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Asap1 Affects the Susceptibility of Zebrafish to Mycobacterium by Regulating Macrophage Migration
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The ADP ribosylation factor (ARF) GTPase activation protein ASAP1 possesses multiple biological functions, including regulation of cytoskeletal dynamics, small GTP-binding protein receptor recycling, and intracellular vesicle trafficking. Recently, ASAP1 polymorphisms have been reported to be associated with human susceptibility to tuberculosis (TB) according to a large-scale genome-wide association study (GWAS); ASAP1 expression affects dendritic cell migration, which may be involved in TB predisposition. However, it remains unclear whether ASAP1 affects TB in vivo. To address this issue, we used zebrafish as a model system to examine the effects of Asap1 against Mycobacterium marinum, an organism closely related to Mycobacterium tuberculosis. Two zebrafish asap1 homologs (asap1a and asap1b) were identified and characterized. By morpholino knockdown of asap1a and asap1b as a whole, we found that the asap1 morphants showed a higher mycobacterial load than the controls, which was almost rescued by injecting asap1 mRNA that confers resistance to mycobacterial infection. These Asap1-depleted zebrafish also exhibited decreased macrophage migration in response to tail injury or upon infection with M. marinum in the hindbrain ventricle, which was also proved in THP1-derived macrophages of knockdown ASAP1. Together, these findings represent a new perspective on the role of Asap1 in resistance to mycobacterial infection.
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INTRODUCTION

Despite advances in diagnosis and treatment, tuberculosis (TB) remains a major global health concern, causing millions of deaths annually (Lewinsohn and Lewinsohn, 2019). It has been estimated that approximately one-third of the world's population has been infected with the pathogen Mycobacterium tuberculosis (Mtb), with nearly 5–10% of infected individuals progressing into active TB, although most remain in a latent state (Marino et al., 2004; Nguyen-Chi et al., 2015). The World Health Organization (WHO) set a goal to end TB by 2030, but with the emergence of antibiotic-resistant or multi-antibiotic-resistant strains, this is a huge challenge (WHO, 2019). Besides, as the specific pathogenesis of TB is still unclear, it is difficult to effectively treat patients with TB to completely eradicate the infection.

ASAP1 (ArfGAP with SH3 domain, ankyrin repeat, and PH domain 1), a member of the ArfGAP (ArfGTPase-activating protein) family, plays a major regulatory role in cell membrane remodeling, cytoskeletal organization, and tumor invasion and metastasis (Randazzo et al., 2000, 2007; Liu et al., 2002; Tien et al., 2014; Schreiber et al., 2019). Recently, the function of ASAP1 has also been explored in the field of infectious diseases, especially with regard to TB susceptibility. A recent genome-wide association study (GWAS) reported that single-nucleotide polymorphisms in the ASAP1 intron were associated with the risk of TB in a Russian population (Curtis et al., 2015). Subsequently, two genetic polymorphism sites in ASAP1 were also found to be related to TB susceptibility in a Chinese Xinjiang Muslim population (Wang et al., 2018). Moreover, an allele of rs4733781 in the ASAP1 intron has been associated with a decreased occurrence of TB in the Han Chinese population (Chen et al., 2019). Nevertheless, the detailed regulatory effects of ASAP1 during host infection with Mycobacterium remain to be elucidated.

The interaction between the host immune system and Mycobacterium is very complex, with the most focused site of interplay being the tuberculosis granuloma, an organized structure consisting of macrophages, T and B lymphocytes, and various other immune cells (Davis and Ramakrishnan, 2009; Silva Miranda et al., 2012; Huang et al., 2017). Among these cells, macrophages serve as important phagocytic and primary constituent cells, and play a significant role in the host innate immune response against mycobacterial infection, including from the primary infection to bacillary dissemination, and from latency to activation of TB (Das et al., 2013; Korb et al., 2016; Nathan, 2016). Notably, a recent study showed that the loss of ASAP1 impaired dendritic cell migration, which may affect the host adaptive immune response to TB infection (Curtis et al., 2015). However, the effect of ASAP1 expression level on macrophage migration has not been reported.

