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SUMMARY: 
This protocol describes an experimental process to produce high-titer infectious viral pseudotyped particles (pp) with envelope glycoproteins from two influenza A strains and how to determine their infectivity. This protocol is highly adaptable to develop pps of any other type of enveloped viruses with different envelope glycoproteins.

ABSTRACT:
The occasional direct transmission of the highly pathogenic avian influenza A virus H5N1 (HPAI H5N1) and H7N9 to humans and their lethality are serious public health issues and suggest the possibility of an epidemic. However, our molecular understanding of the virus is rudimentary, and it is necessary to study the biological properties of its envelope proteins as therapeutic targets and to develop strategies to control infection. We developed a solid viral pseudotyped particle (pp) platform to study avian influenza virus, including the functional analysis of its hemagglutinin (HA) and neuraminidase (NA) envelope glycoproteins, the reassortment characteristics of the HAs and NAs, receptors, tropisms, neutralizing antibodies, diagnosis, infectivity, for the purposes of drug development and vaccine design. Here, we describe an experimental procedure to establish pps with the envelope glycoproteins (HA, NA) from two influenza A strains (HAPI H5N1 and 2013 avian H7N9). Their generation is based on the capacity of some viruses, such as murine leukemia virus (MLV), to incorporate envelope glycoproteins into a pp. In addition, we also detail how these pps are quantified with RT-qPCR, and the infectivity detection of native and mismatched virus pps depending on the origin of the HAs and NAs. This system is highly flexible and adaptable and can be used to establish viral pps with envelope glycoproteins that can be incorporated in any other type of enveloped virus. Thus, this viral particle platform can be used to study wild viruses in many research investigations. 

INTRODUCTION:
The mission of a viral particle is to transport its genome from an infected host cell to a non-infected host cell and to deliver it into the cytoplasm or the nucleus in a replication-competent form1. This process is initially triggered by binding to host cell receptors, followed by fusion of virion and cellular membranes. For enveloped viruses, like influenza viruses, the spike glycoproteins are responsible for receptor binding and fusion1,2. Viral envelope glycoproteins (e.g., pyrogens, antigens), are involved in many important properties and events, such as virus lifecycle initiation (binding and fusion), viral pathogenesis, immunogenicity, host cell apoptosis and cellular tropism, the cellular endocytic pathway, as well as interspecies transmission and reassortment1,3–7. Research on viral envelope glycoproteins will help us understand many aspects of the viral infection process. Pseudotyped viral particles (pp), also termed pseudovirions or pseudoparticles, can be generated through a pseudotyping technique8–10. This technology has been used to develop pseudotyped particles of many viruses, including hepatitis C11,12, hepatitis B13, vesicular stomatitis virus (VSV)14,15, and influenza virus16–19. This technology is based on the Gag-Pol protein of lentiviruses or other retroviruses.

Pseudotyped viral particles can be obtained using a three-plasmid system by cotransfecting a viral envelope glycoprotein expression plasmid, a retroviral packaging plasmid missing the envelope env gene, and a separate reporter plasmid into pp producer cells. The retrovirus is assembled by its Gag protein, and it buds from an infected cell membrane that expresses the virus envelope protein1. Therefore, it is possible to obtain high titer influenza pps using the retrovirus Gag protein to produce buds on a cellular membrane expressing influenza HA and NA. In our previous studies, HAs/NAs in all combinations were functional and able to perform their corresponding functions in the viral life cycle16–18,20–21. These pps are used to investigate influenza biological characteristics, including hemagglutination, neuraminidase activity, HA-receptor binding tropism, and infectivity. Because HA and NA are both important surface functional proteins in the viral life cycle, mismatched HAs and NAs derived from different strains of influenza can partly demonstrate reassortment between them. Here, we generate eight types of influenza pps by combining two HAs and two NAs (derived from the HPAI H5N1 strain and the H7N9 stain), using a three-plasmid pseudotyping system. These eight types of pps include two native pps, H5N1pp, H7N9pp; two mismatched pps, (H5+N9)pp, (H7+N1)pp; and four pps only harboring a single glycoprotein (HA or NA), H5pp, N1pp, H7pp, N9pp. Studies on the influenza virus, such as H5N1 and H7N9, are limited by biosafety requirements. All studies of the wild influenza virus strains should be performed in a biosafety level 3 (BSL-3) laboratory. Pseudotyped viral particle technology can be used to package an artificial virion in a biosafety level 2 (BSL-2) setting. Therefore, pps represent a safer and useful tool to study the influenza virus processes depending on its two major glycoproteins: hemagglutinin (HA) and neuraminidase (NA).

