription Quantitative PCR

Efficiency of gene kd was measured by reverse transcription quantitative PCR (RT-qPCR). Briefly, total RNA was isolated from mosquitoes at day 4 post dsRNA injection using TRIzol reagent (Invitrogen). Total RNA (100 ng) was used as the template to synthesize cDNA using iScript cDNA synthesis kit (Bio-Rad) according to the manufacturer’s instructions. RT-qPCR was set up by mixing 0.5 µl cDNA, 0.8 µM primers, and iQ SYBR Green Supermix, followed by amplification on ABI StepOnePlus system (Applied Biosystems). Relative expression of genes of interest was calculated by ΔΔCt method using AgRPS7 as internal reference gene. Three technical replicates were measured for each sample and primer pair.



Recombinant Serine Protease Expression and Purification

The coding region of proCLIPB10 was amplified by PCR from An. gambiae adult cDNA using primers listed in Table S1. The forward primer contains a NotI restriction site, and the reverse primer includes codons for six histidines followed by a stop codon and a HindIII restriction site. The PCR product was digested with NotI and HindIII and cloned into the same sites of the expression vector pFastBacI (Invitrogen). The resulting expression vector was used as the template to produce the mutant proCLIPB10Xa expression plasmid following the instructions of QuikChange Multi Site-Directed Mutagenesis Kit (Agilent). CLIPB10 activation site LADR was replaced by IEGR to allow the cleavage and activation by Factor Xa (New England Biolabs). Recombinant constructs were transfected to Sf9 cells using Bac-to-Bac system (Invitrogen), followed by generation of recombinant baculovirus. To express proCLIPB10Xa, 800 ml of Sf9 cells (2×106 cells/ml) were infected with the recombinant baculovirus at a multiplicity of infection of 1 and cultured at 27°C with shaking at 140 rpm for 4 days. The medium containing secreted proCLIPB10Xa was harvested by centrifugation at 4°C, 500 × g for 20 min. Na2HPO4 was added to the 800 ml of cell-free medium to a final concentration of 10 mM, followed by dialysis using 40 mm-wide regenerated cellulose dialysis tubing (Fisher Scientific) against 4 L of 20 mM Na2HPO4, pH 8.0 thrice for 12 h each at 4°C. The dialyzed medium was supplemented with 50 mM Na2HPO4, 300 mM NaCl, and 10 mM imidazole, followed by Ni-NTA chromatography (Qiagen) according to manufacturer’s instruction. All 10 ml elution fractions that contained proCLIPB10Xa were pooled and dialyzed using 40 mm-wide regenerated cellulose dialysis tubing against 2 L of 20 mM Tris, 20 mM NaCl, pH 8.0 twice at 4°C. Further purification was performed with Q Sepharose column according to manufacturer’s protocol (GE Healthcare). Fractions containing proCLIPB10Xa were stored at −80°C for future use.

Recombinant proCLIPB8, proCLIPB9, proCLIPB8Xa, proCLIPB9Xa and SRPN2 were expressed and purified as described previously (An et al., 2011; Zhang et al., 2016).



Activation of Recombinant Zymogens

To activate recombinant CLIPB9Xa and CLIPB10Xa, 2.5 µg of each purified zymogen was incubated with 1 µg of bovine Factor Xa (New England Biolabs) in a total volume of 50 µl in reaction buffer (20 mM Tris, 100 mM NaCl, 2 mM CaCl2, pH 8.0) at 37°C overnight. Two negative controls were set up in parallel, in which either Factor Xa or the zymogen was replaced with same volume of buffer. Cleavage of the zymogen was examined by loading 8 µl of the activation reaction to 10% SDS-PAGE followed by Coomassie blue staining for visualization.



Substrate Screening of Active CLIPB10Xa

To identify a suitable commercial substrate to measure CLIPB10Xa amidase activity, the following chromogenic peptides were tested: N-benzoyl-Ile-Glu-Ala-Arg-p-nitroanilide (IEARpNa), N-benzoyl-Phe-Val-Arg-p-nitroanilide (FVRpNa), N-benzoyl-Pro-Phe-Arg-p-nitroanilide (PFRpNa), N-benzoyl-Asn-Asn-Asp-Arg-p-nitroanilide (NNDRpNa), N-benzoyl-Ile-Glu-Gly-Arg-p-nitroanilide (IEGRpNa), N-benzoyl-Ala-Ala-Pro-Phe-p-nitroanilide (AAPFpNa), N-benzoyl-Ile-Ala-Gln-Arg-p-nitroanilide (IAQRpNa), N-benzoyl-Val-Gly-Asn-Lys-p-nitroanilide (VGNKpNa). CLIPB10Xa was activated as described in Reverse Transcription Quantitative PCR, and 3 µl of the activation reaction was added to 200 µl of assay buffer (0.1 M Tris, 0.1 M NaCl, 5 mM CaCl2, pH 8.0) containing 500 µM synthetic substrate. Amidase activity was measured by the change of absorbance at 405 nm over 20 min at room temperature. One unit was defined as ΔA405 = 0.001/min. A baseline control was set up by measuring the amidase activity of Factor Xa in the absence of proCLIPB10Xa with different substrates. Activity of CLIPB10Xa was calculated by subtracting Factor Xa activity from activated CLIPB10Xa in the presence of Factor Xa. All measurements were performed in two independent replicates.



Protease-Serpin Complex Formation and MALDI-TOF MS Analysis

Recombinant proCLIPB10Xa was activated by Factor Xa as described above in 2.5, and 20 µl of the activation reaction was incubated with 2 µl of 5 µg/µl purified recombinant SRPN2 (rSRPN2) at room temperature for 1.5 h. Formation of the protease-serpin complex was visualized by 10% SDS-PAGE stained with Coomassie blue. Two bands at ~72 and ~55 kDa were excised from the gel and subjected to in-gel trypsin digestion and Electrospray ionization mass spectrometry analysis (Bruker Daltonics HCT Ultra) at the Biotechnology/Proteomics Core Facility, Kansas State University. Mass spectra were analyzed using Scaffold (4.10.0).



Inhibition of CLIPB10Xa by rSRPN2

To explore the stoichiometry of SRPN2 inhibition of CLIPB10, purified rSRPN2 was incubated with 0.1 µg of in vitro activated CLIPB10Xa at molar ratios of 0, 0.125, 0.25, 0.75, and 1.25, respectively, in the presence of 1 µl BSA (2 µg/µl) at room temperature for 20 min in 20 mM Tris, 100 mM NaCl, pH 8.0. Amidase activity was determined in the presence of 500 µM IEARpNa as described in 2.5 above. Amidase activity at 0:1 (rSRPN2: CLIPB10Xa) was defined as 100%. All assays were performed in triplicate.



Assessment of CLIPB8 and B9 Cleavage by Recombinant CLIPB10Xa

CLIPB10Xa was activated by incubating 2.5 µg of purified zymogen with 2.0 µg of bovine Factor Xa (New England Biolabs) in a total volume of 50 µl in reaction buffer (20 mM Tris, 100 mM NaCl, 2 mM CaCl2, pH 8.0) at 37°C overnight. Two negative controls were set up in parallel, in which either Factor Xa or the zymogen was replaced with same volume of buffer. Two microliters of the activation reaction was then incubated with 0.8 ul of 126 ng/ul of recombinant purified proCLIPB8 and 0.6 ul of 168 ng/ul of recombinant purified proCLIPB9 in 20 mM Tris, 150 mM NaCl, pH 8.0, respectively, at room temperature for 10 min. Potential cleavage of the CLIPB8 and CLIPB9 zymogens by activated CLIPB10Xa, respectively was examined by Western blot. The reactions were treated with 6 × SDS loading buffer (supplemented with β-mercaptoethanol), and heated at 95°C for 5 min. Proteins were separated on 12% SDS-PAGE, and transferred onto a nitrocellulose membrane. Membranes were blocked with 5% milk, and incubated with mouse anti-His antibody (1:2,000) as primary antibody and 1:2,000 diluted goat anti-mouse IgG AP-conjugated secondary antibody (Promega). Alternatively, membranes were incubated with rabbit anti-CLIPB8 antibody [(Zhang et al., 2016), 1:500] and rabbit anti-CLIPB9 antibody [(An et al., 2011), 1:500] as primary antibody, respectively, and 1:5,000 diluted goat anti-rabbit IgG AP-conjugated secondary antibody (Promega). All Western blots were visualized by AP conjugate substrate kit (Bio-Rad).



Activation of proPO in Plasma

CLIPB9Xa or CLIPB10Xa were activated by Factor Xa as described above in Reverse Transcription Quantitative PCR. 8 µl of the activation mixture was incubated with 2 µl of 1:10 diluted plasma collected from day-2 fifth instar M. sexta larvae at 37°C for 30 min. Samples were treated with 6 × SDS loading buffer (supplemented with β-mercaptoethanol), heated at 95°C for 5 min. Proteins were separated on 10% SDS-PAGE, and transferred onto a PVDF membrane. The membrane was blocked with 5% milk, and incubated with rabbit anti-M. sexta PPO (1:2,000) as primary antibody and 1:20,000 diluted goat anti-rabbit IgG AP-conjugated secondary antibody (Promega). The Western blot was visualized by AP conjugate substrate kit (Bio-Rad). An 8-µl volume of the activation mixture was also used to measure PO activity by adding dopamine to a 2mM final concentration in 50 mM sodium phosphate, pH 6.5. One unit of PO activity was defined as ΔA470 = 0.001/min. Three technical replicates were performed.



Cleavage of Purified proPO In Vitro

CLIPB9Xa or CLIPB10Xa were activated by Factor Xa as described above in Reverse Transcription Quantitative PCR, and 5 µl of activation mixture was incubated with 0.6 µl of 100 ng/µl purified M. sexta proPO (kindly provided by Maureen Gorman, Kansas State University) at 37°C for 30 min. Samples were then subjected to immunoblotting as described above in 2.10.



Statistical Analyses

Statistical analyses were executed using GraphPad Prism 6.07 Software (GrapPad Software Inc.). Melanotic tumor formation data were evaluated for normality of distribution using Shapiro-Wilk normality test; data were analyzed using (i) Mann Whitney U-test, if comparing two treatment groups, or (ii) Kruskal Wallis test for multiple treatment groups, with Dunn’s Multiple Comparison post-test (P < 0.05). Parasite infection data were analyzed by evaluating potential differences in prevalence and infection intensity separately for (i) live oocyst numbers and (ii) melanized ookinetes. Potential differences in prevalence were analyzed using the χ2 test, by comparing each treatment group to the CTL4/B10 treatment, followed by Bonferroni correction (P < 0.05). Live oocyst and melanized ookinete infection intensity data, respectively were evaluated for normality of distribution using Shapiro-Wilk normality test. Potential differences in infection intensity were analyzed using Kruskal Wallis test for multiple treatment groups, with Dunn’s Multiple Comparison post-test (P < 0.05). All enzymatic activity data were evaluated using One-Way ANOVA, with Newman-Keuls post-test (P < 0.05).




Results


CLIPB10 Is Required for Tissue and Plasmodium Melanization

To test the involvement of CLIPB10 in An. gambiae tissue melanization, we synthesized dsRNA to perform single and double kd of SRPN2 and CLIPB10. The corresponding dsRNA was injected into 1-2 day female adults, and RT-qPCR was used to test the knockdown efficiency 4 days post injection (Figure S1). Transcription level of CLIPB10 was reduced by over 95% after dsCLIPB10 or dsSRPN2/dsCLIPB10 injection. SRPN2 expression level was reduced by 50%, which is similar to previously reported values (Michel et al., 2005; An et al., 2011; Zhang et al., 2016).

The kd of SRPN2 caused severe melanotic tumors on the abdomen of mosquitoes, which were partially reversed by CLIPB10 kd in SRPN2-depleted mosquitoes (Figure 1A). Quantification of melanotic areas per abdomen demonstrated a significant reduction in melanization in dsSRPN2/dsCLIPB10 as compared to dsSRPN2-treated mosquitoes (Figure 1B). Neither dsGFP nor dsCLIPB10 injection alone caused recognizable melanotic tumors in mosquitoes.




Figure 1 | CLIPB10 knockdown partially reverts dsSRPN2- and dsCTL4-induced phenotypes. (A) Abdominal images were collected 21 days post dsRNA injection. Melanotic tumors are indicated by white arrows. (B) Total melanotic areas per abdomen (arbitrary unit) were quantified by Image J. Median and interquartile range are marked (n = 40). Kruskal-Wallis test followed by Dunn’s multiple comparison test were performed to calculate statistical significance. Medians with a common letter are not significantly different (P > 0.05). (C) Live GFP-expressing oocysts (green circles) and melanized ookinetes (black circles) per gut were scored. Median and interquartile range are marked (n, number of guts examined per treatment group). Both oocyst and melanized ookinete infection intensities, respectively were statistically significantly different between all treatment groups (Kruskal-Wallis test P < 0.0001). Medians with a common letter are not significantly different (Dunn’s multiple comparison test, P > 0.05), with letters in green indicating live oocyst comparisons, and letters in black indicating melanized ookinetes (see Table S3 for complete summary statistics). The bar charts below each treatment group show prevalence as the fraction of guts containing live oocysts only (green), melanized ookinetes only (black), both live oocysts and melanized ookinetes (green/black hatch), and no parasites (white). The statistical analyses of the prevalence data are summarized in Table S4.



To test whether CLIPB10 is also required for melanization of malaria parasites, adult female mosquitoes were injected with dsCTL4 and dsCLIPB10 to induce gene silencing, and subsequently given an infectious blood meal containing GFP-expressing P. berghei. Live oocysts with green fluorescence and dead melanized ookinetes were scored in the midguts of dissected mosquitoes at day 7 after blood feeding (Table S2). Silencing of CLIPB10 did not alter parasite development, as the median numbers of live oocysts and melanized ookinetes per gut in dsCLIPB10 mosquitoes was similar to the numbers observed in the dsLacZ-injected control group (Figure 1C and Table S3). However, in dsCTL4 mosquitoes, silencing CLIPB10 tripled the median number of live oocysts, and quartered the median number of melanized ookinetes (Figure 1C and Table S3). To further investigate the impact of CLIPB10 kd on parasite development, we determined the prevalence of parasite infection by determining the percentage of mosquitoes whose guts carried live oocysts. In addition, we also analyzed the percentage of mosquitoes whose midguts contained melanized ookinetes (Table S4 and Figure 1C). Co-silencing CLIPB10 and CTL4 did not change the prevalence of live oocysts as compared to CTL4-silenced mosquitoes (χ2 test, P = 0.2905, Table S4), suggesting that CLIPB10 is probably not involved in parasite killing. In contrast, co-silencing CLIPB10 and CTL4 significantly reduced the percentage of mosquitoes bearing melanized ookinetes (χ2 test, P = 0.0003, Table S4), further supporting the role of CLIPB10 in the humoral melanization of parasites.



Active Recombinant proCLIPB10Xa Exhibits Amidase Activity

The reverse genetic analysis revealed that CLIPB10 is required for humoral and tissue melanization. To determine whether CLIPB10 regulates melanization by promoting the activation of proPO, we characterized the molecular functions of CLIPB10 using biochemical approaches. The annotated full-length coding sequence of CLIPB10 encodes a 362 amino acid long protein with a predicted 19 amino acid long signal peptide at the N-terminus. The mature protein contains a single, canonical type 2 clip domain signature of C-X9-C-X5-C-X26-C-X7-CC at the N-terminus, and a S1A protease domain with the conserved H-D-S catalytic triad at the C-terminus. These two domains are separated by a linker region, which contains the LADR putative activation cleavage site. Since CLIPB10 is expressed as a zymogen, and its endogenous activating protease is currently unknown, we expressed a recombinant, mutated version of the proCLIPB10 that enables its cleavage in vitro by commercially available bovine Factor Xa. SDS-PAGE analysis of purified recombinant proCLIPB10Xa reveals a mass of approximately 43 kDa (Figure S2), which is slightly higher than the predicted molecular weight of 39.1 kDa. This difference is likely due to glycosylation, as the protein sequence contains two predicted N-linked glycosylation sites. Addition of Factor Xa to purified recombinant proCLIPB10Xa resulted in the appearance of a band around 38 kDa, which matches the predicted size of the catalytic domain of CLIPB10Xa, indicating that factor Xa efficiently cleaves proCLIPB10Xa. To identify the optimal artificial substrate for measuring the amidase activity of CLIPB10, we screened eight short chromogenic peptides with activated CLIPB10Xa. Activated CLIPB10Xa showed amidase activity against peptide substrates with arginine at the P1 site, including IEARpNA (Figure S3).



Active CLIPB10Xa Is Directly Inhibited by Recombinant SRPN2

Inhibition of proteases by serpins requires the formation of a SDS-stable complex of the serpin and its cognate protease. To determine if CLIPB10 can be inhibited by SRPN2, we first tested whether these two proteins form such complexes in vitro. Activated CLIPB10Xa was incubated with purified recombinant SRPN2 and complex formation was analyzed by SDS-PAGE. When SRPN2 was added to activate CLIPB10Xa the 38 kDa band corresponding to the protease domain of CLIPB10 was not detected, and instead, a higher molecular weight band of around 72 kDa was observed, which matched the predicted molecular weight of a CLIPB10Xa:rSRPN2 inhibitory complex (Figure 2A). Additionally, a second higher molecular weight band of 55 kDa appeared, which likely constitutes a partially degraded form of the inhibitory complex (Figure 2A). Analysis of tryptic peptides from both the 72- and 55-kDa bands by ESI-MS identified both SRPN2 and CLIPB10 in both bands, confirming the formation of covalent complexes between CLIPB10Xa and rSRPN2 (Figure S4). To confirm that this complex formation indeed leads to inhibition of CLIPB10, we tested the ability of SRPN2 to inhibit the IEARase activity of activated CLIPB10Xa in vitro. CLIPB10 activity decreased linearly with increasing concentrations of SRPN2 (Figure 2B). The stoichiometry of inhibition was 1.89, indicating that, under the used experimental conditions, SRPN2 acts as an inhibitor and not as substrate for CLIPB10.




Figure 2 | Active CLIPB10Xa is inhibited by rSRPN2. (A) SDS-PAGE and Coomassie blue staining shows the presence of a covalent complex formed by rCLIPB10Xa and rSRPN2, indicated by asterisk. CLIPB10Xa zymogen is indicated by a filled star, catalytic domain is indicated by an open star, factor Xa is indicated by diamond, and rSRPN2 is indicated by triangle. (B) IEARpNa was used as the substrate to measure the residual amidase activity of active CLIPB10Xa, which was inhibited by rSRPN2 at increasing molar ratios. Data are shown as means ± S.D. (n = 3). The stoichiometry of inhibition is 1.89.