Progress toward fully understanding the occurrence and development of TB has also been hindered by the lack of an appropriate and tractable infectious animal model that can suitably account for the complexity of host genetic factors and pathogen interactions (Guirado et al., 2015). As an alternative, the model of zebrafish infected with M. marinum (Mm), a close genetic relative of Mtb, has proven very effective for understanding TB pathogenesis, given the ability of Mm to induce granuloma-like disease (Helguera-Repetto et al., 2004; Cronan and Tobin, 2014). This model also allows the evaluation of host innate immune reaction during the first week of life, as the zebrafish adaptive immunity is not yet mature at the early larval developmental stage (Tobin and Ramakrishnan, 2008; van der Vaart et al., 2013; Tien et al., 2014; Moule and Cirillo, 2020)

In this study, we explored the role of ASAP1 in macrophage migration during Mtb infection, taking advantage of the optical transparency of the zebrafish larvae infection model. In particular, we explored the function of Asap1 in the process of zebrafish infection with Mm within the first 10 days of development, when host and pathogen interact in the sole context of innate immunity in vivo. These analyses will expand current understanding on the role of ASAP1 in anti-mycobacterial infection, and explore a preliminary mechanism for ASAP1-mediated TB susceptibility.



MATERIALS AND METHODS


Bacterial Culture

The pTEC27 plasmid (Takaki et al., 2013) expressing the tdTomato protein, a kind gift from Lalita Ramakrishnan (Department of Medicine, University of Cambridge, UK), was used to transform Mm by electroporation. Mm was a kind gift from Professor Chen Niu (School of Basic Medical Sciences, Fudan University, China). tdTomato-Mm were cultured at 28°C in 7H9 broth supplemented with 0.2% glycerol, 10% albumin–dextrose–catalase (BINDER, Qingdao, China), 0.05% Tween 80, and hygromycin (50 ng/mL) or kanamycin (50 ng/mL). Mtb strain H37Ra was a kind gift from Professor Yujiong Wang (School of Life Science, Ningxia University, China) and cultured in 7H9 broth with the same enrichment albeit at 37°C. All bacteria were washed with phosphate buffered saline (PBS), and bacterial clumps were destroyed by passing through syringes prior to use for injecting into zebrafish or infecting macrophages.



Zebrafish Lines and Ethics Statement

All zebrafish experiments were carried out according to the China guidelines for the handling of laboratory animals. The ethics committee of Shanxi University approved this study (SXULL2019004). Wild-type zebrafish (AB) were purchased from the China Zebrafish Resource Center (CZRC) and maintained in a recirculating aquatic system at a constant temperature (28°C) with a 10 h dark/14 h light cycle.



Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR) Analysis

Total RNA of zebrafish embryos or larvae at different developmental stages were isolated using TRIzol reagent (TaKaRa, Shiga, Japan) according to the manufacturer's protocol, and 1,000 ng RNA was used for reverse transcription to cDNA using the PrimeScript™RT Master Mix kit (TaKaRa). qRT-PCR was performed on a LightCycler 480 system (Roche, Basel, Switzerland) using SYBR-Green mix (Bio-Rad, Hercules, CA, USA) under the following conditions: initial denaturation for 5 min at 95°C, 45 cycles of amplification including denaturation step: 15 s at 95°C, annealing stage: 45 s at 58°C, and extension step: 1 min at 72°C. PCR amplification of the zebrafish β-actin gene was concomitantly performed as a reference. Data were normalized to β-actin using the 2−ΔΔCt method. The primers used are shown in Table 1.


Table 1. Primer sequence used in this study.
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Whole Mount in situ Hybridization

asap1a and asap1b probe template genes were amplified from 3 days post-fertilization (dpf) zebrafish by reverse transcription-polymerase chain reaction (RT-PCR) using the probe primers (Table 1) and ligated with pGEM-T vectors. Digoxigenin (DIG)-labeled sense and anti-sense RNA probes were transcribed according to the kit instructions (Promega, Madison, WI, USA) from recombinant pGEM-T-asap1a and pGEM-T-asap1b probe plasmids. The sense probe served as negative control. The detailed process of in situ hybridizations on whole mount embryos was previously described (Nguyen-Chi et al., 2015; Sanderson et al., 2015). Briefly, embryos from different periods were collected and the chorions were gently removed by hand. In particular, 0.0045% 1-phenyl-2-thiourea (PTU; Sigma Aldrich, St. Louis, MO, USA) solution was used to prevent the formation of melanin pigment in 24 h post-fertilization (hpf) embryos. Next, dechorionated embryos were fixed in 4% paraformaldehyde in PBS overnight at 4°C and dehydrated in 100% methanol for at least 2 h at −20°C. Then, the embryos were subjected to rehydration, prehybridization, and hybridization with antisense DIG-labeled RNA (Roche), blocked for unspecific binding sites in 1% bovine serum albumin (Solarbio, Beijing, China) and 1% sheep serum (Solarbio), and incubated with anti-DIG antibody (1:10,000; Roche). Finally, anti-DIG alkaline phosphatase (Roche) and chromogenic substrate NBT/BCIP (Roche) were used to stain the embryos. Images were obtained using light microscopy (SZX16, Olympus, Tokyo, Japan) with a 6.3 × objective.