This protocol describes the generation of these pps with a three-plasmid cotransfection strategy (overviewed in Figure 1), how to quantify pps, and infectivity detection. The pp production involves three kinds of plasmids (Figure 1). The gag-pol gene, which encodes the retrovirus Gag-Pol protein, was cloned from a retrovirus packaging kit and inserted into the pcDNA 3.1 plasmid and named pcDNA-Gag-Pol. The enhanced green fluorescent protein (eGFP) gene, which encodes Green Fluorescent Protein, was cloned from pTRE-EGFP vector, inserted into the pcDNA 3.1 plasmid, and called pcDNA-GFP. During cloning, a packaging signal (ψ) sequence was added via a primer. The HA and NA genes were cloned into a pVRC plasmid, named pVRC-HA and pVRC-NA, respectively. The last plasmid encodes the fusion protein and can be replaced with any other fusion protein of interest. Our pseudotyping platform includes two glycoprotein expression plasmids: pVRC-HA and pVRC-NA. This can simplify the research on reassortment between different virus strains in a BSL-2 setting. 

PROTOCOL: 

1. Day 1: Cell culture and seeding

1.1. Cultivate human embryonic kidney (HEK) 293T/17 cells in 60 mm dishes with Dulbecco’s modified essential medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 100 U/mL penicillin-streptomycin (DMEM Complete Medium, DCM) in a 37 °C, 5% carbon dioxide (CO2) incubator until about 80% confluent. 

NOTE: HEK 293T/17 low passage cells are recommended. 

1.2. Carefully wash the cells with 5 mL of phosphate buffered saline (PBS) 1x. 

NOTE: Manual handling of the HEK 293T/17 cells must be very gentle, because they easily detach.

1.3. Remove PBS and dissociate the cells with 1 mL of 0.25% trypsin-ethylene diamine tetraacetic acid (EDTA) solution. Place the dish in a 37 °C, 5% CO2 incubator for no more than 5 min until the cells are dissociated. 

1.4. Deactivate trypsin by adding 5 mL of DCM. Disperse the cells into a single-cell suspension by pipetting up and down several times.

1.5.  Transfer the cell suspensions to a prechilled 15 mL centrifuge tube. Collect the cells by centrifugation at 250 x g for 5 min at 4 °C.

1.6. Decant as much of the supernatant as possible. Resuspend the cell pellet with 6 mL of DCM medium and count the cells. Dilute the cells to 1 × 106 cells/mL with DCM medium.

1.7. Seed the cells into a 6 well plate with 1 mL of cell suspension per well. Gently pat the plate to evenly distribute the cells. Incubate the plate overnight (14–16 h) in a 37 °C, 5% CO2 incubator.

2. [bookmark: _Hlk21686486]Day 2: Four-plasmid cotransfection mediated by lipofection

2.1. Check the cell morphology and density under an inverted light microscope. Ideally, cells should be approximately 85% confluent at transfection. Replace the medium with 1 mL of serum-free DMEM medium per well, and then put the plate back into the incubator.

NOTE: Manual handling of the HEK 293T/17 cells must be very gentle, because they easily detach.

2.2. For each well of cultured cells to be transfected, dilute 8 µL of the transfection reagent to a volume of 150 µL with Reduced Serum Medium (tube 1). Mix gently and incubate for 5 min at room temperature (RT, approximately 20 °C).

NOTE: For each transfection sample, prepare two 1.5 mL microcentrifuge tubes, numbered 1 and 2.

2.3. In tube 2, dilute 2.5 µg of plasmid DNA into 150 µL of Reduced Serum Medium. 

NOTE: In tube 2, dilute each plasmid DNA as shown in Table 1. A plasmid encoding vesicular stomatitis virus (VSV) G glycoprotein (plasmid pLP-VSVG) was used as a positive control, because VSV is able to infect a wide range of cells. Negative control particles that lack influenza envelope glycoproteins (Δenv pps) were generated using pcDNA-Gag-Pol and pcDNA-GFP plasmids.

2.4. After a 5 min incubation, combine the diluted DNA with diluted transfection reagent. Mix gently and incubate for another 15 min at RT. 

2.5. Add the DNA-lipid complex to the corresponding well containing the cells and serum-free medium. Mix gently by rocking the plate back and forth.

2.6. After incubation for 4–6 h in a 37 °C, 5% CO2 incubator, remove the medium, and replace with 2 mL of DMEM. Incubate for another 36–48 h in a 37 °C, 5% CO2 incubator.

NOTE: Replace with serum-free and antibody-free DMEM. In this protocol, two HAs and two NAs can be used to generate eight types of pps (shown in Table 1).