CLIPB10Xa Promotes proPO Cleavage and Activation in Manduca sexta Plasma

The biochemical analysis of proPO activation in mosquitoes is hindered by the limited amount of hemolymph that can be extracted. This shortage can be overcome by using the M. sexta model system as a source of proPO (Michel et al., 2006; An et al., 2011; Zhang et al., 2016). We used plasma from M. sexta larvae to explore the impact of CLIPB10 on the proPO activation cascade. M. sexta plasma samples were pre-screened as previously described (Tong and Kanost, 2005). Activated CLIPB10Xa was incubated with M. sexta plasma, followed by western blot analysis using anti-M. sexta PO antibody. A doublet band around 80 kDa in M. sexta plasma represents heterodimeric proPO consisting of 79-kDa proPO1 and 80-kDa proPO2 (Jiang et al., 1997). Addition of activated CLIPB10Xa to M. sexta plasma resulted in the appearance of a 70-kDa doublet band corresponding to M. sexta active PO (Figure 3A), and an additional band around 55kD of unknown identity. The same doublet band was observed in the plasma supplemented with activated CLIPB9Xa, which we identified previously as a functional PAP in An. gambiae (An et al., 2011). PO activity of plasma increased in the presence of active CLIPB9Xa, and increased even more in the presence of active CLIPB10Xa (Figure 3B). These results confirm that the proteolytic activity of CLIPB10 promotes proPO cleavage and PO activity.




Figure 3 | Plasma proPO is cleaved and activated by active rCLIPB10Xa. (A) Purified recombinant proCLIPB9Xa or proCLIPB10Xa were activated by Factor Xa, and was added individually to M. sexta plasma. The Western blot of the reactions was probed with anti-M. sexta PPO antibody. Black arrows indicate the band that correspond to M. sexta PO. (B) PO activity was observed when plasma was supplemented with activated CLIPB9Xa or CLIPB10Xa. Data are shown as means ± S.D (n = 6).





CLIPB10Xa Functions as a Prophenoloxidase Activating Protein

To determine the placement of CLIPB10 in the proPO activation cascade, we used a targeted approach to identify nascent protein substrates of CLIPB10 using recombinant proteins. We first tested whether CLIPB10 promotes PO activity by activating proCLIPB9, the only known terminal protease of the proPO activation cascade in An. gambiae. To test whether CLIPB10 can cleave proCLIPB9 in vitro, active rCLIPB10Xa was incubated with recombinant proCLIPB9, followed by western blot analysis using either anti-His antibody or anti-CLIPB9 antibody. Addition of active CLIPB10Xa did not result in the cleavage of proCLIPB9 (Figure 4A), suggesting that CLIPB10 is not directly upstream of CLIPB9. Addition of active CLIPB8Xa also did not lead to cleavage of proCLIPB9, as reported previously (Zhang et al., 2016).




Figure 4 | Placement of CLIPB10 in the proPO activation cascade. (A) Neither activated rCLIPB10Xa, nor commercial Factor Xa cleave recombinant wild-type proCLIPB9. (B) Neither activated rCLIPB10Xa, nor commercial Factor Xa cleave recombinant wild-type proCLIPB8. All recombinant proteins contain a His-tag at their C-terminus, which is detected by anti-His antibody (left panels), and are also recognized by their specific antibodies. Filled star, proCLIPB10Xa; open star, protease domain of rCLIPB10Xa; filled circle, zymogen form of the recombinant proCLIPB9 and proCLIPB9Xa, open circle, protease domain of rCLIPB9Xa; filled square, zymogen form of the recombinant proCLIPB8 and proCLIPB8Xa; open square, protease domain of rCLIPB8Xa. (C) Activated rCLIPB10Xa directly cleaves M. sexta proPO. Black arrows indicate a smaller PO band on Western blots probed with anti-M. sexta PPO antibody.



We next tested whether CLIPB10 promotes PO activity by activating proCLIPB8, a protease required for tissue melanization, which is upstream of CLIPB9 in the proPO activation cascade in An. gambiae. To test whether CLIPB10 can cleave proCLIPB8 in vitro, active rCLIPB10Xa was incubated with recombinant proCLIPB8, followed by western blot analysis using either anti-His antibody or anti-CLIPB9 antibody. Addition of active CLIPB10Xa did not result in the cleavage of proCLIPB9 (Figure 4B), suggesting that CLIPB10 is not directly upstream of CLIPB9.

To explore whether CLIPB10 directly catalyzes proPO activation, active CLIPB10Xa was incubated with purified M. sexta proPO, followed by western blot analysis using anti-M. sexta PO antibody. Heterodimeric M. sexta proPO remained intact after incubation with Factor Xa, proCLIPB10Xa, and proCLIPB9Xa, respectively. In contrast, both active CLIPB10Xa and CLIPB9Xa were able to cleave M. sexta proPO in vitro, as demonstrated by the appearance of a doublet band corresponding to M. sexta PO (Figure 4C). These data demonstrate that CLIPB10, similar to CLIPB9, can function as a PAP in insect hemolymph.




Discussion

To investigate the complexity of immune regulation in An. gambiae, this study examined the molecular make-up of the protease cascades that control melanization via proteolytic proPO activation. Specifically, this study set out to answer the following two questions: Firstly, do parallel proPO activation cascades exist in An. gambiae, as they do in other insect species, including M. sexta (Jiang et al., 1998; Jiang et al., 2003a; Jiang et al., 2003b). Secondly, are separate proPO activation cascades involved in tissue and humoral melanization as suggested in Ae. aegypti (Zou et al., 2010). To address these questions, we focused our analysis on CLIPB10, based on the results of previous targeted reverse genetic screens and phylogenetic analyses of CLIPBs performed by us and others (Paskewitz et al., 2006; An et al., 2011; Cao et al., 2017).

To answer the first question, we examined the molecular function of CLIPB10 by biochemical means. The hallmark of parallel proPO activation cascades is the existence of two or more PAPs that independently cleave and activate proPO, and cross-talk between cascades is observed at levels upstream of the terminal PAP (e.g., An et al., 2009; Wang Y. et al., 2020). We posited a role of CLIPB10 as a PAP based on the following existing data. Previously, we had identified the first PAP, CLIPB9 (AGAP029769) and its inhibitor, SRPN2 (AGAP006911) in An. gambiae (An et al., 2011). Our analysis of the phylogenetic relationships among An. gambiae CLIPB proteases clustered CLIPB9 and CLIPB10 (AGAP029770) with M. sexta PAP1 and D. melanogaster MP2, to the exclusion of other An. gambiae, M. sexta and D. melanogaster sequences. Given that CLIPB9, PAP1 and MP2 are known terminal proteases in proPO activation cascades, CLIPB10 was therefore an excellent candidate for PAP function in An. gambiae (Jiang et al., 1998; Tang et al., 2006; An et al., 2013). Using recombinant protein expressed with the baculovirus expression system, we obtained active CLIPB10 protein in vitro. Activated CLIPB10 added to M. sexta plasma results in significant activation cleavage of proPO and PO activity. Activated CLIPB10 also resulted in activation cleavage of purified M. sexta proPO. Therefore, CLIPB10 can function as the terminal protease in the proPO activation cascade. Given that seven out of eight proPOs of An. gambiae share the same activation cleavage site with M. sexta proPO (Jiang et al., 2003a; Michel et al., 2005), the data presented here strongly suggest that CLIPB10 functions as a PAP in the hemolymph of An. gambiae mosquitoes.

We previously showed that SPRN2 functions as a master regulator of melanization in mosquitoes, by inhibiting the PAP function of CLIPB9 (An et al., 2011). In this current study, we show that SRPN2 also inhibits activated CLIPB10 in vitro, as demonstrated by the formation of inhibitory protease-serpin complexes, and the reduction of CLIPB10’s amidase activity with increasing molar ratios of SRPN2 to CLIPB10 in vitro. This interaction of CLIPB10 and SRPN2 also occurs in vivo. The total area of melanized tumors in the abdomen of SRPN2 kd mosquitoes was decreased by 65% when CLIPB10 kd was also invoked. Together, these results demonstrate the existence of two PAPs in An. gambiae, and suggests that two proPO activation cascades exist in this mosquito species. This parallels the findings in M. sexta, where two separate proPO activation cascades result in the activation of PAP1 and PAP2/PAP3, respectively (Jiang et al., 1998; Jiang et al., 2003a; Jiang et al., 2003b). The activity of terminal PAPs in both proPO activation cascades in M. sexta are inhibited by the same serpin, Serpin-3 (Zhu et al., 2003; Christen et al., 2012). We find the same to be true for the two putative proPO activation cascades in An. gambiae. SRPN2, the ortholog of M. sexta Serpin-3 inhibits both CLIPB9 and CLIPB10 with similar stoichiometry of inhibition (1.3 for SRPN2:CLIPB9, and 1.7 for SRPN2:CLIPB10), indicating both PAPs are subjected to efficient SRPN2 sequestration. Beyond being inhibited by the same serpin, we thus far have found no evidence for additional interactions between the CLIPB9 and B10 PAPs, as recombinant activated CLIPB10 did not activate CLIPB9 in vitro. Preliminary triple knockdown analyses suggests additive effects between the two PAPs, as double kd of CLIPB9 and B10 further reduced melanotic tumour formation due to SRPN2 depletion (Zhang and Michel, unpublished). However, epistasis analyses using RNAi are limited by the incomplete knockdown of CLIPB9, and thus will be explored in future analyses beyond the scope of this current study.

To address the second question of whether separate proPO activation cascades lead to tissue and humoral melanization in An. gambiae, we examined the function of CLIPB10 in two distinct models of melanization in An. gambiae. The study by Paskewitz et al. had implicated CLIPB10 in the humoral melanization of Sephadex beads in the hemocoel of adult female An. gambiae (Paskewitz et al., 2006), as CLIPB10 kd resulted in a small but significant reduction in the number of Sephadex beads that in control mosquitoes were 100% melanized after overnight incubation. Our analysis of the role of CLIPB10 in CTL4 kd-mediated melanization of rodent P. berghei parasites further supports the role of CLIPB10 in humoral melanization. CLIPB10/CTL4 double-kd reduced the average number of melanized ookinetes per midgut by 77% as compared to CTL4 kd mosquitoes. While CLIPB10 kd quadrupled the number of live oocysts as compared to CTL4 kd, live oocyst numbers remained one third of those observed in control mosquitoes. Thus, CLIPB10 is largely required for melanin deposition on the parasite surface and to a lesser degree impacts the parasite killing observed in CTL4 kd mosquitoes. Taken together, these data clearly demonstrate that CLIPB10 is required for humoral melanization of parasites and to a lesser extent Sephadex beads, as well as tissue melanization. This is in contrast to findings in Ae. aegypti, were two distinct regulatory modules of tissue melanization and hemolymph proPO activation were described (Zou et al., 2010). Tissue melanization in Ae. aegypti requires two cSPs, TMP, the ortholog of An. gambiae CLIPB8, and IMP-1, the ortholog of An. gambiae CLIPB9, and is inhibited by serpin-2, the ortholog of An. gambiae SRPN2. In contrast, humoral melanization, which the authors analyze through the cleavage of proPO in the hemolymph, is inhibited by serpin-1 and serpin-3, and requires the action of IMP-1 as well as IMP-2. In contrast, our results suggest that in An. gambiae, proPO activation cleavage is mediated by both CLIPB9 and CLIPB10, and inhibited directly by SRPN2. Our data strongly suggest that the difference between humoral and tissue melanization in An. gambiae is not due to the action of different proPO activation cascades. Instead, tissue melanization is the consequence of dysregulated melanogenesis due to constitutively active proPO activation cascades induced by SRPN2 kd. This dysregulated melanogenesis is also exemplified by the dramatic activation of key regulators of humoral melanization, such as CLIPA8, CLIPA28, and CLIPA14, in the hemolymph of naive SRPN2 kd mosquitoes (El Moussawi et al., 2019). Melanogenic reactions must occur highly localized on the surface of target entities to prevent adverse impact on self-entities, as unregulated melanogenesis produces harmful byproducts and intermediates that can disperse through hemolymph circulation and result in systemic damage (Nappi and Christensen, 2005). In SRPN2 kd mosquitoes, this systemic damage is not only visualized by tissue melanization, but can also be measured by concomitant reduced lifespan (Michel et al., 2005; Volz et al., 2005; Volz et al., 2006; An et al., 2011; Zhang et al., 2016). While the localization of melanization on microbial surfaces is achieved by the opsonizing function of TEP1 (Blandin et al., 2004; Yassine et al., 2012a; Povelones et al., 2013), future studies will have to determine whether TEP1 and/or other components of the complement pathway are also required for tissue melanization.

Both CLIPB9 and CLIPB10 are secreted as zymogens into the hemolymph of An. gambiae, and require activation cleavage. However, their nascent activating proteases are currently unknown. Studies in other model insects have shown that PAP activation cleavage is mediated by cSPs belonging to the CLIPC family, which in turn are proteolytically activated by an upstream modular serine protease (ModSP). Examples of such proPO activation cascades have been described in several model organisms, including M. sexta (Gorman et al., 2007; Wang and Jiang, 2007), Tenebrio molitor (Kan et al., 2008; Jiang et al., 2009), and most recently Helicoverpa armigera (Wang Q. et al., 2020). While currently no data exist that show activation cleavage of either CLIPB9 or CLIPB10 by an endogenous CLIPC, recent genetic evidence suggests that CLIPC9 is required for humoral melanization of parasites as well as tissue melanization (Sousa et al., 2020). Concomitant knockdown of CTL4 and CLIPC9 reversed ookinete melanization without rescuing parasite killing, thus phenocopying the CTL4/CLIPB10 double-kd. CLIPC9 is thus an excellent candidate for a PAP-activating protease in An. gambiae, and a potential activator of CLIPB10 during infection-induced melanization. The data provided by Sousa and co-authors also suggest that CLIPC9 undergoes localized activation cleavage, binding to microbial surfaces in a cleaved form (Sousa et al., 2020). The cleavage of CLIPC9 depends on components of the complement-like pathway, but the nascent protease mediating CLIPC9 cleavage awaits identification. A ModSP, which potentially could function as a CLIPC9-activating protease is SP217. SP217 has a similar domain structure to M. sexta HP14, the only known ModSP to function in proPO activation upstream of PAP1/PAP2 (Wang and Jiang, 2007). Addition of recombinant SP217 to M. sexta plasma increased PO activity, suggesting that SP217 may substitute HP14 function (Wang Y. et al., 2020). This notion is further supported by our finding that SP217 kd significantly reduced SRPN2 kd-mediated melanotic tumor formation (Zhang and Michel, unpublished). Future studies will have to determine whether SP217, CLIPC9, and CLIPB9 or B10 indeed constitute proPO activation cascades in An. gambiae.

In summary, our study demonstrates that CLIPB10 is the second prophenoloxidase-activating enzyme identified in An. gambiae, in addition to the previously identified CLIPB9, suggesting functional redundancy in the cSP network that controls melanization. In addition, our data suggest that tissue melanization and humoral melanization are at least partially mediated by the same CLIPB proteases. Studies are currently underway to determine whether additional PAPs exist, and in how far these parallel proPO activation cascades provide true functional redundancy or are evoked non-redundantly dependent on the immune challenge.
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Small regulatory RNAs (sRNAs) are key players in bacterial regulatory networks. Monitoring their expression inside living colonized or infected organisms is essential for identifying sRNA functions, but few studies have looked at sRNA expression during host infection with bacterial pathogens. Insufficient in vivo studies monitoring sRNA expression attest to the difficulties in collecting such data, we therefore developed a non-mammalian infection model using larval Galleria mellonella to analyze the roles of Staphylococcus aureus sRNAs during larval infection and to quickly determine possible sRNA involvement in staphylococcal virulence before proceeding to more complicated animal testing. We began by using the model to test infected larvae for immunohistochemical evidence of infection as well as host inflammatory responses over time. To monitor sRNA expression during infection, total RNAs were extracted from the larvae and invading bacteria at different time points. The expression profiles of the tested sRNAs were distinct and they fluctuated over time, with expression of both sprD and sprC increased during infection and associated with mortality, while rnaIII expression remained barely detectable over time. A strong correlation was observed between sprD expression and the mortality. To confirm these results, we used sRNA-knockout mutants to investigate sRNA involvement in Staphylococcus aureus pathogenesis, finding that the decrease in death rates is delayed when either sprD or sprC was lacking. These results demonstrate the relevance of this G. mellonella model for investigating the role of sRNAs as transcriptional regulators involved in staphylococcal virulence. This insect model provides a fast and easy method for monitoring sRNA (and mRNA) participation in S. aureus pathogenesis, and can also be used for other human bacterial pathogens.
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Introduction

The Gram-positive Staphylococcus aureus bacterium is a major human and animal pathogen associated with mortality and morbidity worldwide. In humans, S. aureus is responsible for both community-acquired and healthcare-related infections ranging from superficial to very serious or fatal diseases, including osteomyelitis, bacteremia, and endocarditis (Tong et al., 2015). S. aureus is also a mucosal and skin mucous commensal bacterium, colonizing about 30% of healthy individuals (van Belkum et al., 2009). The nose is the main ecological niche, and nasal carriage is a key determinant for colonization at other sites (Wertheim et al., 2005), with asymptomatic nasal carriage a major risk factor for subsequent infection (von Eiff et al., 2001).

As both a commensal and a pathogen, S. aureus possesses a large number of factors involved in immunomodulation and/or virulence, including adhesins, toxins, and immunomodulatory proteins that it expresses only when necessary and in a coordinated manner. The bacteria quickly adapt to various environments that change due to stresses from host immune systems or nutrient deprivation, therefore S. aureus survives and grows through selective modulation of its metabolism and fitness. This implies a reprogramming of its intricate network of gene regulation, triggering the expression of genes that are essential for survival in the immediate environment, and extinguishing unnecessary ones. In addition to sRNAs, two-component systems (TCS) and DNA-binding proteins regulate metabolism and virulence factor expression (Jenul and Horswill, 2018), and the agr quorum-sensing system is the most significant TCS in S. aureus (Novick, 2003). RNAIII is the effector of this agr system (Bronesky et al., 2016) and was also one of the first sRNAs reported in S. aureus (Novick et al., 1993). RNAIII is a multifunctional RNA that codes for δ-hemolysin, and it directly regulates the expression of at least 12 mRNA targets (Raina et al., 2018).