Morpholino

Morpholino oligonucleotide (MO) (Gene Tools, Philomath, OR, USA) were diluted to 0.5 mM in 1 × Danieau buffer [58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM Ca (NO3)2, and 5.0 mM HEPES; pH 7.6] containing 10% phenol red (Sigma Aldrich). 1 nL MO or MO mixture (MOs) were injected into 1-cell stage embryos using an injector (PV830; WPI, Sarasota, FL, USA) as described (Clay et al., 2008; Yuan and Sun, 2009; Roca and Ramakrishnan, 2013). asap1a (ENSDART00000144870.3) ATG-MO (5′-GAG GAC CTC AAG GCT CTG TAG TCA C-3′) plus asap1b (ENSDART00000145466.3) ATG-MO (5′-TAA GAC GAG AGG ATG ATG AC-3′) were used as the MO-asap1 mixture, asap1a control MO (5′-GAG CAG CTC ATC GCT CTC TAC TCA C-3′) plus asap1b control MO (5′-TAA CAC CAG ACG ATC ATC ACC TCA T-3′) were used as the MO-NC mixture.



Western Blotting of Zebrafish

Approximately 100 embryos or larvae at each stage of 1, 5, and 10 dpf were prepared for protein extraction. One dpf embryos were particularly removed from chorions in batches by using 1 mg/mL pronase (Sigma Aldrich) and swirling occasionally at 28°C for 17 min until complete dechorionation. The floating chorions were decanted after rinsing three times in cold Dulbecco's PBS (DPBS) solution. All the dechorionated embryos or larvae were gently blown repeatedly in DPBS solution and lightly centrifugated at 24 × g for 10 min at 4°C, the supernatant (yolk) was removed. Dechorionated and deyolked embryos or larvae were transferred to cold lysis buffer [20 mM Tris-HCl, pH 7.4, 10% glycerol, 187 mM NaCl, 2 mM ethylenediaminetetraacetic acid, 1% Triton X-100, and protein inhibitor cocktail (Sigma Aldrich)], lysed on ice for 30 min and pipetted every 10 min, followed by centrifugation at 10,000 × g for 10 min at 4°C. In particular, 5 and 10 dpf larvae were homogenized with ultrasonic disruption at 500 W until uniform in consistency and then centrifugated. The supernatant (zebrafish protein) was collected, resolved by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to immunoblot polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). The membrane was blocked using 5% non-fat milk with 0.5% Tween-20 for 1 h at room temperature and washed three times with Tris-Buffered Saline Tween-20 (each 10 min). The membrane was then incubated using the primary antibody against ASAP1 with a peptide from mouse as immunogen (1:2,500; Abcam11011, Cambridge, UK) and β-actin (1:5,000; Proteintech, Rosemont, IL, USA) at room temperature for 1 h, and then washed three times with Tris-Buffered Saline Tween-20. Next, the membrane was incubated using horseradish peroxidase-labeled secondary goat anti-rabbit (1:2,000; absin, Shanghai, China) or goat anti-mouse (1:2,000; absin) antibody for 1 h at room temperature, followed by three washes with Tris-Buffered Saline Tween-20. The membrane was visualized using a commercial ECL kit (GE Healthcare, Chicago, IL, USA).



Injection of Mm Into Zebrafish

Embryos were collected and kept in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4, 10% methylene blue). tdTomato-Mm were prepared and 50 colony-forming units (CFU) microinjected into 16–1,000 cell stage or 100 CFU into the caudal vein of 28–30 hpf embryos according to published procedures (Takaki et al., 2013). Previously, PTU was added to the E3 medium to prevent melanization when the embryos were ~24 hpf. Subsequently, confocal images (LSM710, Carl Zeiss, Germany) were acquired from zebrafish larvae at 5 days post- infection (dpi) under anesthesia with 0.016% ethyl 3-aminobenzoate (Tricaine, Sigma Aldrich) in 2.5% methyl cellulose (Sigma Aldrich) drop. Finally, the overall bacterial burden of whole larvae was quantified by fluorescence quantification of the images using image J software (National Institutes of Health, Bethesda, MD, USA).



Phenotype Rescue Experiments in Zebrafish

The full-length coding gene sequence of asap1a or asap1b were amplified by using specific primers (Table 1) from the cDNA of 3 dpf zebrafish and subcloned into pCS2+ vectors using the Gibson Assembly enzyme-reagent mixture (NEB, Frankfurt am Main, Germany). The recombinant pCS2+-asap1a or pCS2+-asap1b plasmids were linearized using the Not I restriction enzyme (NEB). asap1a or asap1b mRNA were prepared by in vitro transcription using mMESSAGE mMACHINE™ SP6 Transcription Kit (Ambion, Austin, TX, USA) from pCS2+-asap1a or asap1b plasmids. The synthetic mRNA, at the concentration of 200 ng/μL, were co-injected into 1-cell stage embryos with asap1 morpholino mixture for rescue experiments according to the previous method (Rosen et al., 2009).



Zebrafish Macrophages Recruitment Assay

Neutral red staining was used to observe the macrophage, following published procedures (Herbomel et al., 2001; Davis and Ramakrishnan, 2009; Shiau et al., 2015). The 3 dpf zebrafish were wounded consistently by tailfin transection with a sterile scalpel. Subsequently, zebrafish were immersed in neutral red solution (2.5 μg/mL + 0.003% PTU) (Sigma Aldrich) at 28°C in the dark for 7–9 h. Furthermore, in order to observe the response of macrophages against mycobacterial infection, Mm were injected into the hindbrain of 30–32 hpf zebrafish embryos with 50 CFU according to the previous method (Gutzman and Sive, 2009). Zebrafish were then incubated in neutral red solution as already described. Anesthetized zebrafish were embedded into solidified agarose drops and viewed under light microscopy to acquire images (SteREO Discovery.V20; Carl Zeiss, Oberkochen, Germany).



siRNA Transfection

Human monocyte-like THP-1 cells were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) and cultured in RPMI-1640 supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, USA). A pool of three ASAP1-specific small-interfering RNA (siRNA) or a control siRNA (GenePharma, Shanghai, China) (ASAP1 siRNA: 5′-CAC CUU GGA UUC UUU GUU A-3′, 5′-GAC CUG AUA UCA CAU AAU A-3′, 5′-CUG CCC UAG ACA UAG CAA A-3′; control siRNA 5′-CAU GCA UCG UAG CUA UGC AUU-3′) was transfected into human monocyte-like THP-1 cells using Lipofectamine3000 (Thermo Fisher Scientific) following treatment using phorbol-12-myristate-13-acetate (PMA, Sigma Aldrich) at 100 ng/mL for 48 h. Total protein of 24 h post transfection was extracted from the THP-1 cells using lysis buffer (Solarbio). Western blotting was performed using an anti-ASAP1 antibody (1:1,000; sc374410, Santa Cruz Biotechnology, Dallas, TX, USA) and anti-β-actin antibody (1:5,000; Proteintech) to assess knockdown efficiency.



Transwell Migration Assay

THP-1 cells were infected with recombinant strains tdTomato-H37Ra according to a previously described protocol (Behar et al., 2011). Firstly, THP-1 cells were seeded at a density of 106 cells per well in RPMI-1640 medium supplemented with 10% fetal bovine serum for 48 h with PMA incubation and then infected with H37Ra at multiplicity of infection (MOI) of 5. After 12 h, the supernatant was collected for use as a chemoattractant in the subsequent Transwell assay. The cell migration assay was conducted in 24-well Transwell plates of 8.0-μm pore size (Corning Costar, Armonk, NY, USA), referring to the previous method (Smith et al., 2015). Prior to the assay, THP-1 cells with PMA incubation were starved overnight in RPMI-1640, and 2 × 104 cells suspended in serum-free RPMI-1640 were seeded onto each upper chamber, whereas 10% FBS RPMI-1640 medium and the supernatant obtained following cell infection with H37Ra were mixed in equal volumes to 1 mL, and added to the lower chambers. The Transwell plates were maintained at 37°C in a humidified atmosphere with 5% CO2. After 24 h, cells remaining on the upper surface of the membrane were completely removed with cotton swabs, whereas cells that migrated through the permeable membrane to the lower surface were fixed in 4% paraformaldehyde followed by staining with 0.1% crystal violet (Solarbio). Images of migrated cells were acquired using light microscopy (DMi1, Leica, Wetzlar, Germany).