In the SRD Staphylococcal regulatory RNAs database, Sassi et al. listed all sRNAs identified as being expressed by various strains of S. aureus and other Staphylococcaceae (Sassi et al., 2015). The S. aureus sRNA targets have only been identified for a few sRNAs, mostly by MS2 tagging (Lalaouna and Massé, 2015). Among these, at least seven are involved in virulence regulation: RNAIII (Srn_3910), SprC (Srn_3610), SprD (Srn_3800), SprX (Srn_3820), RsaA (Srn_1510), Teg49 (Srn_1550), and SSR42 (Srn_4470) (Novick, 2003; Chabelskaya et al., 2010; Morrison et al., 2012; Romilly et al., 2014; Le Pabic et al., 2015; Kathirvel et al., 2016; Manna et al., 2018). Most of these pioneering studies have compared sRNA-deleted and isogenic strains with respect to animal mortality, bacterial load in infected organs, or biofilm formation. Only a few studies have monitored in situ expression of sRNAs (Song et al., 2012; Szafranska et al., 2014), which differ from the levels encountered in growth media. Recent publications on S. aureus transcriptional adaptation in vitro and during infection or colonization (Chaffin et al., 2012; Szafranska et al., 2014; Jenkins et al., 2015; Chaves-Moreno et al., 2016; Deng et al., 2019; Ibberson and Whiteley, 2019) have highlighted major differences between in vitro and in vivo transcriptional gene regulation. This suggests that in situ exploration of the regulatory networks involving sRNAs in human pathogens is essential for understanding their roles.

The purpose of this study was to gain further insights into S. aureus sRNA functions during infection by assessing their expression levels in situ in infected organisms. To do this, we used a non-mammalian Galleria mellonella model to investigate riboregulations at the transcriptomic level. We provide evidence that the sRNA expression patterns in infected animals differs sharply from the levels in vitro, with a progressive accumulation of the sRNAs SprC and SprD in the larvae up to 4 days after infection. Moreover, SprC and SprD probably act as virulence factors during larval infection, since their presence and expression lead to fewer survivors. This G. mellonella infection model is thus shown to be a reliable tool for investigating the riboregulations involved in bacterial virulence.



Materials and Methods


Strains, Media, and Genetics

All strains used are listed in Supplementary Table 1. For the development of the G. mellonella infection model, we used the S. aureus S75 strain obtained from a bacteremia patient. This strain is a multilocus sequence type 8 (ST8) and has a t190 spa type. The S75 genome was sequenced and deposited in the DDBJ/EMBL/GeneBank (accession number PRJNA273632). It has 2,728,924 base pairs, and is close to the NCTC 8325 reference strain, with 2,327 orthologous genes in common. For knock-out experiments, we used strains HG003-∆sprC, HG001-ΔsprX, HG001-∆sprD, and HG003-ΔrnaIII. These were constructed in our lab in HG001 and HG003 backgrounds, and both are derivatives of NCTC 8325 (Herbert et al., 2010). For rnaIII overexpression, we used a QIAprep spin miniprep kit (Quiagen) on the S. aureus Newman strain to extract the vector and transfer it to HG003 to create pRMC3-rnaIII. All strains were grown in Luria-Bertani broth (LB) at 150 rpm at 37°C, and in the presence of 10 µg/ml chloramphenicol for HG003-pRMC3-rnaIII. For larval infection, overnight cultures were centrifuged at 3,000 rpm for 10 minutes then washed twice with sterile PBS. The inocula were prepared in sterile PBS by OD adjustment, verified by plating on tryptic soy agar after serial dilutions, then incubated for 24 hours at 37°C.



Galleria mellonella Infection Model

The G. mellonella larvae were purchased from Sud-Est Appats (Queige, France). They were stored in the dark at 4°C, and used within 7 days of delivery. To standardize the experiments, we selected larvae weighting about 250-300 mg and without color alteration. They were incubated at room temperature for 2 hours before injection, then disinfected externally with 70% ethanol. The infection was carried out using a KDS 100 automated syringe pump (KD Scientific) and a 300 µl Hamilton syringe. Haemocoel was injected with 10 μl of the S75 strain at 106, 107, 108, or 109 CFU/ml. The infected larvae were placed on Petri dishes and incubated at 37°C. Mortality was monitored daily for 6 days, and larvae were considered dead when they were immobile, no longer responding to stimuli, and melanized. For each condition, 3 independent experiments were performed using 10 infected larvae. The controls were uninjected larvae and larvae injected with 10 µl of sterile PBS. For the experiments using sRNA-deleted isogenic strains, either HG003 or HG001 was used as the control. For rnaIII overexpression experiments, pRMC3-rnaIII stability was assessed by randomly plating selected colonies grown from fat-body homogenates on agar containing 10 µg/ml of chloramphenicol at different time points after infection.



Bacterial Growth in the Larvae

One hundred larvae were infected with 106 CFU S. aureus S75. At different times post-infection, 3 living larvae were randomly selected, disinfected with 70% ethanol, dried, and ice-chilled for 10 minutes. The hemolymph and fat bodies were separated from each larva and pooled. Briefly, after an incision with a scalpel, the larvae were squeezed to collect hemolymph, and pooled into a microcentrifuge tube collection. On average, 15 to 40 µl of hemolymph per larva were collected. The remaining fat bodies were mechanically homogenized with sterile distilled water at 4°C. These collections were diluted with sterile distilled water, plated on Baird-Parker agar, and incubated for 48 hours at 37°C. The bacterial loads were estimated by counting the colony-forming units in each larva at each time point. The in vivo growth curve was monitored every day for 6 days. To investigate early growth, the same experiment was performed but this time just observing the fat bodies over 24 hours, plating every 4 hours. For each condition, 3 independent experiments were performed.



Immunohistochemistry

We challenged 50 larvae with 106 CFU S75, and 2 living larvae were randomly selected at various times post-infection. Infected and uninfected larvae were fixed for 2 weeks in 4% neutral buffered formalin. For efficient embedding, the larvae were sectioned longitudinally before being placed into paraffin and processed in a Shandon Excelsior ES (Thermo Scientific). The paraffin-embedded tissues were cut into 4-µm sections using a Microm HM340E microtome with section transfer system (Thermo Fisher). These sections were mounted on positively charged SuperFrost Plus slides (VWR) then dried for 60 minutes at 58°C. Immunohistochemical staining was performed using a Ventana purple-detection kit and their DISCOVERY ULTRA automated stainer. Following dewaxing with EZ prep solution (Ventana) at 75°C for 8 minutes, endogenous peroxidase was blocked for 12 minutes at 37°C with DISCOVERY Inhibitor (Ventana). After rinsing, the slides were incubated for 60 minutes at 37°C with Bio-Rad rabbit polyclonal anti-S. aureus antibodies (0300-0084). Signal enhancement and detection were performed using the DISCOVERY purple kit. Slides were counterstained for 16 minutes with Ventana hematoxylin II (790-2208) and for 4 minutes with Ventana bluing reagent (760-2037). They were then rinsed, manually dehydrated, and cover-slipped. Image acquisition was done with NanoZoomer (Hamamastu Photonics) and analyzed using the accompanying NDP.view2 software.



Bacterial Isolation and RNA Extraction

The protocol for differential lysis was adapted from Robbe-Saule et al. (2017), Two living larvae were randomly selected, externally disinfected with 70% ethanol, dried, then placed into Petri dishes. Using sterile forceps holding the head of the larvae, the larval contents were extracted by applying pressure using a 10 ml syringe plunger. This step allowed the cuticle and the larval contents to be correctly separated. After removing their cuticles, larval contents were mechanically homogenized in 5 ml of sterile PBS and centrifuged at 2,500 rpm for 5 minutes. The supernatant was recovered then combined with 50 mM calcium chloride and 1 ml Proteinase K solution (12 mg/ml) supplemented with 1 M tris(hydroxylmethyl)aminomethane hydrochloride (pH 8). This mix was incubated for 30 minutes at 50°C, then centrifuged at 13,000 rpm for 20 minutes at 4°C. For total bacteria RNA extractions, pellets were suspended in 500 µl of lysis buffer (20 mM sodium acetate, 1 mM EDTA, 0.5% SDS pH 5.5) and transferred into 1.5 ml RNase-free centrifuge tubes containing 500 µl of zirconium beads and 500 µl of phenol (pH 4). Cells were broken up in a FastPrep FP120 cell disruptor (MP Biomedicals). RNA was extracted by the phenol-chloroform method. The top clear layer was removed and RNA was precipitated overnight at -80°C in isopropanol supplemented with 0.3 M sodium acetate and glycogen. Finally, RNAs were pelleted by centrifugation at 13,000 rpm for 30 minutes at 4°C. The pellets were then cleaned with 70% ethanol, dried, and dissolved in RNase-free water. To eliminate DNA contamination, samples were processed with the TURBO DNA-free kit (Thermo Fisher) as per the manufacturer’s recommendations. A second precipitation was performed to remove putative contamination, with RNAs treated with 100% ethanol supplemented with 0.3 M sodium acetate and glycogen. RNA quality and quantity were assessed using a NanoDrop spectrophotometer (Thermo Fisher) and agarose gel electrophoresis.

We used proteinase K to create a differential lysis method that would preferentially degrade larval tissue, and we verified its efficiency through method development. Briefly, we first controlled that proteinase K did not significantly damage bacterial cells by comparing numbers of CFU of S. aureus before and after incubation with proteinase K in vitro. Then, we applied this method to RNA extraction, and we assessed the integrity of RNAs. Finally, we tested increasing concentrations of proteinase K on infected larvae.

Bacterial RNA extraction was also performed from in vitro cultures with a Proteinase K solution at both the mid-exponential and stationary phases in LB broth. At designated time in vitro bacteria cultures were incubated for 30 minutes at 50°C with a proteinase K solution, then centrifuged at 13,000 rpm for 10 minutes at 4°C. From the pellet, total RNA was extracted according to the protocol described above.



Monitoring RNA Expression Levels

We challenged 100 larvae with 106 CFU S75, and quantitative reverse transcription PCR (qRT-PCR) was used to monitor sRNA expression during larval infection. We analyzed RNAIII, SprC, SprD, SprX, and RsaA, sRNAs present and expressed in the S75 strain (Bordeau et al., 2016), as well as the mRNA controls GyrB and SigA. All primers used are listed in Supplementary Table 2. RNA samples were reverse-transcribed and amplified using a high-capacity cDNA reverse transcription kit and the PowerUp SYBR green master mix (Thermo Fisher) as recommended by the manufacturer. Reverse transcription was performed using 0.3 µg of RNA in 10 µl of nuclease free water, and 10 µl of the 2X RT master mix. The reverse transcription run followed the manufacturer’s recommendations. Resulting cDNA were stored at -20° C until qPCR. For qPCR, the reaction volume was 20 µl comprising 10 µl SYBR Green 10X master mix, 5 µl cDNA diluted 1/100, forward and reverse primers at a final concentration of 500 nM, completed with nuclease free water. The reaction was performed on the Applied Biosystems 7500 Real-Time PCR System using the standard mode.

Two different methods were used for data interpretation: comparison against the in vitro RNA expression levels of S75 at the exponential and stationary growth phases; and comparison of sRNA transcript levels in the larvae at an early (12-hour) post-infection step against the levels at various post-infection times. sRNA expression was normalized against housekeeping mRNA transcripts, and their relative expression levels were inferred using the ΔΔCt method. All experiments were performed in triplicate.



Statistical Analysis

G. mellonella survival profiles were determined using the log-rank test and Kaplan-Meier survival plots. For daily mortality comparisons, a Student’s t-test was used to compare the expressions in sRNA-deleted and isogenic strains. Sample t-tests were used for comparing the sRNA profiles between experiments, for instance in vivo versus in vitro expression during the exponential or stationary growth phases. To monitor the trend in larval sRNA expressions at each selected post-infection time point, we analyzed the variance and did multiple comparisons of means using Tukey contrasts. A two-sample test was used to analyze sRNA expression in the larvae during the first 24 hours after infection, then up to 96 hours later. Larval sRNA expression and risk-adjusted mortality rates were compared using Spearman’s correlation coefficient. The risk-adjusted mortality corresponded to the ratio of the number of dead larvae to the number of larvae still alive at the time of the experiment. Results were considered statistically significant when p < 0.05.




Results


Setting up a G. mellonella Infection Model

To determine larval susceptibility to infection with S. aureus S75, we injected them with different inocula and monitored mortality daily. We observed that survival rates in G. mellonella were dependent on the S75 dosage (Figure 1A). No deaths or melanization were detected either in the control group or after injecting 104 CFU of S75 (Figure 1B). However, all larvae died within 48 hours after injection with 107 CFU. At day 6, mortality was 40% and 80% after injection with 105 or 106 CFU, respectively. Dead larvae were immobile as well as black due to melanization (Figure 1C). For our model, we selected a dose of 106 CFU, as a gradual reduction in larval survival rates occurred over the 6-day experiments with that amount.




Figure 1 | Kaplan-Meier survival plots and bacterial levels in infected Galleria mellonella larvae infected with Staphylococcus aureus. (A) Survival of G. mellonella larvae after inoculation with 104 to 107 CFU of the S. aureus S75 strain. Plots show an average of 3 independent experiments with 10 larvae per group (N= 150), with mortality monitored daily for 6 days. PBS-injected larvae were the negative control. Significant differences were defined as ***p < 0.001. (B) G. mellonella larvae on day 6 after being challenged with 10 µl of PBS. (C) Dead G. mellonella larvae at day 6 after infection with 106 CFU of S. aureus S75. (D) Time evolution of bacterial burden in homogenized cuticle-free larvae infected by 106 CFU of S. aureus S75. Data are the sum of 3 independent experiments, with 100 larvae per experiment (N = 300). Error bars represent the standard deviations (SD).



To determine S75 growth within the larvae, they were infected by 106 CFU, then 3 were sacrificed at different times post-infection to count the S. aureus bacteria present in the hemolymph and fat bodies. In the fat body, bacterial growth was biphasic, with a fast increase from 106 to 109 CFU/larva up to 24 hours post-infection, and a steady load of about 109 CFU/larva from day 1 to day 6 post-infection (Figure 1D). Growth was different in the hemolymph, with bacterial loads increasing up to 72 hours but not exceeding 6.106 CFU/larva (Supplementary Figure 1).



Monitoring S. aureus Infection of Larvae With Immunohistochemical Staining

We used immunohistochemical staining and analysis to monitor infection with S. aureus S75 as well as its impact on various larval tissues up to 4 days after infection (Figure 2). In the control larvae, the hemocyte immune cells were subcuticular, scattered in the fat body and around the digestive tract (Figure 2A). We observed an immune response in the infected larvae as early as 1 day post-infection, with hemocyte recruitment around the bacteria, which are clustered into ‘grape-like’ shapes (Figure 2B). Bacteria often co-localize with host immune-cells and form nodules with each other (Figure 2C). Infection foci spread progressively, affecting the entire larval body, including its nervous system (Supplementary Figure 2). During infection, the immune response increased, with a predominance of pigmented nodules reflecting melanization (Figure 2D). Nodules were composed of bacteria, melanin, as well as numerous hemocytes, and we could visualize morphologically distinct immune cells (Figures 2E, F).




Figure 2 | Immunohistochemical analysis of Galleria mellonella larva sections. Immunohistochemical analysis and hematoxylin staining were performed to visualize bacteria within the infected host and to examine histological sections. G. mellonella larvae were challenged with 106 CFU S. aureus S75, then collected at fixed times and examined. Shown are: (A) non-infected larvae; (B, C) infected larvae 24 hours after infection, showing evidence of immune activation; (D) infected larvae at 72 hours, with numerous nodules in the presence of hemocytes and bacteria; and (E, F) higher-magnification views of pigmented nodules at 96 hours after infection. S. aureus bacteria appeared in purple and are indicated with red arrows, hemocytes were stained in blue, with a deep blue nucleus and are indicated by black arrows, melanization (black spots) by green arrows, nodule clusters are outlined in red squares, and hemocytes of different morphology framed in black boxes. Scale bars are indicated on each picture. Key: CT, cuticle; HL, hemolymph; FB, fat body; MF, muscle fibers.





Monitoring S. aureus sRNA Expression During Infection

The challenge was to extract enough intact bacterial RNA for qRT-PCR assays of their expression levels. To create a differential lysis method which would only degrade larval tissues, we used Proteinase K. We began by showing that this serine protease does not damage bacterial cells, since the S. aureus CFU counts were not statistically different with or without Proteinase K (Supplementary Figure 3A). We also saw that Proteinase K did not influence the quality of the bacterial RNA (Supplementary Figure 3B). We were thus able to extract intact bacterial RNA from the mixture of eukaryotic and prokaryotic cells, and as expected, we observed an increased ratio of bacterial to larval RNA (Supplementary Figure 3C). Therefore, increasing concentrations of Proteinase K improved detection of S. aureus targets, and this was shown by the lowered cycle thresholds for the housekeeping genes gyrB and sigA (Supplementary Table 3). Finally, we extracted bacterial RNA from the whole infected larvae, at time points between 12 and 96 hours after infection.

We assessed S. aureus sRNA transcript levels in situ at various times post-infection and compared these to those seen at the exponential and stationary levels in culture media (Figures 3A, B). We found that rnaIII and rsaA expression levels were relatively stable across the 4-day infection of the larvae. Interestingly, those of sprC, sprD, and sprX progressively increased during infection, but the expression levels of these sRNAs in the larvae were dependent upon the in vitro ‘comparator’ set and the phase examined. Indeed, ratios ranged from 2-6 when stationary phase cultures were used as a control, and from 10-40 when selecting the exponential phase cultures. In addition, whereas the in vivo gene expressions of sprD, sprC, and sprX were higher than both control conditions (respectively p < 0.0001, 0.0001, and 0.001 when compared with the in vitro exponential phase, and p = 0.0005, 0.003 and 0.001 when compared with the stationary phase), rsaA was more expressed in vivo than in the in vitro exponential phase (p = 0.001), but less expressed in vivo than the in vitro stationary phase (p = 0.0001). Such differences highlight the difficulty of choosing a good in vitro comparator. It is noteworthy that no significant difference was observed with rnaIII.




Figure 3 | Monitoring sRNA expression from 12 to 96 hours after Staphylococcus aureus infection of larva (A, B) sRNA expression levels in the Galleria mellonella larvae compared with the levels found at the stationary (A) and exponential (B) growth phases in liquid media. (C) sRNA expression levels in the larvae at various time points are compared to their values 12 hours after infection. (D) Comparison of pooled sRNA expression in the larvae before and after the 24-hour post-infection point. sRNA expression monitored by qRT-PCR was normalized against GyrB mRNA, and 3 independent experiments were realized for each condition, with 100 larvae per experiment (N= 300). Error bars represent the SDs. Significant differences were defined as *p < 0.05; **p < 0.01; and ***p < 0.001.



Since it was difficult to compare the in vitro and in vivo sRNA expression levels, we compared in vivo sRNA expression to the first qRT-PCR value obtained at the beginning of infection, 12 hours after injection (Figure 3C). We saw a trend for sprC and sprD, which were both upregulated and had peaks 96 hour after injection. While sprD was significantly upregulated 16-96 hours post-infection (p = 0.043), the increase observed for sprC was not statistically significant. sprX was increased early, with a peak 48 hours after infection, and its expression was significantly higher at that point than at 16 hours (p = 0.029). rnaIII was weakly expressed at all-time points, and none of the observed variations were significant. No significant variations were observed for rsaA.

sRNA expression levels were examined in the periods before (16-20 hours) and after (48-96 hours) the 24-hour post-infection point (Figure 3D). Higher levels of sprC, sprD, and sprX were found after the first day of infection (p = 0.0001, p < 0.0001, and p = 0.0007, respectively), while rnaIII and rsaA expression levels stayed relatively even.



sRNAs Are Involved in G. mellonella Virulence

Larvae mortality started 1 day after infection, when the bacterial load had reached about 109 bacteria per larva, and death increased continuously thereafter (Figure 4A). Since time post-infection and mortality are linked, to minimize interpretation bias, we looked at how sRNA levels corresponded to the risk-adjusted mortality. In fact, sprD expression levels are strongly correlated to the risk-adjusted mortality (r = 0.87, p < 0.0001), implying that the more SprD is expressed, the more virulent the strain (Figure 4B).




Figure 4 | Relationship between mortality and sRNA expression levels. (A) Correlation between growth of Staphylococcus aureus (CFU/larva) and the mortality of infected Galleria mellonella larvae. (B) Correlation between sprD expression and risk-adjusted mortality. The in vivo transcript levels of sprD were calculated to those for gyrB mRNA and compared to the expression obtained 12 hours after infection. Each point represents relative sprD expression during infection associated with the risk-adjusted mortality at the same time point, and corresponds to the sum of 3 independent experiments, with 100 larvae per experiment (N= 300). Key: r, Sperman’s coefficient; ***p < 0.001.



To look for connections between sRNA expression and virulence, we compared the mortality induced by sRNA-deletion strains to that of isogenic controls. We examined S75 and two another strains, HG001 or HG003, both of which are derived from the NCTC 8325 reference strain that is phylogenetically related to S75. We did not observe any differences in larval mortality in these three ST8 strains (Supplementary Figure 4).

At all tested times, larval mortality was significantly reduced (p = 0.03) in comparison with the control after infection with HG003-∆sprC (Figure 5A). However, only late mortality (at day 6), was significantly reduced (p = 0.01) in HG001-ΔsprD infection as compared to the isogenic strain (Figure 5B). In contrast, no significant differences (p = 0.70 and p = 0.64, respectively) were seen after infection with HG001-ΔsprX or HG003-ΔrnaIII (Figures 5C, D).




Figure 5 | Kaplan-Meier survival plots of Galleria mellonella larvae infected with various forms of Staphyllococcus aureus. Larvae were injected with 106 CFU of wild-type HG001 or HG003, three types of isogenic sRNA mutants, or with a strain overexpressing rnaIII. PBS-injected larvae were used as negative controls. Shown are the survival rates over 6 days for the following: (A) HG003 and its HG003-ΔsprC isogenic mutant; (B) HG001 and HG001-ΔsprD; (C) HG001 and HG001-ΔsprX; (D) HG003 and HG003-ΔrnaIII; and (E) HG003 compared to both HG003-pRMC3 and HG003-pRMC3-rnaIII. Significant differences were defined as *p < 0.05; **p < 0.01. Data are shown from 3 independent experiments using 10 larvae per group for each condition.



Since rnaIII expression in the larvae was very low, we wondered whether overexpressing rnaIII would affect virulence. We found that rnaIII overexpression significantly increased mortality (p = 0.007) (Figure 5E), with enhanced larval necrosis and a complete destruction of larval tissue (Supplementary Figure 5). High rnaIII expression thus seems to be detrimental during larval infection.




Discussion

Here, we present a G. mellonella model set up to study the impacts of S. aureus riboregulations during infection. Indeed, accumulating evidence has shown the importance of numerous sRNAs in bacterial pathogenicity (Novick, 2003; Chabelskaya et al., 2010; Morrison et al., 2012; Romilly et al., 2014; Le Pabic et al., 2015; Kathirvel et al., 2016; Manna et al., 2018). The larvae of this greater wax moth have been extensively used to study the virulence of many microorganisms (Tsai et al., 2016) and for testing the efficacy of antimicrobial compounds (Cutuli et al., 2019) for several reasons: costs are low; no specific training or equipment is required; and many larvae can be infected simultaneously. In addition, invertebrates do not possess nociceptors and are thus not sensitive to pain, so there are no restrictive ethical rules as exist for vertebrate use (Bismuth et al., 2019). G. mellonella lacks adaptive immunity, but the organism develops an innate immune response that is similar to that of vertebrates, including cellular and humoral responses which are responsible for nodulation and phagocytosis (Pereira et al., 2018). Unlike Caenorhabditis elegans and Drosophila melanogaster, infections can be performed at 37°C in G. mellonella, which is an advantage for studying the bacterial virulence of S. aureus or other human pathogens. G. mellonella infections can be caused either via ingestion or by intrahemocoelic injection, and the latter method allows for close control of the inoculum (Ramarao et al., 2012). In most studies, the model has been used to examine the antimicrobial activity of drugs or to screen for S. aureus virulence factors (Quiblier et al., 2013; Ferro et al., 2016; Silva et al., 2017). A previous work showed that G. mellonella could also be used for other purposes, especially for examining S. aureus interaction with the larval immune response and for how the bacteria induces the expression of immune-related peptides (Sheehan et al., 2019). We therefore used this model to investigate riboregulations in staphylococcal virulence. As proof of concept, we applied it to examine sRNAs already established as having major impacts on virulence.

Consistent with a recent study (Sheehan et al., 2019), we saw an early bacterial multiplication that triggered an immune response in the form of hemocyte recruitment. Majority of hemocytes are phagocytic cells similar to vertebrate neutrophils which are involved in abscess formation (Kobayashi et al., 2015). During S. aureus infection, we visualized nodules which could correspond to abscesses in vertebrate tissues. The number of nodules increased during infection as well as being spread throughout the entire larva, implying systemic infection. During human infection, circulating bacteria are scarce (Opota et al., 2015), as they are rapidly killed by phagocytes. The surviving bacteria migrate, accumulating in host organs and causing tissue damages and/or abscesses. Similarly, in infected larvae, the bacterial load is higher than in the fat body compared to the hemolymph which is the larval equivalent to the bloodstream.

We investigated how staphylococcal sRNAs were expressed during infection. The ‘proof of concept’ was achieved after we examined a subset of five sRNAs: RsaA and RNAIII which are both expressed from the core genome; and SprC, SprD, and SprX from pathogenicity islands. Indeed, with the exception of RNAIII, the expression levels of each of these sRNAs in the larvae differed from what can be observed in liquid cultures during the exponential or stationary growth phases. Therefore, in vitro sRNA expression does not mimic that of in vivo conditions, a difference already observed for other staphylococcal sRNAs isolated from nasal carriers, abscesses, cystic fibrosis patients, and mouse-model bone infections (Song et al., 2012; Szafranska et al., 2014). Frequently, the in vivo expression of these sRNAs has been arbitrarily compared to in vitro exponential or stationary growth phases, and it is therefore difficult to determine the precise evolution of staphylococcal sRNAs during disease (Song et al., 2012; Szafranska et al., 2014). Our observations agree with this, proving the importance of the calibrator used for analyzing the results. To compare bacterial colonization at different stages of infection, the in vivo gene expression of S. aureus was previously monitored (without an in vitro calibrator) in mice and cotton rats presenting with nasal colonization, bacteremia, or heart lesions (Jenkins et al., 2015). We therefore decided to apply this method to the examination of in vivo sRNA expression. In our model, we measured sRNA expression 12 to 96 hours after infection, setting the initial 12-hour value as our reference. We found that the infection stage influences sRNA expression. Variations in the expression levels of sprD and sprX, as well as their accumulation in bacterial cells throughout the infection, suggest that these sRNAs both contribute to infection. It also indicates that sRNAs are not expressed continuously, and that they are tightly regulated at the different stages of infection.

Larval mortality began at 24 hours after infection, and increased progressively. There is no link between bacterial growth and mortality, as the bacterial load remained stable between days 1 and 6. In vitro, the agr quorum-sensing (QS) system senses population density, promoting the expression of secreted proteins and inhibiting adhesins via RNAIII regulation (Novick, 2003). This system does not seem to be activated during larval infection, since the post-infection expression of rnaIII remains low. These results were further supported by the lack of significant differences we observed in larval mortality between HG003 and the HG003-∆rnaIII mutant. RNAIII does not affect S. aureus survival on fruit flies (Garcia-Lara et al., 2005), suggesting that RNAIII might not play a key role in virulence in invertebrates. However, we showed that increasing rnaIII expression actually promotes mortality, with efficient larval necrosis. Furthermore, we found low rnaIII expression levels in the infected larvae, just as low amounts were detected in a mouse model of osteomyelitis, in human abscesses, during murine vaginal colonization, and in the lungs of cystic fibrosis patients (Song et al., 2012; Szafranska et al., 2014; Deng et al., 2019; Ibberson et al., 2019). Nevertheless, this sRNA is still involved in virulence since disruption of the agr QS system inhibits the upregulation of many toxins and proteases and a ΔagrB strain protects mice from mortality (Date et al., 2014). A ΔrnaIII strain was also shown to attenuate virulence in a murine intracranial abscess model (Gong et al., 2014). Numerous studies have reported agr downregulation in multiple human host niches responding to different environmental cues (Dastgheyb and Otto, 2015). Indeed, environmental cues modify the behavior of S. aureus and counter its agr system, which is sensitive to many stresses or host-derived factors such as the reactive oxygen species that are produced in infected larvae by activated hemocytes (Tsai et al., 2016; Jenul and Horswill, 2018). This could prevent agr activation, explaining the low expression of rnaIII, and thereby counterbalance S. aureus virulence. In contrast, rnaIII overexpression probably overwhelms the host immune response, which would explain the resulting virulence enhancement. Further studies are needed to clarify the central role of RNAIII in virulence regulation.

Staphylococcal virulence is also affected by others sRNAs: SprC (Le Pabic et al., 2015), SprD (Chabelskaya et al., 2010), and SprX (Kathirvel et al., 2016). The expression levels of sprC and sprD are increased when the bacteria are in contact with human serum (Carroll et al., 2016). However, little monitoring of their expression levels during animal infection has been done, so this was one objective of our study. For both SprC and SprD, expression increased progressively in infected larvae, and we observed decreased larval mortality with the ΔsprC strain. Since SprC was previously shown to attenuate staphylococcal virulence in a mouse infection model (Le Pabic et al., 2015), our data are somewhat surprising, indicating that results might vary depending on the animal model and strains used. Results of Le Pabic et al. were obtained using a Newman strain which among other changes differs with a mutation in saeS (Herbert et al., 2010). This mutation induces a particular exoprotein profile by comparison with HG003. Similarly, the survival profile in a sepsis mouse model was not strictly superposable between these two strains (Herbert et al., 2010). These differences may explain these inconsistent results. A strong positive correlation between sprD expression and risk-adjusted mortality was also observed. These preliminary results need to be confirmed in a mammalian model and in humans. S. aureus bacteremia is a leading cause of morbidity and mortality (Yilmaz et al., 2016), yet not enough relevant biomarkers have been identified for reliable prediction of clinical outcomes. The monitoring of sprD expression alone could be a potential biomarker of severity, and our observations have confirmed that SprD plays a major role in bacterial virulence in two different animal models of infection (Chabelskaya et al., 2010). SprD has one identified target, Sbi, which is an immune-evasion molecule acting at the interface between the innate and adaptive immune systems (Smith et al., 2011), and which is downregulated by SprD (Chabelskaya et al., 2010). There is no specific adaptive system in the greater wax moth, nevertheless, the staphylococcal Sbi was shown to be important in the Galleria model since the mortality was attenuated with a Δsbi USA300 strain (Zhao et al., 2020). So it is likely that SprD acts on other molecular targets to influence staphylococcal virulence.

Our study confirms the importance of sRNAs in S. aureus infection in animals, and the handy Galleria mellonella infection model can easily be extended to the investigation of all 50 bona fide sRNAs known to be expressed by S. aureus (Liu et al., 2018). sRNAs belong to complex gene regulatory networks (Fechter et al., 2014), and testing their involvement in virulence requires an understanding of their connections and interactions within the entire regulon. Our next step will be to perform a transcriptomic analysis to compare sRNA-deletion and isogenic strains in order to obtain a more comprehensive view of their participation in virulence.
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Supplementary Figure 1 | Post-infection bacterial burden in G. mellonella. Graph showing S. aureus S75 bacterial burden over time in the hemolymph of larvae infected by 106 CFU. Data are the result of 3 independent experiments, each using 100 larvae per group. Error bars represent the SDs.

Supplementary Figure 2 | Cross-sectional analysis for monitoring infection in the larvae. (A) PBS-injected larvae, the negative controls. (B) Larvae were injected with 106 CFU of S. aureus S75, and are shown here 96 hours later. Each black ellipse represents a nodule showing melanization, and the nodules are scattered around the entire larvae, including within the nervous system (NS).

Supplementary Figure 3 | Effect of Proteinase K on total RNA extractions. (A) Bacteria in the stationary phase were treated with 3 mg/ml Proteinase K (proK) or PBS for 30 minutes at 50°C. Results are the means of 3 independent experiments and are expressed in CFU/ml. (B) Total bacterial RNA counts after agarose gel electrophoresis and ethidium bromide exposure with (+) or without (-) a 3mg/ml Proteinase K solution. Bacterial RNA was extracted during the stationary phase after overnight culture. (C) Total RNA extraction of G. mellonella infected with 108 CFU of S. aureus S75. For each condition, 5 larvae were infected, and 2 were randomly chosen for RNA extraction (N= 6). RNA extraction was performed 30 minutes after injection, and several concentrations of Proteinase K were applied. For each condition, after DNAse process, total RNA quality and quantity were assessed using a NanoDrop spectrophotometer and 0.5% agarose gel electrophoresis.

Supplementary Figure 4 | Comparison of Kaplan-Meier survival plots of larvae infected with ST8 strains. Survival of G. mellonella larvae infected with 106 CFU of the S. aureus strains S75, HG003, and HG001. Mortality was monitored for 6 days. The plot is the result of 3 independent experiments using 10 larvae per group, and PBS-injected larvae were used as a negative control.

Supplementary Figure 5 | RNAIII overexpression and macroscopic effects on infected G. mellonella larvae. Larvae were inoculated with 106 CFU and mortality monitored for 6 days, at which point dead larvae were observed. (A) Dead and melanized larvae after HG003-pRMC3 infection. (B) Larval necrosis was increased after infection with HG003-pRMC3-rnaIII.

Supplementary Table 1 | Strains and vectors used for G. mellonella infection.

Supplementary Table 2 | Primers used for qRTPCR.

Supplementary Table 3 | Proteinase K Effects on the cycle thresholds of S. aureus housekeeping genes observed in qRTPCR.
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The genus Enterococcus includes two Gram-positive pathogens of particular clinical relevance: E. faecalis and E. faecium. Infections with each of these pathogens are becoming more frequent, particularly in the case of hospital-acquired infections. Like most other bacterial species of clinical importance, antimicrobial resistance (and, specifically, multi-drug resistance) is an increasing threat, with both species considered to be of particular importance by the World Health Organization and the US Centers for Disease Control. The threat of antimicrobial resistance is exacerbated by the staggering difference in the speeds of development for the discovery and development of the antimicrobials versus resistance mechanisms. In the search for alternative strategies, modulation of host-pathogen interactions in general, and virulence inhibition in particular, have drawn substantial attention. Unfortunately, these approaches require a fairly comprehensive understanding of virulence determinants. This requirement is complicated by the fact that enterococcal infection models generally require vertebrates, making them slow, expensive, and ethically problematic, particularly when considering the thousands of animals that would be needed for the early stages of experimentation. To address this problem, we developed the first high-throughput C. elegans–E. faecium infection model involving host death. Importantly, this model recapitulates many key aspects of murine peritonitis models, including utilizing similar virulence determinants. Additionally, host death is independent of peroxide production, unlike other E. faecium–C. elegans virulence models, which allows the assessment of other virulence factors. Using this system, we analyzed a panel of lab strains with deletions of targeted virulence factors. Although removal of certain virulence factors (e.g., Δfms15) was sufficient to affect virulence, multiple deletions were generally required to affect pathogenesis, suggesting that host-pathogen interactions are multifactorial. These data were corroborated by genomic analysis of selected isolates with high and low levels of virulence. We anticipate that this platform will be useful for identifying new treatments for E. faecium infection.
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Introduction

Enterococci, particularly Enterococcus faecalis and E. faecium, are categorized as serious threats by the Centers for Disease Control and Prevention and since the 1970s have risen to be some of the most commonly isolated Gram-positive organisms responsible for nosocomial infections. In 2017 alone, there were approximately 55,000 infections with enterococcal species in the United states, resulting in 5,400 deaths (CDC, 2019). Infections commonly take the form of endocarditis, urinary tract infections (UTI), peritonitis, or meningitis, amongst others (Goh et al., 2017). Healthcare costs to treat enterococcal infection reached $540 million (CDC, 2019). Frequently, infections are acquired in healthcare settings, leading to endangerment of immunocompromised patients, including those who are infected with SARS-CoV-2 (Ramos-Martinez et al., 2020; Kampmeier et al., 2020; Bonazzetti et al., 2021). Enterococci are increasingly developing resistance to multiple antimicrobial drugs and disinfectants, including vancomycin, the drug of last resort (Kafil and Asgharzadeh, 2014; Levitus et al., 2020). In fact, about 30% of healthcare-associated enterococcal infections are resistant to vancomycin (CDC, 2019) and vancomycin-resistant enterococci (VRE) (the vast majority of which are E. faecium) often develop resistance to other antibiotics, leading to the requirement for intensive and invasive treatments. Resistance prolongs hospitalization and increases the likelihood for patients to contract secondary infections.

E. faecalis and E. faecium, both of which are commonly found as intestinal commensals (Huycke et al., 1998), are the two most commonly isolated enterococcal species in clinical samples. Although E. faecalis historically was better known as a human pathogen, E. faecium has risen to comprise over one-third of cases (Iwen et al., 1997; Treitman et al., 2005; Goh et al., 2017). This rise has led to suggestions that it may have recently acquired new virulence determinants (Kafil and Asgharzadeh, 2014; Davis et al., 2020) in addition to its frequent resistance to vancomycin, ampicillin, and other antimicrobials (Murray, 2000; Mundy et al., 2000).