Statistics

Results are presented as the mean ± SEM. All data were analyzed using Prism 7 software (GraphPad, La Jolla, CA, USA). Statistical significances were evaluated by the Kruskal-Wallis and the Dunn post-test among groups, the Mann-Whitney test or the Student's unpaired t-test between two groups. The significant value was set at P < 0.05.




RESULTS


Characterization of the Zebrafish asap1 Gene

To identify the zebrafish asap1 genes, the human ASAP1 protein sequence was used as the reference to perform the p-n Blast against zebrafish genomes (GRCz11). In contrast to the single human ASAP1 gene, we found two hits (asap1a and asap1b) in the zebrafish genome. Localized on chromosome 2, asap1a contains 29 exons and encodes a protein of 1151 amino acids, while asap1b on chromosome 24 contains 29 exons and encodes a protein of 1140 amino acids. Primary structure analysis shows that both zebrafish Asap1a and Asap1b share identical functional domains with human ASAP1, including BAR (Bin, Amphiphysin and Rvs167 and Rvs161), ArfGAP (ADP ribosylation factor-GTPase activating protein), SH3 (Src Homolog 3), ANK (ankyrin) repeat, and PH (Pleckstrin Homology) domains. Zebrafish Asap1a and Asap1b share ~76 and 78% identity with human ASAP1, respectively (Figure 1). Syntenic and phylogenetic analysis reveals that zebrafish asap1a and asap1b are evolutionarily conserved in their chromosome linkage positions and evolutionary relationship (Supplementary Figure 1). Through temporal expression lapse, we found asap1a and asap1b mRNA major concentrated at 3 hpf, suggesting that asap1 may be under maternal control (Figure 2A). However, the mRNA of asap1a and asap1b were at a low level from 12 to 48 hpf, and subsequently increased from 72 hpf according to the qRT-PCR analysis. Whole mount in situ hybridization demonstrates that asap1a and asap1b transcripts are ubiquitously distributed at early stages of 4 and 10 hpf, but the expression of asap1a and asap1b are getting weaker at 18 and 24 hpf, especially in the tail muscle tissue at 24 hpf (Figure 2B).


[image: Figure 1]
FIGURE 1. Multiple sequence alignment of zebrafish Asap1a (ENSDART00000144870.3) and Asap1b (ENSDART00000145466.3) with human ASAP1 (ENST00000518721.6), rat ASAP1 (ENSRNOT00000079524.1), and mouse ASAP1 (ENSMUST00000177374.7). Five domains common between all ASAP1 are indicated by different color boxes.
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FIGURE 2. Expression pattern of zebrafish asap1 homologs during embryonic development. (A) Temporal expression profiles of asap1a and asap1b by qRT-PCR. **P < 0.01, ***P < 0.001 vs. 24 hpf control group using Student's unpaired t-test. Data shown are representative of 3 independent experiments. (B) Spatial expression of asap1a (upper panels) and asap1b (lower panels) by whole mount in situ hybridization in wild-type embryos, the sense probe served as negative control (Scale bar, 100 μm).