Although it has been studied for several decades, relatively little is known about the molecular mechanisms involved in infection and pathogenesis in E. faecium (Freitas et al., 2018; Gao et al., 2018). Like most Gram-positive bacteria, it possesses a polysaccharide capsule and teichoic acid derivatives in its cell wall. It also includes several secreted factors, a secreted adhesion factor known as SagA, and a broad array of other attachment factors, including the ebpABCfm pilus operon (Hendrickx et al., 2008; Sillanpää et al., 2010; Montealegre et al., 2016), collagen adhesins (acm, scm) (Nallapareddy et al., 2006; Nallapareddy et al., 2008; Sillanpää et al., 2008), and surface proteins (fms, esp) (Willems et al., 2001; Hendrickx et al., 2007; Sillanpää et al., 2008). Most of these virulence factors have been demonstrated to contribute to E. faecium virulence in murine endocarditis and/or UTI models. However, it is quite likely that many other virulence determinants remain undiscovered.

Unfortunately, the model organisms available to study E. faecium virulence are predominantly mammals. Although effective, these models are strongly constrained in terms of throughput, are expensive, and are fraught with ethical concerns. This makes them inappropriate for large scale screens to identify novel virulence factor or therapeutic compounds (Garsin et al., 2014; Goh et al., 2017). In contrast, Caenorhabditis elegans infection models are cheap, fast, and share a surprising amount of infection biology with human beings. A C. elegans – Enterococcus pathosystem had previously been developed (Garsin et al., 2001), however only E. faecalis was able to cause persistent infection in C. elegans gut and kill adult worms. Unfortunately, although C. elegans has generally proven susceptible to infection with E. faecalis, it has been difficult to develop an infection system that is lethal, uses relevant pathogenic determinants, and is amenable to high-throughput techniques for E. faecium. For example, an agar-based system was developed that involved anaerobic growth of E. faecium (Moy et al., 2004), but killing depended upon hydrogen peroxide production. The prolific capacity of mammalian cells to produce catalase makes this virulence determinant less relevant in human infection. Another study indicated that C. elegans could be killed with E. faecium provided that one of several innate immune pathways were compromised (Yuen and Ausubel, 2018), but the virulence determinants involved were not identified and using worms with signaling defects may result in spurious outcomes.

In this study, we developed a liquid-based C. elegans-E. faecium pathogenesis assay. This assay was based on our conventional P. aeruginosa Liquid Killing assay (Kirienko et al., 2013; Anderson et al., 2018), which was modified for Enterococcus growth and to automatically quantify death, enabling unbiased and high-throughput studies. Using this assay, we tested available E. faecium lab strains containing mutations in several known virulence factors. We found that, although C. elegans death was not correlated with bacterial growth, highly virulent E. faecium strains possessed greater host colonization ability. We also tested the pathogenesis of ~120 E. faecium isolates, originating from hospital, commensal, microbiota, and animals, and observed that none of the clades had dramatically increased or reduced virulence. This marks an important step towards understanding the pathogenicity of E. faecium and will aid in the search of new therapeutic procedures.



Materials and Methods


Strains

C. elegans strains SS104 [glp-4(bn2)], N2 wild type, and pmk-1(km25) were maintained on standard nematode growth medium (NGM) (Stiernagle, 2006) seeded with Escherichia coli strain OP50 as a food source at 15°C, unless otherwise noted (Stiernagle, 2006). C. elegans – E. faecium experiments were performed at 25°C to induce sterility of temperature-sensitive bn2 allele, similarly to other glp-4(bn2)-based assays (Moy et al., 2009; Kirienko et al., 2014; Kim et al., 2020). For experiment with N2 and pmk-1(km25), sterility was induced by feeding worms with cdc-25.1(RNAi)-expressing E. coli. Absence of progeny facilitates analysis of assay outcomes.

E. faecium strains used in this study were collected over the past 30 years. The goal of our study was to compare the virulence of E. faecium belonging to different clades in C. elegans model. Therefore the strains representing clinical strains (mostly clade A1), commensal strains from healthy volunteers (mostly clade B), and isolates from animal sources or published clade A2 strains were selected. These isolates included 75 health care-derived isolates (mostly clade A1) from USA and Colombia (Arias et al., 2009; Sillanpää et al., 2009; Tran et al., 2013; Diaz et al., 2014), 21 human commensal strains (mostly clade B) (Sillanpää et al., 2009), and 21 isolates derived from animals, animal feed or obtained from published clade A2 strains studies (Sillanpää et al., 2009; Lebreton et al., 2013). Source information for these isolates is provided in Table S1. Genotype of strains with deletions is in Table 1 below.


Table 1 | List of E. faecium mutants used for this study.





E. faecium Gene Deletions

Gene deletion mutants of previously described cell wall anchored (CWA) surface proteins with Ig-like folds (Sillanpää et al., 2008) were given fms designations and were generated in two clinical E. faecium strains (TX0082 and TX2154) using previously published methods (Panesso et al., 2011; Somarajan et al., 2014). Deletions included fms18 (ecbA of E. faecium microbial surface component recognizing adhesive matrix molecules (MSCRAMM) (Sillanpää et al., 2008; Hendrickx et al., 2009); fms11 (predicted pilus-associated) (Sillanpää et al., 2008) and scm (second collagen adhesin of E. faecium) (Sillanpää et al., 2008). Two substitutions (Y176A and F192A) were introduced in acm, a previously described MSCRAMM gene (Nallapareddy et al., 2003; Nallapareddy et al., 2008) using published methods (Liu et al., 2007). These strains were designated as TX6111 (E1162 acmY176A,F192A Δfms18 Δscm), TX6114 (E1162 Δfms15), TX6109 (E1162 Δscm), TX6110 (E1162 acmY176A,F192A Δscm), TX6094 (TX0082 acmY176A,F192A Δfms11 Δscm), and TX 6097 (TX0082 Δfms11 Δscm) and have been listed in strain list in Table 1.



C. elegans - Enterococcus Pathogenesis Assays

For the high-throughput, liquid-based pathogenesis assay, 25 synchronized young adult worms were sorted into 384-well plate. E. faecium strains were grown in deep-well plates at 700 rpm for 16 h. S Basal medium was mixed with brain-heart infusion (BHI) medium (10%) and Enterococcus faecalis or E. faecium (final OD600: 0.03) were then added into each well. Plates were incubated at 25°C until assay completion. At various time points, bacterial OD was measured with a Cytation5 (BioTek Instruments) plate reader and then plates were washed three times. Sytox Orange nucleic acid stain was added into each well and incubated for 12 - 16 h to stain dead worms. Plates were then washed three times, worms were transferred into a new 384-well plate, washed three more times, and imaged with Cytation5 automated microscope. Dead worms were quantified with CellProfiler software, similar to previously established pipelines (Conery et al., 2014).

For treatment with catalase, catalase (7.5 mg/mL) was supplemented in S Basal, BHI, Enterococcus mixture that was then distributed into each well of the 384-well plates.

For killing on agar, 50 young adult worms were transferred onto Enterococcus-BHI plates and incubated at 25°C. Worms were scored every day for survival; dead worms were removed from assay plates.



Murine Peritonitis Model

E. faecium strains, TX0016 (clade A) and a commensal isolate, TX1330 (clade B) were tested following our previously published method (Singh et al., 1998). In brief, mice were injected intraperitoneally with appropriate dilutions of bacteria grown in BHI broth, premixed with sterile rat fecal extract (SRFE) and were observed for 5 days for survival. Data (h) were used to compare animal survival/mortality using six mice per group. Comparison of the survival curves was performed using a log-rank test with GraphPad Prism 4 for Windows®. A p < 0.05 was considered significant. All experiments were approved by the Animal Welfare committee, University of Texas Health Science Center at Houston.



Colony Forming Unit (CFU) Assay

75 worms from liquid-based assay were collected into microcentrifuge tubes. Worms were washed three times to remove residual bacteria. After the final wash excess media was aspirated down to 100 µL. Equal volume of carbide beads was then added into the tubes and vortexed vigorously for 1 min to break worms. Supernatant was serially diluted and plated on BHI plates.



Genomic Analysis

Genomic analysis was performed in the usegalaxy.org platform. FASTQ files generated from NGS were submitted for SNPs analysis to snippy (Galaxy version 4.5.0), a bioinformatic tools for rapid bacterial variant calling. Meanwhile, FASTA files were processed with prokka (Galaxy version 1.14.5) for genome annotation, roary (Galaxy version 3.13.0) for genomic alignment, and RAxML (Galaxy version 1.0.0) to construct a maximum-likelihood phylogenetic tree. Figure 8A was generated with R packages treeio (version 1.14.3) and ggtree (version 2.4.1).



Microscopy

Upon 48 h of infection with E. faecium E007 in the liquid-based assay, worms were washed three times to remove residual bacteria, incubated for one hour with or without 20 µg/mL gentamicin, washed three times, and stained with 40 µM acridine orange for 4 hours. Worms were then washed three more times to remove unbound dye. Worms were imaged using a Zeiss ApoTome.2 Imager.M2 fluorescent microscope (Carl Zeiss, Germany) with a 20x objective magnification.



RNA Interference Protocol

RNAi-expressing E. coli HT115 were cultured and seeded onto NGM plates supplemented with 25 μg/mL carbenicillin and 1 mM IPTG. 8,000 synchronized L1 larvae were transferred onto RNAi plates and grown at 25°C for 64 hours prior to exposure to pathogens.

RNAi experiments in this study were conducted by using RNAi-competent HT115 obtained from the Ahringer RNAi library (Kamath et al., 2003) and were sequenced prior to use.



Statistical Analysis

With the exception of the mouse infection model, all experiments were performed in at least three independent biological replicates. The number of worms used per biological replicates is listed in the corresponding legends.

Student’s t-test analysis was performed to calculate the p-values when comparing two groups in an experimental setting. p-values were indicated in graphs as follows: NS not significant, *p < 0.05, **p < 0.01, and ***p < 0.001.

Figure 2 was generated with R package ggplot2 (version 3.3.3). Correlation coefficient and p-value between C. elegans survival and E. faecium OD600 were calculated and indicated on the figure.

Figure 5 was generated with R package ggplot2 (version 3.3.3). K-means clustering was performed with the ‘kmeans’ function in R. p-values between Clade A1 and Clade B were indicated on graphs.




Results


E. faecium E007 Is Pathogenic to C. elegans

To study E. faecium virulence determinants, we developed the first high-throughput infection model for E. faecium that uses C. elegans as a host. In brief (see Figure 1A), synchronized, young adult C. elegans were sorted into 384-well plates. E. faecium or E. faecalis grown on BHI agar plates were then diluted into 10% BHI medium and added to worms at predetermined concentrations. Worms were infected at 25°C until assay completion and then were washed several times before staining with a cell-impermeant stain to quantify death. The entire assay can be performed within ~ 1 week, and ~90 different strains can be tested in parallel on a single 384-well plate. Unlike in previously published agar-based systems where only E. faecalis killed the worms (Garsin et al., 2001), our liquid assay showed killing within a week by both E. faecalis and E. faecium (Figures 1B, C). Importantly, we saw no significant correlation between bacterial growth (as determined by OD) and host death either when we used a pilot set of ~30 isolates or with the full set of ~120 isolates (Figure 2). This suggests that host death is a specific phenomenon related to an interaction between the host and the pathogen, and does not merely result from bacterial growth.




Figure 1 | E. faecium E007 is pathogenic to C. elegans in the Enterococcus liquid-killing assay. (A) High-throughput, liquid-based C. elegans – E. faecium killing assay pipeline (right, compared to the conventional agar-based assay (left)). (B, C) Survival curves of C. elegans that were exposed to E. faecalis OG1RF, E. faecium E007, or non-pathogenic E. coli OP50 either in the (B) agar-based assay or (C) under liquid conditions. Three biological replicates were performed and analyzed; representative replicates are shown for (B, C).






Figure 2 | E. faecium virulence in Enterococcus liquid killing assay does not depend upon bacterial growth. (A) Correlation plot of a subset of ~30 E. faecium strains’ growth (OD 600, x-axis) against their virulence (based on C. elegans’ survival, y-axis). (B) Correlation plot of ~120 of E. faecium strains’ growth (OD 600, x-axis) against their virulence (based on C. elegans’ survival, y-axis). Three biological replicates with ~80 worms/replicate were analyzed. The correlation plot was generated with R package ggplot2 (version 3.3.3).



As noted above, E. faecalis-mediated killing of C. elegans in the previously described assay depended on hydrogen peroxide production (Moy et al., 2004). Although our assay does not involve anaerobic growth (which was required for hydrogen peroxide production), we tested whether the addition of catalase to our assay would influence rates of host death. In general, we saw no decrease in killing after the addition of catalase, consistent with catalase-independent pathogenesis (Figure S1).



PMK-1/p38 MAPK, but Not MDT-15/MED15, Is Dispensable for C. elegans Resistance to Liquid-Based E. faecalis Pathogenesis

The PMK-1/p38 MAPK pathway is arguably the most important innate immune pathway for responding to bacterial infection in C. elegans and has been implicated in resistance in most agar-based pathogenesis assays (Kim et al., 2002; Bolz et al., 2010; Shivers et al., 2010; Pukkila-Worley et al., 2012). In addition, pmk-1 mutation has been shown to increase sensitivity to E. faecium (Yuen and Ausubel, 2018). In contrast, the PMK-1/MAPK pathway is detrimental for survival in a liquid-based C. elegans-P. aeruginosa pathogenesis assay (Kirienko et al., 2015; Tjahjono and Kirienko, 2017). We used RNAi to knock down pmk-1 and then tested young adult worms in the liquid E. faecium assay for increased host death. As with P. aeruginosa, loss of PMK-1 function did not increase E. faecium-mediated killing in the liquid-based assay (Figures 3A, B). In contrast, disrupting PMK-1 function in the agar-based assay reduced survival (Figure 3C, S2A). These results were confirmed using a known loss-of-function mutation, pmk-1(km25) (Figure S2B).




Figure 3 | PMK-1 did not confer resistance towards E. faecium in Enterococcus liquid-killing assay. (A) Fluorescence images and (B) quantification of C. elegans survival after exposure to E. faecium E007 in liquid. Worms were reared on E. coli expressing empty vector (EV) as control or mdt-15(RNAi) or pmk-1(RNAi). (C) Quantification of C. elegans survival at 120 h exposure to E. faecium E007 in agar. Three biological replicates with ~400 worms/replicate for liquid-based assay or ~180 worms/replicate for agar-based assay were analyzed. Error bars represent SEM. p values were determined from Student’s t-test. NS not significant, *p < 0.05, ***p < 0.001.



Recently, we showed that the Mediator subunit MDT-15/MED15 has a role in host resistance against E. faecalis (Hummell et al., 2021). To probe whether this function is retained in this liquid-based assay, we also used RNAi to knock down mdt-15 expression. Unlike pmk-1(RNAi), mdt-15(RNAi) significantly increased host mortality in both liquid- and agar-based assays (Figure 3, S2A), suggesting that MDT-15 serves an innate immune function in these assays as well.



E. faecium Strains From All Clades Showed Wide Range of Virulence

Genome analysis of E. faecium strains indicates that they belong to at least two different phylogenetic clades: A (comprised of hospital-acquired strains and strains mostly derived from animal origins), and B (mostly human commensal strains) (Palmer et al., 2012; Galloway-Peña et al., 2012; Lebreton et al., 2013). Although earlier phylogenetic evidence suggests that clade A may be broken into two subgroups (Palmer et al., 2012; Galloway-Peña et al., 2012; Lebreton et al., 2013), a more recent, larger analysis called this conclusion into question (Raven et al., 2016). Pathogenicity of isolates from clade A1 (Figure 4A), clade A2 (Figure 4B), and clade B (Figure 4C) varied, ranging from 45-70% host mortality. Although we tested a larger number of strains from clade A1, all three clades showed similar patterns of variability in virulence. We determined median mortality for each clade and identified strains that were significantly more or less pathogenic for further analysis.




Figure 4 | Pathogenicity distribution of E. faecium strains belonging to Clade A1, A2, or B C. elegans were exposed to E. faecium strains belonging to (A) Clade A1, (B) Clade A2, or (C) Clade B in the liquid-killing assay. At least three biological replicates with ~80 worms/replicate were analyzed. Error bars represent SEM. p values were determined from Student’s t-test against the median isolates (indicated with short black lines in the graphs). Arrows indicate all isolates that are more (red) or less (blue) virulent than the median isolates (p < 0.05).



An initial analysis of the pathogenicity of ~30 isolates in our liquid-based model was performed. K-means clustering was then used to group the strains based on virulence, resulting in strong preferential grouping of A1 and A2 clades in high virulence and B strains in low virulence (Figure 5A). However, a more robust analysis, using a total of ~100 strains, abolished this difference, with each clade being approximately equally represented in the high- and low-virulence groups (Figure 5B).




Figure 5 | Pathogenicity of E. faecium from distinct clades does not differ significantly. (A, B) Pathogenesis of (A) preliminary (~30) or (B) all available (~120) E. faecium strains belonging to Clade A1, A2, or B In (A, B), C. elegans survival (y-axis) were plotted against E. faecium OD 600 (x-axis). Clustering was performed with ‘kmeans’ function (R v4.0.3). All panels show pooled results from three biological replicates. p-values were determined from Student’s t-test and are indicated on graphs.





Strains With Higher Virulence Had Higher Colonization Ability in the Liquid-Based Assay

Colonization is the first step in any infection, including bacterial infections of C. elegans with E. faecalis or E. faecium (Tan et al., 1999; Aballay et al., 2000; Garsin et al., 2001; Kurz et al., 2003; Goh et al., 2017). In contrast, our previously reported liquid-based P. aeruginosa assay, which is based on intoxication rather than infection, showed relatively few bacteria in the intestine, more consistent with transit of undigested bacteria, rather than intestinal colonization (Kirienko et al., 2013). However, in liquid-based C. elegans – Candida albicans model, host colonization was observed (Rosiana et al., 2021). To test whether colonization is related to virulence in C. elegans- E. faecium liquid assay, we selected six strains from Clade A1, including the three with the highest (TX2029, TX2051, and TX2416) and the lowest (S447, TX2022, and TX2025) virulence, and infected C. elegans with them in the liquid assay (Figure 6A). After 48 hours of infection, some of the worms were harvested, washed thoroughly to remove extracorporeal bacteria, and then physically disrupted to release intestinal bacteria. Lysates were serially diluted and plated on BHI media to determine bacterial titer via CFU counting, allowing colonization to be directly measured. We found that the high-virulence strains as a group had a better ability to colonize C. elegans than low-virulence strains (Figure 6B and Figure S3, p < 0.001, pooled low- and high- virulence groups). To ensure that only bacteria from the worm alimentary track, but not those that adhere to the cuticle, contributed to CFU counts, we performed the same assay except that worms were treated with gentamicin for 1 h after the first three washes (Figure S4). Worms were then incubated with 40 µM acridine orange, a dye commonly used to stain bacteria (Neeraja et al., 2017). Fluorescent imaging confirmed that bacteria were only detected in the worms’ gastrointestinal tract, both for gentamicin-treated and untreated sub-populations, but not on the cuticles (Figures S4A, B). These results suggested that the ability to persist in C. elegans gut may be an important contributor to E. faecium virulence in this liquid assay.




Figure 6 | Highly virulent E. faecium strains showed higher colonization, compared to low virulence strains, in the Enterococcus liquid-killing assay. Six E. faecium strains (three with the highest virulence in the liquid-based assay and three with the lowest virulence) were exposed to C. elegans in liquid-based assay. Panel (A) shows strain pathogenesis (C. elegans survival), while panel (B) shows pooled average of CFU from C. elegans gut after colonization. CFU counts for individual strains are in Figure S3. (C) The killing ability of bacteria-free filtrates (from isolates in panel A) was examined after 100 h incubation with C. elegans. Three biological replicates with ~60 worms/replicate for CFU assay or ~400 worms/replicate for pathogenesis assay were analyzed. Error bars represent SEM. p-values were determined from Student’s t-test between pooled low- and high virulence groups. NS not significant, ***p < 0.001.



In a previously-published liquid-based C. elegans pathosystem, we showed that toxin secretion, particularly of the siderophore pyoverdine, was very important for host killing by P. aeruginosa (Kirienko et al., 2015; Kang et al., 2018). In this case, spent media or purified pyoverdine were capable of killing worms even in the absence of live bacteria (Figure S5). To test the ability of secreted factors to affect host survival during E. faecium infection, the same panel of six E. faecium isolates was grown under assay conditions, but in the absence of worms, for four days. Then bacteria-free filtrates were produced and C. elegans were exposed to them for ~100 h (Figure 6C). Virtually no host death was observed, suggesting that live bacteria and host-pathogen interactions are the driving force of pathogenesis in this assay.



Some fms genes Are Important for Pathogenesis in the C. elegans – E. faecium Liquid Killing Assay

E. faecium infection is a multifactorial process that includes attachment, colonization, and biofilm formation. To determine which virulence factors are important for killing in liquid, we measured the pathogenicity of available E. faecium strains harboring deletions of targeted virulence factors (Table 1), including genes from the gls (Choudhury et al., 2011), fms (Sillanpää et al., 2008; Sillanpää et al., 2009; Sillanpää et al., 2010), wxl (Galloway-Peña et al., 2015), and ccpA (Somarajan et al., 2014) genes and gene families.

Deletion of genes encoding general stress proteins (Gls) gls33-glsB alone or doubled with gls20-glsB1 did not appear to affect host survival (Figure S6A). This also seemed to be the case with mutants harboring deletions of genes in the WxL loci (Galloway-Peña et al., 2015). The WxL loci, are a series of three loci that each encode between 3 and 6 genes, including peptidoglycan-binding proteins (Brinster et al., 2007). Three strains with a single mutation each and one strain with triple mutations of the WxL loci did not significantly alter worms’ survival as compared to the parental strain TX0082 (Figure S6B).

On the other hand, the E. faecium surface proteins (Fms) of the MSCRAMM (microbial surface component recognizing adhesive matrix molecules) family were more likely to be involved in pathogenesis in this E. faecium – C. elegans killing assay. fms genes are tightly associated with E. faecium clinical isolates (Sillanpää et al., 2008). We tested multiple mutants with one (scm, acm, or fms15), two (Δfms21-20, acmY176A,F192A Δscm, and Δfms11 Δscm), or three genes mutated (acmY176A,F192A Δfms18 Δscm, ΔebpABCfm, and acmY176A,F192A Δfms11 Δscm). Among the strains tested, the single deletion of fms15, an adhesin gene, significantly reduced E. faecium virulence (Figure 7A). Moreover, triple mutation of acmY176A,F192A Δfms11 Δscm and deletion of pilus subunit proteins encoded by the three-gene locus ebpABCfm (fms1-5-9) reduced pathogenicity as well (Figure 7B). As the MSCRAMMs play a role in host-pathogen adherence, these results corroborated our finding that colonization and persistence in C. elegans gut is important for virulence.




Figure 7 | Genes encoding surface proteins and pili are important for pathogenesis in the C. elegans – E. faecium liquid-killing assay. Pathogenicity of several strains harboring mutations in (A) fms10 (scm), acm, fms18, or fms15, or (B) fms, scm, wxl, or ccpA were assayed in the C. elegans – E. faecium liquid-based pathosystem. Three biological replicates with ~400 worms/replicate were analyzed. Error bars represent SEM. p values were determined from Student’s t-test. NS not significant, *p < 0.05, ** p < 0.01, ***p < 0.001.



Interestingly, deletion of ccpA, a regulator of carbon catabolite repression that affects E. faecium growth and is important for virulence (Somarajan et al., 2014), increased pathogenicity (Figure 7B). This result was unexpected as ccpA deletion mutant showed reduced biofilm formation, growth, and attenuated infection in endocarditis model (Somarajan et al., 2014).



Genome Analysis of Clade A1 Strains

To further understand E. faecium virulence mechanisms, we obtained whole genome sequencing data for eight strains in the higher virulence and six strains in the lower virulence groups. Strains from Clade A1 were selected for this analysis as they are most commonly associated with human infection. Phylogenetic tree construction showed close relationships among the fourteen strains, except for TX2046 (lower virulence) and TX2051 (higher virulence) (Figure 8A).




Figure 8 | Genomic analysis showed a relationship between high- and low virulence strains. (A) A maximum-likelihood phylogenetic tree of eight strains belonging to the highest virulence group (yellow), six strains belonging to the lowest virulence group (purple), and a reference strain (TX0016, black). The phylogenetic tree was created by performing roary (Galaxy version 3.13.0), followed by RAxML (Galaxy version 1.0.0), and visualized by using treeio (v1.14.3) and ggtree (v2.4.1) packages (RStudio, R version 4.0.3). (B) Kinetic growth measurement or optical densities (OD 600) of TX2046 and TX2051 in BHI media. (C) Kinetic growth measurement or optical densities (OD 600) of three high- (TX2416, TX2051, TX2029) and three low-virulence isolates (TX2022, S447, TX2025), and reference strain E007 in BHI media. For (B, C), three biological replicates were performed and analyzed; a representative replicate is shown.



Genomic analysis showed that TX2046 contained two frameshift mutations: a one nucleotide insertion in sorB (a PTS system sorbose-specific EIIB component) and another in mazE (the gene encoding the MazE Type II antitoxin). TX2051 acquired a frameshift in araQ (L-arabinose transport system permease protein) and a stop codon in wecA (UDP-N-acetylgalactosamine-undecaprenyl-phosphate N-acetylgalactosamine phosphotransferase).

Toxin-antitoxin pairs are commonly found in bacterial pathogens, and mutation of the antitoxin mazE would result in greatly diminished bacterial survival. We performed growth analysis of the OD 600 for the two strains TX2046 and TX2051. We observed differences in growth rates, with TX2051 growing faster than TX2046 (Figure 8B). Thus, TX2051 might be more virulent due to faster growth and colonization rate. This result also showed that, at least in selected cases, pathogenicity may depend on bacterial growth. However, these two parameters did not correlate in a larger group (Figure 8B and Figure S3).



The Liquid-Based E. faecium Model Recapitulates Virulence Observed in a Murine Peritonitis Model

Most importantly, our C. elegans – E. faecium pathogenesis model recapitulated virulence in a murine peritonitis model. Two strains that differ in origin, TX0016 [or DO, an endocarditis isolate with one of the first E. faecium genomes sequenced (Qin et al., 2012)] and TX1330 [a community-derived isolate (Qin et al., 2012)] were used to infect C. elegans or mice. Pathogenesis was noticeably reduced in TX0016 strain compared to TX1330 in both C. elegans (Figure 9A) and mice (Figure 9B).




Figure 9 | The C. elegans – E. faecium pathogenesis model recapitulates E. faecium virulence. (A, B) Survival curves of (A) C. elegans or (B) mice that were exposed to two E. faecium strains TX0016 and TX1330. All panels show results from pooled biological replicates (each dot in A represents a group of 20 worms). p-values were determined from Student’s t-test and are indicated on graphs.






Discussion

In this study, we developed a C. elegans – E. faecium liquid-based pathogenesis assay that includes a lethal infection. Previous tests of E. faecium-infected C. elegans showed that the bacterium could effectively colonize the intestine of C. elegans, and even trigger an immune response (Garsin et al., 2001; Yuen and Ausubel, 2018), but the worms retained nearly normal life spans. Disrupting host immune effectors caused worms to succumb, indicating that this defense is productive. Interestingly, the death that we observed suggests that either a different pathogenic mechanism is used in this assay or that the normal defense mechanism has been compromised. This conclusion is bolstered by our observation that PMK-1/p38 MAPK innate immune pathway activity is not involved in survival.

This E. faecium screen was developed from our previously published C. elegans – P. aeruginosa liquid-killing assay (Kirienko et al., 2013) and median survival was typically 4 days post infection. This model allows high-throughput screens to be conducted for studying E. faecium virulence, an advantage other current model systems do not offer (Garsin et al., 2014; Goh et al., 2017). This enables identification of virulence factors by screening for increased host survival compared to wild-type bacteria.

Most importantly, our C. elegans model recapitulated features of virulence observed in a murine—E. faecium model. Despite their evolutionary distance, C. elegans retains many important features of the innate immune system (e.g., p38 MAPK, Nrf2, FOXO pathways), host responses (e.g., lysozymes, lectins, other effectors production), and metabolic adjustments seen in mammals (Irazoqui et al., 2010; Pukkila-Worley and Ausubel, 2012; Battino et al., 2018). Admittedly, we saw considerable differences in sensitivity in C. elegans vs mammalian models when using known attenuated mutants. However, the rapid generation time and low cost will allow this assay to be further refined to more accurately reflect mammalian infections. Meanwhile, this host-pathogen interaction model is capable of probing host and pathogen genetic factors that influence virulence. In addition, the small size of C. elegans allows this assay to be performed in 384-well plates, making it amenable for high-throughput screening and medicinal chemistry approaches.

Once initial studies with our screen are complete, a potential model system to validate the results of these screens is an organoid culture system. This culture system is currently thriving and many types, including intestinal and lung organoids, have been successfully established (Dutta and Clevers, 2017). Organoid systems can provide additional insights into the interplay between E. faecium and human bodies, particularly the inflammatory responses. The idea of finding therapeutics that may mitigate pathogenesis or stimulate hosts’ immune systems and potentially shift this pathogen back toward a commensal state is a tantalizing prospect. Since the rise and spread of resistance to treatment with these effects is likely to be slower than for conventional antimicrobials, this might also boost our ability to treat these infections moving forward.

Interestingly, we found no correlation between the initial bacterial titer of E. faecium and pathogenesis towards C. elegans in this system. Although some strains, like TX2051 and TX2046 (the latter is missing the MazE antitoxin, and shows slower bacterial growth), showed a correlation between faster growth and higher virulence, there was no overall trend. This is consistent with our observation that secreted virulence factors do not seem responsible and that colonization is required, as shown by diminished pathogenesis by the fms15 mutant.

This finding, and the broader context of efficient intestinal colonization with E. faecium in this assay, was unexpected, given our previous results with a C. elegans – P. aeruginosa assay that has been utilized by our lab for a number of years. In the P. aeruginosa liquid pathogenesis assay, the living bacteria present in the intestine appear to be transient and have escaped the digestive process, but are not establishing a significant colonization. Consequently, isolates or mutants that would be attenuated on agar may have full virulence in liquid, and vice versa. In the case of P. aeruginosa, growth on agar (or in the host) leads to high bacterial density and key involvement of quorum-sensing pathways (Feinbaum et al., 2012). In liquid, growth is limited, quorum sensing has no role, and production of the siderophore pyoverdine drives a lethal host intoxication (Kirienko et al., 2015; Kang et al., 2018; Kang and Kirienko, 2020).

A recently published analysis of the role of Candida albicans adhesins in virulence using a liquid-based C. elegans model (Rosiana et al., 2021) reveals a third possibility. In this model, like the P. aeruginosa and E. faecium models, greater colonization is observed in an agar-based assay than a liquid assay, although colonization still occurs in liquid, like with E. faecium. Unlike either previous model however, pathogenesis and colonization are inversely correlated here. From comparing these systems, it is obvious that host-pathogen interactions are dynamic, depending upon virulence factors regulated by both participants, and that careful study is needed in each case.

Host defenses are also clearly context- and pathogen-dependent, and PMK-1/p38 MAPK can range from essential (P. aeruginosa infection on agar, E. faecium on agar) to dispensable (E. faecium infection in liquid) to detrimental (P. aeruginosa intoxication in liquid). Involvement of the Mediator complex subunit MDT-15/Med15 was recently shown to be required for increased survival of C. elegans exposed to both Gram-negative and Gram-positive bacteria (e.g., P. aeruginosa and E. faecalis) in liquid when treated with immune-stimulatory compounds (Hummell et al., 2021). Here mdt-15/Med15 knockdown resulted in dramatic susceptibility of C. elegans to E. faecium infection in liquid. This indicates that the involvement of Mediator complex into innate immunity may be a wide-spread phenomenon.

In this study, we tested ~120 E. faecium strains isolated from various clinical and environmental samples from many different geographical locations. Most of the strains belong to Clade A1, a group that includes members that are tightly associated with nosocomial infections and are notorious for their hypermutability, acquisition of assorted pathogenic determinants, and acquisition of resistance mechanisms (Lebreton et al., 2013; Freitas et al., 2018). Clade A and Clade B (commensal) have been estimated to have diverged approximately 3000 years ago (Lebreton et al., 2013; Raven et al., 2016), with the former carrying more genetic elements encoding ABC transporters for antibiotic transport and phosphotransferase systems for utilization of carbohydrates with a non-dietary origin. These features are predicted to make Clade A more likely to be resistant to antimicrobials and more pathogenic (Lebreton et al., 2013). To our surprise, however, each clade showed similar distribution of virulence, suggesting that each group has potential for threatening public health. Indeed, recent evidence showed that infection with Clade B isolates is increasingly frequent (Lebreton et al., 2018), much as was observed for E. faecium in general over the last 50 years. Troublingly, antibiotic resistance is spreading rapidly within populations in Clade B, and hybrid strains of Clade A1 and B are increasingly common (Galloway-Peña et al., 2012; Lebreton et al., 2013).

Recent studies profiling putative virulence markers in various E. faecium isolates with diverse origins agreed with this finding. Uneven distributions of several of these virulence markers were observed within the three clades (Qin et al., 2012; Freitas et al., 2018). While Clade A1 isolates carry more putative virulence markers than Clade A2 or B, most virulence markers are present in all three clades, including acm, scm, fms15, fms21, ebpBC, and WxL genes, indicating their importance for host colonization (Freitas et al., 2018). Meanwhile, fms11, fms18, fms20, and ebpA are mostly found within Clade A1. The presence of complete pili gene clusters, e.g., ebpABCfm, however, is tightly associated with ampicillin-resistant clinical isolates (Qin et al., 2012; Freitas et al., 2018).

We validated our screen by confirming the above-mentioned adhesion-related virulence factors that play a role in E. faecium pathogenesis. Although most single mutations (except for ∆fms15) lacked a clear phenotype, this is likely due to genetic redundancy. Combining multiple mutations in a common pathway reduced pathogenesis. For example, combining mutations in ebpABCfm (or empABC or fms1-5-9) and acm-fms11-scm of E. faecium considerably limited lethality. These surface proteins are enriched in clinical isolates and aid in attachment to extracellular matrix proteins (Sillanpää et al., 2008; Hendrickx et al., 2008; Sillanpää et al., 2009; Sillanpää et al., 2010; Qin et al., 2012; Montealegre et al., 2016). The loss of ebpABCfm significantly attenuated biofilm formation and reduced virulence in a murine UTI model (Montealegre et al., 2016). This form of redundancy suggests that it will be especially critical to target regulatory mechanisms in E. faecium when developing future therapies, so that this redundancy does not compromise treatment effect.
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Autoinducer-2 (AI-2) is believed to be a bacterial interspecies signaling molecule that plays an important role in the regulation of the physiological behaviors of bacteria. The effect of AI-2 on the process of necrotizing enterocolitis (NEC) is unknown, and the aim of this study was to study the effect of AI-2 in a mouse NEC model. C57BL/6 mouse pups were randomly divided into three groups: the control group, the NEC group, and the NEC+AI-2 (NA) group. Exogenous AI-2 (500 nM) was added to the formula milk of the NA group. The concentrations of fecal AI-2 and flora were tested. The expression of cytokines, TLR4 and NF-κB in intestinal tissue was detected. The AI-2 level was significantly decreased in the NEC group (P<0.05). Compared with the NEC group, the intestinal injury scores, expression of TLR4, NF-kB, and proinflammatory factors (IL-1β, IL-6, IL-8 and TNF-α) were reduced, and expression of anti-inflammatory factor (IL-10) was increased in the NA group mice (P<0.05). At the phylum level, the Proteobacteria abundance in the NA group was significantly increased, while the Bacteroidota abundance in the control group was significantly increased (P<0.05). At the genus level, Helicobacter and Clostridium_sensu_stricto_1 exhibited significantly greater abundance in the NEC group than in the other two groups, while Lactobacillus had the opposite trend (P<0.05). In addition, the abundances of Klebsiella, Rodentibacter and Enterococcus were significantly higher in the NA group than in the NEC and control groups (P < 0.05). Exogenous AI-2 partially reverses flora disorder and decreases inflammation in an NEC mouse model.
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Introduction

Necrotizing enterocolitis (NEC) is a devastating intestinal disease that is a significant cause of death in neonatal intensive care units (Frost et al., 2017; Isani et al., 2018). Five to twelve percent of very low-birth-weight infants were affected by NEC, and surgical intervention was needed in 20-40% of cases (Shulhan et al., 2017). The pathogenesis of NEC is complicated and multifactorial (Niño et al., 2016; Bellodas Sanchez and Kadrofske, 2019), and abnormal microbial colonization and a strong immune response in the gut may be responsible (Neu and Walker, 2011; Raveh-Sadka et al., 2015). The intestinal flora can not only regulate an inflammatory reaction of the intestinal wall through toxic factors but also affect the proliferation, differentiation and gene expression of intestinal wall cells (Hinde and Lewis, 2015). Imbalance in the intestinal flora might disrupt the immune balance of the body, destroy intestinal barrier function, and cause excessive inflammation in intestinal wall tissue, resulting in local or diffuse necrosis (Egan et al., 2016; Shi et al., 2017; Baranowski and Claud, 2019).