asap1 Morphants Are Susceptible to Mm Infection

To explore the function of Asap1 in zebrafish against Mm infection, firstly the function model of zebrafish asap1 loss was generated by morpholino mediated knockdown methods (Stainier et al., 2017). By injecting of specific anti-sense morpholinos targeting the exon 1 of premature asap1a and asap1b mRNA, we successfully detected high efficiency knockdown for asap1 until 10 dpf by qRT-PCR and western blotting (Figures 3A,B), which makes the asap1 morphants acceptable for follow-up studies. Notably, the Asap1 antibody used in this experiment was derived from a recombinant peptide of 20 amino acids corresponding to the mouse ASAP1 protein, and the antigen region was highly conserved in zebrafish Asap1 proteins (Figure 1). Thus, it was supposed to recognize both Asap1a and Asap1b. The result of western blotting revealed that we successfully detected the expression level of the zebrafish protein but failed to distinguish the Asap1 homologs, owing to the high similarity of the two Asap1 proteins. However, all morphants developed normally and didn't show any obvious morphological defects within 2 weeks. Next, to evaluate the roles of asap1 against Mm infection in vivo, Mm were firstly injected into the yolk of morphant embryos at the 16–1,000 cells stage (Figure 3C). We then followed existing protocol to detect tdTomato-Mm fluorescent expression in 5 dpi zebrafish (Benard et al., 2012; Takaki et al., 2013). Preliminary experimental results showed that Asap1 knockdown enhanced Mm infection efficiency by ~2-fold (Figures 3D,E), but a single knockdown of Asap1a or Asap1b did not cause increased susceptibility to Mm over controls (Supplementary Figures 2A–D). Intravenous injection with Mm is commonly used to evaluate the infection in zebrafish embryos (Figure 3F). Here, Mm was also intravenously injected into 28–32 hpf embryos after treatment with control or asap1 MOs. The results also showed that compared with the control group, asap1 morphants markedly increased the infection efficiency of Mm with 2.5-fold more bacteria (Figures 3G,H) but asap1a or asap1b morphants did not (Supplementary Figures 2E–H). Meanwhile, we also found that mortality rate did not significantly differ (no statistical difference) among Mm infected morphants no matter whether it was introduced through yolk (Supplementary Figure 3A) or intravenous injection (Supplementary Figure 3B). Additionally, to definitively demonstrate that the loss of Asap1 was causative for susceptibility phenotype, we performed a rescue experiment in asap1 morphants injecting with synthetic asap1a and asap1b mRNA. Expectedly, the re-expression of asap1a and asap1b in zebrafish, as evidenced by the qRT-PCR and western blotting (Supplementary Figure 4), can partially rescue the susceptibility of asap1 morphants to Mm infection and the survival of zebrafish post-infection (Figures 3D–H, Supplementary Figure 3A,B). Taken together, these results showed that knockdown of Asap1 as a whole weakened zebrafish resistance to Mm infection even if they didn't obviously affect the survival status within 10 d post-infection.
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FIGURE 3. asap1 morphants exhibit altered susceptibility to Mm infection. (A,B) Western blotting (A) and qRT-PCR (B) analysis of the knockdown efficiency of asap1 morphants in 1, 5, and 10 dpf zebrafish. *P < 0.05, **P < 0.01 vs. control morphants using Student's unpaired t-test. The antibody was against both Asap1a and Asap1b. Data shown are representative of 3 independent experiments. (C) Schematic diagram of the yolk injection method. (D,E) Representative fluorescence images and quantification of bacterial burdens by fluorescence pixel counts of controls, asap1 morphants, or asap1 morphants treated with asap1 mRNA at 5 dpi with equivalent bacterial inocula by the yolk injection method (scale bar 500 μm); *P < 0.05, P-values calculated by Kruskal-Wallis with Dunn's post-test. n (MOs-NC group) = 27, n (MOs-asap1 group) = 27, n (MOs-asap1+asap1mRNA group) = 20. Mean ± SEM from four pooled independent experiments. (F) Schematic diagram of the intravenous injection method. (G,H) Representative fluorescence images and quantification of bacterial burdens by fluorescence pixel counts of controls, asap1 morphants or asap1 morphants treated with asap1 mRNA at 5 dpi with equivalent bacterial inocula by the intravenous injection method (scale bar, 500 μm); **P < 0.01, NS, not significant, P-values calculated by Kruskal-Wallis with Dunn's post-test. n (MOs-NC group) = 18, n (MOs-asap1 group) = 19, n (MOs-asap1+asap1mRNA group) = 20. Each dot represents one larva. Mean ± SEM from three pooled independent experiments. MOs, morpholino oligonucleotide mixture. asap1 means asap1a and asap1b.




asap1 Morphants Exhibit Delayed Macrophage Recruitment

A previous study showed that ASAP1 was involved in regulating dendritic cell migration (Curtis et al., 2015). In the zebrafish infectious model, neutrophils and macrophages are the primary cells to act against pathogens (Bernut et al., 2016; Rosowski et al., 2016). To dissect the mechanism of Asap1 in regulating zebrafish against infection, we further examined the effect of Asap1 on macrophage migration in zebrafish by tailfin click and Mm hindbrain injection. In tailfin transection assay, asap1 morphants exhibited significant defects of macrophage migration in response to injury (Figures 4A,B). The hindbrain ventricle is a suitable site to evaluate macrophage recruitment toward local infections (Benard et al., 2012; Pagan et al., 2015). When we further injected hindbrain ventricles of asap1 morphants with Mm, we noted that far fewer macrophages were recruited and crossed the brain-blood barrier than in control morphants (Figures 4C,D). Meanwhile, we confirmed that total macrophage numbers did not differ between asap1 and control morphants (Supplementary Figure 5), using a published method that quantified neutral red stained macrophages in whole zebrafish larvae (Tobin et al., 2010). These results suggest that impaired macrophage migration is not due to a reduction in total macrophage number.
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FIGURE 4. asap1 morphant macrophages exhibit impaired migration. (A) Representative light microscopy images of neutral red stained macrophages of transgenic morphants migrated to tailfin injury at 9 h post injury. (B) Numbers of recruited neutral red stained macrophages in the tailfin injury at 9 h post injury (scale bar, 100 μm); *** P < 0.001, P-values calculated by Student's unpaired t-test. n (MOs-NC group) = 45, n (MOs-asap1 group) = 40. (C) Representative light microscopy images of neutral red stained macrophages following hindbrain injection with Mm (left panels) or mock (right panels) into morphants at 9 h post infection. (D) Numbers of recruited neutral red stained macrophages in the hindbrain at 9 h post infection (scale bar, 100 μm); ***P < 0.001, NS, not significant, P-values calculated between two groups by Student's unpaired t-test. n (MOs-NC group/Mm) = 77, n (MOs-asap1 group/Mm) = 81, n (MOs-NC group/mock) =34, n (MOs-asap1 group/mock) =29. Each dot represents one larva. Mean ± SEM from two pooled independent experiments. MOs, morpholino oligonucleotide mixture. asap1 means asap1a and asap1b.




Knockdown of ASAP1 Impaired THP-1 Cells Migration

To examine the role of ASAP1 in regulating macrophage motility, THP-1 cells were transfected with either siRNA against ASAP1 or control siRNA, and then subjected to the Transwell assay to determine cell migration ability. Western blotting analysis revealed that ASAP1 was knocked down successfully (Figure 5A). At 24 h post treatment with ASAP1 siRNA or control siRNA, the cells were transferred to the upper chamber of a Transwell culture plate. Then, the medium supernatant of THP-1 cells infected with H37Ra for 24 h was added to the lower chamber (Figure 5B). The results showed that ASAP1 knockdown THP-1 cells exhibited reduced migration ability compared to that of their control-transfected counterparts (Figures 5C,D).
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FIGURE 5. Migration of cells is impaired in THP-1 cells upon knockdown of ASAP1. (A) Western blotting analysis of the knockdown efficiency of ASAP1 when THP-1 cells were transfected with control or ASAP1 siRNA. (B) Schematic diagram of the Transwell protocol. (C,D) Transwell assay was applied to evaluate the effect of ASAP1 on cell migration (scale bar, 500 μm); ***P < 0.001, P-values calculated by the Mann-Whitney test. Each dot represents one scope. Mean ± SEM from two independent experiments.





DISCUSSION

In our work, we initially characterized zebrafish asap1a and asap1b, both of encoding proteins with very high amino-acid sequence identity to mammalian ASAP1. We then found that Asap1 deficiency in zebrafish significantly enhanced susceptibility to Mm, which could be rescued by injecting with asap1 mRNA. To fully validate susceptibility phenotypes, we compared two different mycobacterial injection methods for evaluating the Asap1-mediated susceptibility to TB: yolk injection and intravenous injection. In the former method, Mm were injected into 16–1,000 cell embryos, which affords easy manipulation but confers a high mortality rate. In the latter method, Mm were intravenously injected into 28–32 h embryos, which represents the optimal method for researching Mm susceptibility in zebrafish owing to the formation of a rapid systemic infection and allowing precise fluorescence-based measurements of overall bacterial burden. Additionally, these two different zebrafish asap1 isoforms, asap1a and asap1b, did not alter the susceptibility of zebrafish to Mm when they were knocked down separately, indicating that both of these proteins contribute to susceptibility phenotypes and may have partially overlapping functions in zebrafish. Furthermore, asap1a and asap1b share 76% identity in protein sequence with each other (Figure 1), which makes it difficult to distinguish the different functions and the redundant degree between asap1a and asap1b. Therefore, it is still unclear whether the roles of asap1a and asap1b are overlapping or distinct. Here, we should point out that mortality rate in asap1 morphants was not significantly higher than that in the controls after an increase in bacterial load, unlike lta4h morphants and csf1r mutants (Tobin et al., 2010; Pagan et al., 2015). This outcome suggests that Asap1-induced elevation in bacterial load might not strongly influence infection lethality initiated via normal Mm inocula, at least in the zebrafish model. The lack of an effect on mortality rates may also be due to differences in the complex progressive disease of TB across hosts. Future studies should explore in greater detail for the association between bacterial load and TB pathological mechanisms when Asap1 is deleted in zebrafish. Despite the need for further elucidation of mechanisms and infection processes, our zebrafish model highlights the importance of ASAP1 in host resistance to mycobacterial entry.