Quorum sensing (QS), a microbial cell communication process, dynamically controls different metabolic and physiological activities (Wu et al., 2020). Autoinducer-2 (AI-2), a small molecule, is involved in the QS system, and its production and reaction have been observed throughout the bacterial kingdom (Pereira et al., 2013; Wu et al., 2020). AI-2 is synthesized by many bacteria via enzymatic steps. The AI-2 precursor (S)-4,5-dihydroxypentane-2,3-dione (DPD) can be synthesized via catalytic reactions and spontaneously cyclizes into AI-2 (De Keersmaecker et al., 2005). AI-2 signaling can promote interspecies communication and allow different bacterial species to alter behaviors such as biofilm formation, luminescence and virulence (Cuadra-Saenz et al., 2012; Thompson et al., 2015). AI-2 plays an important role in the colonization of the intestinal flora (Buck et al., 2009). Artificially increasing the level of AI-2 can attenuate antibiotic-induced intestinal dysbiosis, which plays an important role in the development of NEC (Sun et al., 2015). We have previously reported that the AI-2 concentration decreases significantly in the acute phase of NEC and increases gradually in the recovery phase of NEC (Fu et al., 2020). These findings illustrate that AI-2 may be an important target for the correction of intestinal flora imbalance.

Toll-like receptors (TLRs), the classic pattern recognition receptors (PRRs) of the human gut, are able to specifically recognize microbial-associated molecular patterns to induce innate and adaptive immune responses (Kawai and Akira, 2010). An imbalance of the flora may activate TLR4, a major lipopolysaccharide (LPS) receptor in TLRs, and then activate the downstream mediator nuclear factor kappa (NF-κB), further inducing the transcription of various proinflammatory and anti-inflammatory cytokines (Park and Lee, 2013; Mihi and Good, 2019; Van Belkum et al., 2020). TLR4 signaling is an important inflammatory pathway related to bacteria in the development of NEC (Hackam and Sodhi, 2018).

On this background, we hypothesized that AI-2 can regulate the composition of the intestinal flora, correct imbalance of the intestinal flora, and reduce the degree of inflammation in the context of NEC by inhibiting the TLR4/NF-κB signaling pathway. To test this hypothesis, we established an NEC animal model and gavaged the model animals with AI-2 to clarify the influence of AI-2 on the intestinal flora composition and the NEC disease process.



Materials And Methods


Induction of Neonatal NEC Mouse Model

The NEC mouse model was constructed according to the methods in previous studies, with some adjustments (Garg et al., 2015; Xiao et al., 2018; Gopalakrishna et al., 2019). Seven-day-old C57BL/6 mouse pups were randomly divided into three groups. The mice in the control group were allowed to nurse their mothers freely; those in the experimental group were fed formula milk (2 g of Similac Advance in 10 ml of 33% Esbilac Puppy Milk Replacer); and those in the intervention group were fed AI-2-containing formula milk (2 g of Similac Advance with 1 ml of 5 μM AI-2 in 9 ml of 33% Esbilac Puppy Milk Replacer), with a final concentration of AI-2 in the formula milk of 500 nM, administered at 30 μl/g body weight via a silicone tube (1.9 Fr) every 4 h for 3 days. After the pups in the experimental group and the intervention group were fed the Esbilac formula, they were subjected to asphyxia (100% N2 for 90 s) and cold stress at 4°C (10 min) three times a day for 3 days, while the control pups were not subjected to cold stress or asphyxia. The mice were put back to the cage for relaxation after each feeding or hypoxia-cold stimulation during the modeling period. Three-day NEC modeling was completed after the last feeding. The mice were left to relax for 12 h after feeding, and then intestinal tissues and contents were harvested as test samples. The animal study was reviewed and approved by the Institutional Animal Care and Use Committee at Chongqing Medical University.



Histology

Three groups of pups were decapitated after NEC induction was completed. The intestine was taken from the body of each mouse, and a 1-cm distal part of the ileum was fixed in paraformaldehyde solution (4%). Then, the sample was dehydrated and embedded in paraffin. Next, the sample was cut into 4-μm slices. Subsequently, the 4-μm tissue slices were stained with hematoxylin and eosin (HE). The degree of NEC was graded by a blinded evaluator using the following standard histological scoring system (Yu et al., 2009): 0, no damage; 1, epithelial cell lifting or separation; 2, moderate villus necrosis; 3, necrosis of the entire villus; and 4, transmural necrosis.



Immunohistochemistry

Paraffin sections were deparaffinized in xylene and rehydrated with ethanol. The sections were used for immunohistochemistry. The tissue sections were placed in a repair box filled with citric acid (pH 6.0) antigen retrieval buffer and heated for antigen retrieval in a microwave oven for 25 min. Then, the sections were incubated in 3% hydrogen peroxide at room temperature in the dark for 25 min and washed with PBS (pH 7.4). BSA (3%) was added to the sections to evenly cover the tissue, and the tissues were sealed for 30 min. The sealing solution was gently removed, the primary antibody prepared with PBS (pH 7.4) was added to the sections, and the sections were placed flat in a box and incubated overnight at 4°C. The sections were then placed in PBS (pH 7.4) and washed three times. The tissues were covered with an anti-rabbit antibody (HRP-labeled) and incubated at room temperature for 50 min. A chromogenic reaction was performed with DAB color developing solution. The sections were counterstained with hematoxylin stain solution. Staining of the tissues was detected with an optical microscope. Nuclear staining with hematoxylin was blue, and positive staining for DAB was brownish yellow.



Mouse Intestinal Content Acquisition and AI-2 Activity Measurement

The methods have been previously described (Fu et al., 2020). The ileum and colon of each mouse were irrigated with 400 μl of 2216E liquid medium, and the contents were gathered with sterile tubes, vortexed and centrifuged. The supernatants were filtered through a filter membrane (Millipore, USA), and the filtrates were collected as samples to be tested. The fecal sediment was frozen at -80°C for detection of intestinal flora. A chemically synthesized AI-2 precursor DPD was purchased from Omm Scientific (Dallas, TX, USA). The AI-2 activity in the samples was detected using the Vibrio harveyi reporter strain BB170 (Raut et al., 2013). The BB170 strain was grown in 2216E (QDRS BIOTEC, China) liquid medium (30°C for 18 h) and diluted 1:5,000 into fresh 2216E liquid medium. The samples were added to V. harveyi BB170 strain diluent for the AI-2 assay. Additionally, 20 μl of 1 μM AI-2 (Omm Scientific, USA) standard solution, fecal filtrate, and 2216E liquid medium (as a negative control) were added in quintuplicate to a 96-well assay plate (Corning, USA). Then, 180 μl of BB170 diluent was added to a 96-well assay plate to produce a final volume of 200 μl, and the plate was shaken at 30°C and 120 rpm. After 30 min, a BioTek Synergy H1 (USA) instrument was used to measure the bioluminescence intensity every 0.5 h until the value of the negative control group was minimized.



Fecal Sample Microbiota Analysis

Fecal microbiota genomic DNA was extracted with a QIAamp FAST DNA Stool Mini-Kit (Qiagen, Germany) according to the manufacturer’s instructions, as previously described (Fu et al., 2020). The DNA extracts were detected on 1% agarose gels, and the DNA concentration and purity were assessed with a spectrophotometer (NanoDrop 2000 UV-vis, Thermo Scientific, USA). The V3-V4 hypervariable region of the intestinal bacterial 16S rDNA gene was amplified with the primers 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’). The amplification procedure was as follows: initial denaturation (95°C for 3 min); denaturation (95°C for 30 s), annealing (55°C for 30 s) and extension (72°C for 45 s) for a total of 27 cycles; and an additional extension (72°C for 10 min). The product was separated by 2% agarose gel electrophoresis, recovered using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences) and quantified with a Quantus™ Fluorometer (Promega, USA). A database was created and sequenced on an Illumina MiSeq-related platform. The raw data were processed. Briefly, bases with a quality score <20 were truncated, and sequences with lengths >10 bp overlapped. Reads that exceeded the maximum mismatch ratio of 0.2 in the overlapping region of the splicing sequence were removed. The reads were distinguished according to the primers and barcode, and the sequence direction was adjusted to ensure exact barcode matching. The processed sequences were divided into operational taxonomic units (OTUs) using UPARSE (version 7.1) and OTU clustering of the sequences with a 97% similarity threshold.



Quantitative Real-Time PCR (qRT-PCR)

RNA was extracted from the ilea of mice and subjected to reverse transcription (RT) with a kit from Takara (Takara, Japan). The resulting cDNA was used for qRT-PCR assays with a TB Green Premix Ex Taq II (Tli RNase H Plus) Kit (Takara, Japan). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used to normalize the input mRNA levels (TLR4, NF-κB, IL-1β, IL-6, IL-8, IL-10, and TNF-α) as an endogenous housekeeping gene. The following primer sequences were used (Table 1). The results are shown as the mean 2−ΔΔCt ± SD.


Table 1 | List of primers.





Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of the inflammatory cytokines IL-1β, IL-6, IL-8, tumor necrosis factor-α (TNF-α) and IL-10 were investigated in the supernatant of mouse intestinal tissue with mouse IL-1β, IL-6, TNF-α and IL-10 ELISA kits (4A BIOTECH, China), respectively, according to the manufacturer’s instructions.



Western Blotting (WB)

Intestinal tissues were homogenized with an electric homogenizer in NP-40 lysis buffer (Beyotime, China). The concentrations of extracted proteins were measured using a bicinchoninic acid assay kit (Beyotime). The protein solution was mixed with sodium lauryl sulfate sample buffer (Beyotime) at a ratio of 4:1 and then denatured in boiling water for 5 min. The protein samples were separated in a 10% polyacrylamide gel and then transferred onto a polyvinylidene difluoride membrane. The membranes were blocked at room temperature in quick sealing fluid for 10 min and then incubated with antibodies against TLR4, NF-κB and β-actin at 4°C overnight. Subsequently, the membranes were washed and incubated with an anti-rabbit secondary antibody for 2 h. The protein bands were detected using an enhanced chemiluminescence kit (ZENBIO Biotechnology, China) and visualized using a Bio-Rad ChemiDoc™ Touch imaging system. The images were analyzed using the Image Lab and ImageJ software.



Statistical Analysis

All data were analyzed using GraphPad Prism (Version 8.3.0) and tested for normal distribution. The mean ± standard deviation (SD) was used to describe normally distributed data, and the differences were compared using one-way ANOVA or Student’s t-test. The median and interquartile range (IQR) are used to describe skewed data, and the differences were analyzed by the Kruskal-Wallis test. P < 0.05 was considered to indicate statistical significance.




Results


AI-2 Reduced the Severity in a Mouse NEC Model


Survival Rates

During modeling, the control group exhibited no deaths, and none of the mice in the NEC group or NA group died before modeling. On the first day of modeling, three deaths occurred in the NEC group, and two deaths occurred in the NA group. On the second day of modeling, five deaths occurred in the NEC group, and three deaths occurred in the NA group. On the third day of modeling, five deaths occurred in the NEC group, and no deaths occurred in the NA group. A significant difference in the final survival rate among the three groups of pups was found: 90.74% (49/54) in the NA group, 75.93% (41/54) in the NEC group, and 100% (54/54) in the control group (χ2 = 19.07, P=0.0001). The survival curves (Figure 1C) of the three groups were significantly different (P<0.0001).




Figure 1 | (A) The growth of mice in the control group, mice in the NA group and mice in the NEC group. Mice in the NEC group were smaller than those in the control group and NA group. (B) Body weight changes of newborn mice in the three groups. Numbers of samples: Con (n=10), NEC (n=10), and NA (n=10). Statistics: two-way ANOVA multiple comparisons method. (C) Survival curves of newborn mice in three groups. The survival rate was estimated during modeling, and the results are shown as a Kaplan–Meier plot, with 54 mice in each group at the beginning. Statistics: log-rank (Mantel-Cox) test (P < 0.05). Control – normal control, NEC – necrotizing enterocolitis, NA – necrotizing enterocolitis+AI-2.





General Condition and Weight Changes

The neonatal mouse pups in the control group showed good growth and vitality and normal reactivity. The control mice had shiny fur and sufficient subcutaneous fat. The mice in the NEC group began to exhibit abdominal distension, bloating, diarrhea, black stool, and gradually decreased activity. The NA group mice exhibited no black stool and normal activity. The control group mice continued to gain weight during modeling. On days 1, 2, and 3 of NEC modeling, there were no significant differences in weight between the NEC group and the NA group. However, the body weights of the mice in the NEC group decreased during modeling, while the mice in the NA group remained basically unchanged during the modeling period (Figures 1A, B). Before sacrifice, the average weight of the mice in the NEC group was significantly lower than that of the mice in the NA group (P=0.0157).



Macroscopic Appearance of the Gut and Histological Scoring in Model Mice

The guts of control mice had no macroscopic damage or pathological changes (Figure 2A). NEC mice exhibited obvious injury in the distal ileum, with intestinal gas distension, hemorrhage and discoloration (Figure 2B), while NA mice showed obvious gut gas distension and discoloration (Figure 2C).




Figure 2 | (A–C) Macroscopic morphological analyses of the intestines of newborn mice in the three groups. (D–I) Images of HE staining by light microscopy. The histological damage in the terminal ilea in the three groups, control group (D, G), NEC group (E, H), NA group (F, I). Black rectangle indicates a representative area, with a zoomed-in image. Magnification: ×40, ×100. scale bar = 100μm. (J) Gut histopathological injury scores in the control, NEC and NA group mice. Numbers of samples: Con (n=7), NEC (n=7), and NA (n=7). Statistics: Kruskal-Wallis test (*p < 0.05; ***p < 0.001). Images of HE staining of each sample from the three groups are provided in Supplementary Figure 1.



Under an optical microscope, the intestinal tissue structure of the normal control group was clear and complete, with neatly arranged epithelial cells, a thick and continuous muscle layer and no obvious hyperemia, edema or separation in the mucosal layer, submucosa or lamina propria (Figures 2D, G). The intestinal tissue of the neonatal mice in the NEC group exhibited a disordered arrangement of epithelial cells, villous degeneration, edema, and partial necrosis, shedding or even disappearance of tissue. The muscle layer was obviously thinned or even broken, and edema was clearly observed in the mucosal layer, submucosa and lamina propria (Figures 2E, H). In the NA group, mild to moderate edema, congestion, and villus edema were detected in the gut mucosa and submucosa (Figures 2F, I). HE staining of sections from NEC mice showed severe damage and tissue necrosis compared with those of control group and NA group mouse pups, the median intestinal histological score in NA group mice was significantly lower than that in NEC group mice (Figure 2J).




AI-2 Partly Change the Intestinal Flora of NEC

Figure 3 shows the AI-2 levels in the stool of newborn mice in the three groups. The average level in NEC mice was significantly lower than those in NA mice and control mice (P<0.05). To investigate the effect of AI-2 on intestinal microbiota in NEC, the proportions of individual taxa in intestinal microbiota were analyzed, and the data are presented in Figure 4 and Supplementary Tables 1, 2. Figure 4 shows differences in intestinal microbiota among the three groups. At the phylum level (Figure 4A), the average relative abundance of Firmicutes was lower in the NEC group than in the NA and control groups (P>0.05), while that of Campilobacterota was higher in NEC mice than in NA mice and control mice (P<0.05). The average relative abundance of Proteobacteria was higher in NA mice than in NEC mice and control mice, while that of Bacteroidota was greater in control mice than in NEC mice and NA mice (P<0.05).




Figure 3 | The relative bioluminescence values in the mouse stools of AI-2 in the three groups of newborn mice. Numbers of samples: Con (n=10), NEC (n=10), and NA (n=10). Statistics: one-way ANOVA (***p < 0.001; ****P < 0.0001).



At the genus level (Figure 4B), the average abundance of Lactobacillus was significantly lower in the NEC group than in the NA group and control group (P<0.05). Clostridium_sensu_stricto_1 and Helicobacter were significantly more abundant in the NEC group than in the NA group and control group (P<0.05). The abundances of Klebsiella, Enterococcus and Rodentibacter in the NA group were significantly greater than those in the NEC group and control group (P<0.05). At the species level (Supplementary Figure 2), the average relative abundance of Clostridium_sensu_stricto_1 was higher in the NEC group than in the other two groups.




Figure 4 | (A) The flora composition of mice in the three groups at the phylum level. (B) The flora composition of mice in the three groups at the genus level. Numbers of samples: Con (n=12), NEC (n=10), and NA (n=11). Statistics: Kruskal-Wallis test with Scheffe’s post-hoc test. * 0.01 < P ≤ 0.05, ** 0.001 < P ≤ 0.01, *** P ≤ 0.001.



Furthermore, differences in the community composition were analyzed by weighted/unweighted UniFrac principal coordinates analysis (PCoA) to discriminate among the control, NEC and NA samples. There were overlaps among the three groups, as shown in Supplementary Figure 3.



AI-2 Reduced the Inflammatory Response

To determine whether cytokine production in NEC mouse intestinal tissue was affected by AI-2, the expression of inflammatory cytokines was tested by qRT-PCR and ELISA. We found that the production of the inflammatory factors IL-1β, IL-6, IL-8, TNF-α and IL-10 in NEC mice was twice, 2.98 times, 1.67 times, 1.88 times and 0.57 times that in NA mice, respectively, and the differences were statistically significant (P<0.05). Meanwhile, the expression of proinflammatory factors, including IL-1β (Figure 5A), IL-6 (Figure 5B), IL-8 (Figure 5C) and TNF-α (Figure 5D), was significantly lower in NA mice than in NEC mice, and the production of the anti-inflammatory cytokine IL-10 (Figure 5E) was significantly increased (P<0.05).




Figure 5 | The concentrations of inflammatory cytokines in the three groups were detected by ELISA. (A) The concentrations of IL-1β. (B) The concentrations of IL-6. (C) The concentrations of IL-8. (D) The concentrations of TNF-α. (E) The concentrations of IL-10. Numbers of samples:  Con (n=14), NEC (n=14), and NA (n=14). Statistics: one-way ANOVA (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).