ASAP1 polymorphisms are associated with TB susceptibility in many populations (Curtis et al., 2015; Wang et al., 2018; Chen et al., 2019). But we know little about how ASAP1 polymorphisms confer altered TB susceptibility or the underlying pathophysiological mechanisms. Moreover, currently recognized ASAP1 polymorphisms associated with TB susceptibility are all intronic, increasing the difficulty of analyzing the relationship between ASAP1 and TB susceptibility. Genetic defects in ASAP1 mediate susceptibility to Salmonella infections, but a similar connection has not been investigated for Mycobacterium. The ArfGEF (Arf Guanine-nucleotide exchange factor) and ArfGAP cycles ensure the alternation of Arf activation and deactivation, which jointly regulate pathogens entry into cells (Humphreys et al., 2013). Recent findings have illustrated that ArfGAP engages to modulate mycobacterial colonization by controlling the actin cytoskeleton (Song et al., 2018). It appears possible that bacteria might interfere with ArfGAP in order to sustain activation of Arf, which is required for rearrangements of the actin cytoskeleton and facilitates bacterial invasion via the cell membrane surface complex, such as through ruffles and podosomes (Bharti et al., 2007; Rafiq et al., 2017). Therefore, we examined the role of ASAP1 on the migration effect of phagocytes to Mm infection in the zebrafish model.

Macrophages phagocytose Mtb and then secrete a large number of inflammatory factors to recruit other macrophages or immune cells to form an organized granuloma structure, which constitutes the initial reaction in TB disease and benefits the host through the control of Mtb in the body and the limitations of the lesion. However, from another perspective, once macrophages parasitized by Mtb in the granuloma become necrotic, bacteria are released, and spread to the whole body, such that the macrophages and granuloma actually function as a bacterial multiplicative tool for expanding infection (Cambier et al., 2014; Guirado et al., 2015; Martin et al., 2016). Nevertheless, the ability of macrophages in immune response to kill Mtb is crucial in terms of fighting TB. A 2016 study reported that inhibition of macrophage migration in zebrafish delayed phagocytosis of Mm, thus potentially driving susceptibility to TB (Berg et al., 2016). In the present study, we found that the knockdown of Asap1 in zebrafish significantly decreased the migration of macrophages during Mm infection, moreover, similar result was obtained using THP-1 cells as determined with a Transwell assay, which together strongly indicated that ASAP1 regulated the migration of macrophages. We further suppose that such impaired migration of macrophages may result in a slow microbicidal response or increase the time required to initiate an effectively adaptive immune response for Mycobacterium, thereby inducing a weak innate and adaptive immune response to control mycobacterial proliferation in zebrafish larvae. In contrast, Torraca et al. (2015) and Sommer et al. (2020) reported that diminished macrophage migration caused by cxcr3 depletion might limit dissemination of mycobacterial infection and lead to an reduction in total bacterial burden in zebrafish. Basing on the above viewpoints, it will therefore be of great interest to investigate how macrophages interact with Mm in the context of ASAP1 deletion, using adult zebrafish with mature immune system. Together, Our work highlights the importance of ASAP1 in modulating the balance between innate immune control and mycobacterial infection and suggests a mechanistic explanation for the reported GWAS findings between ASAP1 and TB susceptibility. Moreover, our findings may provide an explanation regarding how a single genetic determinant might influence antimicrobial and immunological dysfunction of phagocytic cells. Considering a further finding that ArfGEFs and ArfGAPs might collaborate to control pathogen infection (Liu et al., 2005; Davidson et al., 2015), we speculate that ASAP1-mediated regulation of mycobacterial invasion occurs through various temporally and spatially adjusted mechanisms. Although herein we reveal only the basic morphology and give a preliminary description of the relationship between ASAP1 and Mycobacterium, the results of zebrafish Asap1 provide a new perspective on the debate regarding host susceptibility genes and Mycobacterium infection, which may facilitate the development of improved preventive and therapeutic strategies for TB. Toward this end, further detailed examination of the mechanisms underlying ASAP1 function in regulating mycobacterial invasion and persistence in macrophages is warranted.
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