TLR4, which plays a key role in the pathogenesis of NEC, is widely expressed in intestinal epithelial cells and various types of intestinal lymphocytes (Hackam and Sodhi, 2018). After TLR4 is activated by the corresponding pathogenic microorganism, it activates the innate immune response and further activates the downstream NF-κB signaling pathway and mediates the expression and release of the inflammatory factors IL-1, IL-6, IL-8 and TNF-α (Cohen and Prince, 2013). Based on the changes in the levels of inflammatory factors, we further tested the expression of TLR4 and NF-κB in NEC mouse intestinal tissues by qRT-PCR. We found that the transcript expression of TLR4 and NF-kB in NEC mice was 1.73 times and 2.10 times that in NA mice, respectively (P<0.05). The TLR4 and NF-κB proteins were qualitatively analyzed by immunohistochemical staining, and we found that staining for both TLR4 (Figures 6A–C) and NF-κB (Figures 6D–F) was stronger in the NEC group than in the control and NA groups. Furthermore, we examined the protein expression levels of TLR4 and NF-κB in intestinal tissues by western blotting. Figure 6G shows the molecular weight of antibodies. The results showed that TLR4 (Figure 6H) and NF-κB (Figure 6I) expression in the NEC group was higher than that in the control. However, the expression of these proteins in the NEC group with the supplementation of exogenous AI-2 was lower than that in the NEC group (P<0.05).




Figure 6 | (A–C) Expression of the TLR4 and NF-κB (D–F) proteins was assessed in intestinal tissues of the three groups by immunohistochemical staining. Magnification: ×200. Scale bars = 100 μm (TLR4) and 50 μm (NF-κB). Images of immunohistochemical staining of the negative control (secondary antibody and DAB control alone) are provided in Supplementary Figure 4. (G–I) Expression of the TLR4 and NF-κB proteins was determined in intestinal tissues of the three groups by western blotting. Numbers of samples: Con (n=7), NEC (n=7), and NA (n=7). Statistics: Kruskal-Wallis test *P < 0.05, **P < 0.01, ***P < 0.001.






Discussion

An important finding of the current study was that exogenous AI-2 supplementation during the NEC modeling process reduced intestinal damage, significantly reduced the expression of TLR4 and related proinflammatory factors, and partially corrected the changes in flora in the NEC mouse model.


The Relation Between NEC and Intestinal Flora Disorder

Previous studies have shown that the intestinal microbiome is involved in NEC pathogenesis (Neu and Walker, 2011; Raveh-Sadka et al., 2015). Dysbiosis of the intestinal flora existed in the NEC process (Niemarkt et al., 2015). At the phylum level, we found that the relative abundance of Proteobacteria was increased, while the relative abundance of Bacteroides was decreased in the NEC group. This finding was consistent with a meta-analysis of fecal microorganisms in NEC preterm infants (Pammi et al., 2017). At the genus level, we also found that the abundance levels of Clostridium_sensu_stricto_1 were significantly increased, and previous studies also found that Clostridium_sensu_stricto_1 is much more abundant in NEC infants (Fu et al., 2020). The proliferation of Clostridium species in the colon may produce toxins and lead to intestinal epithelial damage (Schönherr-Hellec and Aires, 2019). The abundance levels of Lactobacillus in the NEC group were significantly decreased in our study, and other studies indicated that administration of Lactobacillus is associated with a significantly decreased risk of NEC (Robertson et al., 2020). Based on these findings, intervention in intestinal flora disorders may be a potential mechanism for the treatment of NEC.



Exogenous AI-2 Supplementation Partially Reversed the Changes in Intestinal Flora Dysbiosis

AI-2 is an important regulatory factor, which responds to the fluctuations in the microbiota (Wang et al., 2019). Our previous study has shown that changes in AI-2 are associated with the NEC stage. AI-2 levels were reduced in the acute stage and increased in the recovery stage of NEC. The AI-2 concentration inversely correlates with the degree of inflammation and microbial dysbiosis in NEC (Fu et al., 2020). In the present study, a similar phenomenon was observed in the mouse NEC model (Figure 3). The AI-2 level was significantly lower in the NEC group than in the other two groups, and intestinal microbiota dysbiosis occurred (Figures 3, 4). The addition of exogenous AI-2 increases the level of AI-2 in the intestine. In the current study, exogenous AI-2 supplementation increased the AI-2 concentration in the NEC mice (Figure 3), with a decrease in the inflammatory response. It has been reported that the disruption of the normal microbiota composition by antibiotic treatment leads to a reduction in AI-2 levels and that artificially increasing the concentration of intestinal AI-2 can attenuate the imbalance in intestinal microbiota and the expression of virulence genes (Sun et al., 2015; Thompson et al., 2015; Fu et al., 2020). Interestingly, after exogenous AI-2 supplementation in the present study, the microbiota showed a tendency to partially return to a normal status, which was consistent with the findings reported by Hsiao et al. AI-2 produced by Ruminococcus obeum can upregulate the QS system of Vibrio cholerae, disrupting its density-sensing regulatory system and leading to the expression of immature virulence factors, thereby reducing the proportion and virulence of V. cholerae in the intestine (Hsiao et al., 2014).

Thus, we speculate that multiple factors leading to microbiota dysbiosis significantly decrease the AI-2 concentration, which results in abnormal regulation of the QS system to maintain the stability of the intestinal microbiota, ultimately leading to the occurrence of NEC. Further, the addition of exogenous AI-2 can increase its level in the intestine, which is conducive to the regulation of intestinal homeostasis by the QS system and reduces the inflammatory response and microbiota dysbiosis.



Exogenous AI-2 Might Reduce Intestinal Inflammation

Studies have shown that the expression of TLR4 in the gut epithelium is increased in human and mouse intestinal inflammation (Leaphart et al., 2007; Egan et al., 2016), and overexpression of TLR4 leads to a signaling cascade that induces nuclear translocation of NF-kB and then promotes overtranscription of proinflammatory cytokines, then leads to the incidence of NEC (Hackam and Sodhi, 2018). Meanwhile, TLR4 inhibitors can relieve inflammation in human and animal NEC models (Niño et al., 2016; Hackam and Sodhi, 2018). In our study, we found that exogenous AI-2 supplementation may promote the expression of the anti-inflammatory factor IL-10 and decrease the expression of proinflammatory factors. Meanwhile, low expression of TLR4 and NF-κB was observed after exogenous AI-2 supplementation. However, no relevant literature to report the cause of this phenomenon in intestine. Therefore, it would be interesting to examine whether exogenous AI-2 could reduce intestinal inflammation in a mouse NEC model by inhibiting TLR4/NF-κB pathway.

In summary, our findings suggest that the administration of exogenous AI-2 may partially reverse the microbiota disorder and decrease inflammation in the mouse NEC model. This study provides new insight into the potential treatment strategy. Further studies are required to ascertain the precise mechanism of the AI-2 effect on NEC.
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Study Organism  Animal Model Aim Methods of Conclusion Reference

type Name assessment
Original DTMUV ~ Duck To study the role of * Western blot (WB) o DTMUV trigged autophagy, which faciitates ~ Hu et al
article  virus autophagy in facilitating e Hematoxylin and its replication inside the cells and induces
DTMUV replication “in vivo"  eosin staining pathological symptoms
*  Immunohistochemistry
* RT-PCR
Original DEV virus ~ Duck To elucidate the roles of * RT-PCR * The DEV US1 ORF is 990 bp Lietal
article US1 and its NLS in DEV * WB * Molecular mass of the ICP22 protein is ~57
replication “in vivo” * Immunofluorescence  kDa
assay * |CP22 contains a classical NLS at 305-
312AA that is essential for its localization to the
nucleus
e DEV US1 is non-essential for host infection
but associated with a severe growth deficit in
vitro.
Original M. Zebrafish To study the disease * Creation of ® Zebrafish embryos form granulomas as early ~ Johansen and
article  fortuitum pathogenesis of M. fluorescent M. fortuitum ~ as 2 days post-infection Kremer
fortuitum infections *  Morpholino Injection * Transient macrophage depletion in zebrafish
and CFTR Knockdown led to rapid embryo death with increased
* Zebrafish bacterial extracellular cord formation
Microinjection and
Infection
* Zebrafish live imaging
Original  G. S. aureus To study the function of * Bacterial growthinthe ¢ G. mellonella larvae is a suitable model to Ménard et al.
article  mellonella sRNAs during S. aureus larvae study sRNA-mediated pathogenesis in S.
larvae infection “in vivo” * Immunohistochemistry aureus
* Bacterial isolation and ¢ sprD and sprC increased during infection
RNA extraction and associated with mortality
* Monitoring RNA * rnalll expression remained barely detectable
expression levels over time
Original  P.berghei  A.gambiae Study the function of * RT-PCR * proPO plays an essential role in the cuticular ~ Zhang et al.
article CLIPB10 in protease * Activation of melanization in insects
cascades “in vivo” using A.  recombinant zymogens ~ * CLIPB10 is required for the melanization of
gambiae as a model * Substrate screening ookinete stages of the rodent malaria parasite P.
of active CLIPB10x, berghei.
* MALDI-TOF MS * Recombinant serpin 2 protein formed a
Analysis stable protein complex with CLIPB10 protein
Original  C. elegans  E. faecium To analyze a panel of lab e C. elegans - * C.elegans is a high throughput infection Revtovich et al
article strains of E. faecium with Enterococcus model for studying the pathogensis of E. facium
deletions of targeted pathogenesis assays * Removal of certain virulence factors (e.g.,
virulence factor “in vivo” * Colony forming unit  Afms15) was sufficient to affect the virulence of
using C. elegans as a assay E. faecium
model *  Genomic analysis * Multiple deletions were required to affect
*  Microscopy pathogenesis, suggesting that host-pathogen
* RNA interference interactions are multifactorial.
protocol
Original  Mouse Helicobacter, To study the effect of * Histology * The Al-2 level was significantly decreased in  Ji et al.
article Clostridium, Autoinducer-2 on the * Immunohistochemistry the NEC group
Lactobacillus, process of necrotizing * Mouse Intestinal * Inthe NA (NEC + Al-2) group; the intestinal
Klebsiella, enterocolitis mouse model  Content Acquisition and  injury scores, expression of TLR4, NF-kB, and
Rodentibacter and Al-2 Activity proinflammatory factors were reduced, and
Enterococcus Measurement expression of anti-inflammatory factor was
* Fecal sample increased compared to NEC group
microbiota analysis e At the phylum level, the Proteobacteria
ELISA abundance in the NA group was significantly
RT-PCR-WB increased.
* At the genus level, Helicobacter and
Clostridium exhibited significantly greater
abundance in the NEC group compared to the
other two groups
Review Drosophila  Different Gaining proper insight into ~ *  Not applicable * In vivo drosophila studies enabled the Younes et al.
pathogens host-pathogen interactions identification of humoral and cell-mediated host
using drosophila as a model defense factors against a wide array of

intracellular and extracellular pathogens
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Gene Direction Primers
GAPDH Forward TGAAGCAGGCATCTGAGGG
Reverse CGAAGGTGGAAGAGTGGGAG
TLR4 Forward TTTATTCAGAGCCGTTGGTG
Reverse CAGAGGATTGTCCTCCCATT
NF-xB Forward ATGTGCATCGGCAAGTGG
Reverse CAGAAGTTGAGTTTCGGGTAG
IL-16 Forward TGGTGTGTGACGTTCCCATT
Reverse CAGCACGAGGCTTTTTTGTTG
IL-6 Forward CCAAGAGGTGAGTGCTTCCC
Reverse CTGTTGTTCAGACTCTCTCCCT
IL-8 Forward CAAGGCTGGTCCATGCTCC
Reverse TGCTATCACTTCCTTTCTGTTGC
IL-10 Forward GCCGTCATTTTCTGCCTCAT
Reverse GCTTCCCTATGGCCCTCATT
TNF-o Forward CCAAAGGGATGAGAAGTTCC

Reverse

CTCCACTTGGTGGTTTGCTA
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Pathogen

Pseudomonas aeruginosa

Helicobacter pylori

Bacillus anthracis
Erwinia carotovora

Vibrio cholera,

Yersinia pseudotuberculosis,
and Pseudomonas aeruginosa
Staphylococeus aureus

Mycobacterium marinum

Candida albicans

Aspergillus fumigatus

Cryptococeus neoformans

Host

Adult flies

Adult flies and larvae

Adult flies

Adult flies

Adult flies

Adult flies

Adult fies, larvae, and
pupae

Adult flies

Adult flies and larvae

Larvae

Adult flies

Adult flies

Adults fiies

Adult flies

Adult flies

Adult flies

Virulence factor

Cyanide

ExoS exotoxin

ForA

Ribonucleotide
reductases (RNRs)

PIGHIKL chpABCDE
(pil chp gene cluster)

RelA

Cytotoxin associated
gene A (CagA) protein

Toxin Lethal factor (LF)
and edema factor (EF)
Erwinia Virulence
Factor (Ev)

KerV virulence factor

Wallteichoic acids.
WTA)
Mag24

Efg1p and Cphip

AT

Protein kinase A and
RAS signal
transduction pathways

Lessons from Drosophila References

Gyanogeric Pseudomonas aeruginosa strains cause
motionlessness and bradycardia and contribute to Broderick et al., 2008
lethality in infected flies

Ex0SGAP acts as a negative regulator of RhoGTPases

Ract, Rhot and Cde42 in the fly eye/during eye Avet-Rochex et al., 2005
morphogenesis

Role of FprA gene in superoxide-mediated stress

protection and virulence of Pseudomonas aeruginosa Boonma et al., 2017
RNRs contribute to Pseudomonas aeruginosa

pathogenicity in infected flies Sjoberg and Torrents, 2011
The PIGHIKL chpABCDE gene cluster is reqired for

twitching motility and potentially encodes a signal D'Argenio et al., 2001

transduction system that controls the expression of

virulence factors

RelA plays a role in bacterial adaptation to nutritional

deficiencies by the production of guanosine Erickson et al., 2004
pentaphosphate or tetraphosphate

Pseudomonas aeruginosa strains lacking relA

demonstrate reduced virulence in Drosophila

melanogaster feeding assay

CagA mimics the eukaryotic Grb2-associated binder

(Gab) adaptor protein and activates SHP-2, a Botham et al., 2008
component of receptor tyrosine kinase (RTK) pathways
CagA promotes microbial dysbiosis and exacerbates Jones etal., 2017

epithelial cell prolferation
LF and EF cooperatively inhibit endocytic recycling by

the Rab11/Sec15 exocyst Guichard et al., 2010
Evf promotes accumulation of bacteria inside the larval

qut, affecting the gut physiology Acosta Muniz et al., 2007
KerV plays an important role in the Vibrio cholera, Yersinia

pseudotuberculosis, and Pseudomonas aeruginosa Anetal, 2009

WTA promotes bacterial pathogenicity by limiting the

ability of PGRP-SA to recognize Staphylococcus aureus Afilano et al., 2011
Absence of mag24 gene attenuates the virulence of

Mycobacterium marinum Dionne et al., 2003
cph/cph1 and efg1/efg1 C. albicans mutants have

attenuated virulence, and efg1/efg1 cphi/cph double Chamilos et al., 2006

mutants are almost avirulent in Toll deficient flies

Toll-deficient Drosophila infected with alb1-deleted

hypovirulent Aspergillus mutant survives better than Lionakis et al., 2005
those infected with a wild-type Aspergillus strain

Protein kinase A (PKA) and RAS signal transduction

pathways in Cryptococcus neoformans are involved in Apidianakis et al., 2004
Drosophila kiling
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Prime name

Duck Rig--F
Duck Rig--R
Duck MDAS-F
Duck MDAS-R
Duck TLR3-F
Duck TLR3-R
Duck IFN-a-F
Duck IFN-a-R
Duck IFN-B-F
Duck IFN-g-R
Duck IFN-y- F
Duck IFN-y R
Duck IL-18-F
Duck IL-18-R
Duck IL-6-F
Duck IL-6-R
Duck IL-8-F
Duck IL8-R
Duck p-actin-F
Duck p-actin R
DTMUV-Cap-F
DTMUV-Cap-R

Prime sequence(5'-3)

‘GCGTACCGCTATAACCCACA
CCTTGCTGGTTTTGAACGC
GCTGAAGAAGGCCTGGACAT
TCCTCTGGACACGCTGAATG
GAGTTTCACACAGGATGTTTAC
GTGAGATTTGTTCCTTGCAG
TCCTCCAACACCTCTTCGAC
GGGCTGTAGGTGTGGTTCTG
AGATGGCTCCCAGCTCTACA
AGTGGTTGAGCTGGTTGAGG
GCTGATGGCAATCCTGTTTT
GGATTTTCAAGCCAGTCAGC
TCATCTTCTACCGCCTGGAC
GTAGGTGGCGATGTTGACCT
TTCGACGAGGAGAAATGCTT
CCTTATCGTCGTTGCCAGAT
AAGTTCATCCACCCTAAATC
GCATCAGAATTGAGCTGAGC
GGTATCGGCAGCAGTCTTA
TTCACAGAGGCGAGTAACTT
AGGTTTGTGCTGGCTCTAC
TGTTTGGTCGCCTCATT
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Pathogen

Bacillus thuringiensis
and
Erwinia carotovora carotovora

Erwinia carotovora
carotovora

Klebsiella pneumoniae

Photorhabdus asymbiotica and
Photorhabdus luminescens

Scedosporium apiospermum
and Scedosporium prolificans

Cryptococcus
neoformans

Zygomycetes

Host

Adult flies

Adult flies

Adult flies

Adult flies

Adult flies

Adult flies

Adult flies

Defense factor

Diuretic
Hormone 31
(DH31)

Drosophila
Peroxiredoxin V
(dPrxV)

Phgt

PGRP-LE

Toll Pathway

Toll Pathway

Toll Pathway

Eater

Lessons from Drosophila

The DHA1 enteroendocrine peptide stimulates gut
contractions, favoring the elimination of opportunistic
bacteria

dPrx/ mutant flies exhibit reduced survival after gut
infection

The JNK/FOXO signaling mediated expression of the
immune-related antioxidant enzyme dPrxV/

plausibly protects the host gut epithelial cells from
oxidative damage during bacterial infection

Phg1 is implicated in resistance to Kiebsiela infection

PGRP-LE expression is upregulated following
Photorhabeus infection

Absence of functional PGRP-LE alters the transcriptional
pathway activity of JNK and IMD signaling upon infection
with Photorhabdus asymbiotica

PGRP-LE mutant flies are more sensitive to
Photorhabelus luminescens

Photorhabdus luminescens infection modifies the activity
of JAK/STAT signaling

Wild-type flies are resistant to Scedosporium
apiospermum and Scedosporium

prolificans infections while Tol-deficiency results in acute
infection and high mortality rates

The Toll pathway is necessary for clearing Cryptococcus
neoformans introduced directly into the fly hemolymph
and for the survival of systemically infected fles
Zygomycetes rapidly infect and kil wild-type flies and
Toll-deficient flies exhibit increased susceptibilty to
Zygomycetes

Phagocytosis impaired eater mutant flies exhibit
increased susceptibilty to Zygomycetes infection

References
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