3. Day 3: Susceptible cells seeding 

3.1. For the infectivity assay, seed each type of susceptible cells at 1 x 104 cells per well in a 96 well plate.

[bookmark: OLE_LINK1]NOTE: Use two types of target cell to perform the infectivity assay in this article: an alveolar-derived human cell line (A549 cells) and the Madin-Darby Canine Kidney (MDCK) cells. MDCK cells are widely used in influenza research and can be a good control. This step is flexible. Any other target cell lines can be used according to the research requirements. 

3.2. Incubate the plate overnight (14–16 h) in a 37 °C, 5% CO2 incubator.

4. Day 4: Pseudotyped viral particle collection, quantification, and infectivity assay

4.1. Pseudotyped viral particle collection

4.1.1. Check the color of the medium. Ideally, it should be light pink or slightly orange. Examine the cells with an inverted fluorescent biological microscope under 440–460 nm. 

4.1.2. At 36–48 h posttransfection, harvest the pps by passaging through a 0.45 µm polyvinylidene fluoride (PVDF) membrane filter to eliminate cell debris. 

4.1.3. Divide the pps into small volume aliquots. 

4.1.4. Store the pps at -80 °C. 

NOTE: The protocol can be paused here. However, this is not encouraged, because the infectivity of the pps will sharply decline after freezing and thawing. 

4.2. Pseudotyped viral particle quantification

4.2.1. Transfer 20 µL of purified pps to a 1.5 mL ribonuclease (RNase)-free microcentrifuge tube.

4.2.2. Add 1 µL of 0.24 U/mL benzonase nuclease. Incubate at 37 °C for 1 h to eliminate any DNA and RNA contamination.

NOTE: Target RNA, commonly downregulated cytomegalovirus (CMV)-GFP RNA, is packaged in the pps and can avoid being degraded by benzonase nuclease. 

4.2.3. Freeze the sample at -70 °C to inactivate the benzonase nuclease.

4.2.4. Add 2 µL of proteinase K. Incubate at 50 °C for 30 min to digest the envelope proteins and release the CMV-GFP RNA. Inactivate the proteinase K at 100 °C for 3 min.

4.2.5. Quantify the pps by real-time quantitative reverse-transcription (qRT)-PCR with a Universal Probe One-Step RT-qPCR Kit, using the forward primer 5’-AACAAAAGCTGGAGCTCGTTTAA-3’, the reverse primer 5’-GGGTCTCCTCAGAGTGATTGACTAC-3’, and the probe 5’-FAM-CCCCCAAATGAAAGACCCCCGAG-TAM-3’, on a Real-Time PCR thermocycler. Normalize the pps for RNA copy number before infectivity.

4.3. Infectivity assay

4.3.1. Dilute each type of pps in terms of the qRT-PCR data to 4 × 105 copies/mL (pp normalization). 

4.3.2. Add Tosyl-Phenylalanine Chloromethyl-Ketone (TPCK)-trypsin to a final concentration of 40 µg/mL into pps that harbor H7N9 HA. Incubate at 37 °C for 1 h to form its functional subunits HA1 and HA2. 

NOTE: There is no need to treat the pps that harbor H5 with TPCK-trypsin, because they have multiple arginine and lysine residues at the HA1-HA2 cleavage site. This multi-basic cleavage site can be cleaved by ubiquitous cellular proteases.

4.3.3. Mix normalized pps with DMEM medium (serum-free) at a 1:1 ratio (volume/volume).

4.3.4. Bring the plate containing susceptible cells to the biosafety cabinet. 

4.3.5. Aspirate the supernatant and wash the cells once with 0.1 mL of prewarmed PBS.

4.3.6. Add 0.1 mL of pps-DMEM mixture to one well. Triplicate the infectivity tests of each type of pps to one susceptible cell line (overviewed in Figure 2).

4.3.7. Incubate the 96 well plate for 4–6 h in a 37 °C, 5% CO2 incubator.

4.3.8. Aspirate the supernatant and replace with 0.1 mL of DCM.

4.3.9. Incubate the 96 well plate for another 24–36 h in a 37 °C, 5% CO2 incubator.

5. Day 5 or 6: Infectivity detection

5.1. Bring the 96 well plate to the biosafety cabinet.

5.2. Aspirate the supernatant and wash the cells 1x with 0.2 mL of prewarmed PBS.

5.3. Remove PBS and dissociate the cells with 0.1 mL of 0.25% trypsin-EDTA solution. 

5.4. Place the dish in a 37 °C, 5% CO2 incubator for 3 min until the cells are dissociated. 

NOTE: Avoid incubating for more than 5 min, because this will lead to cell clumping.

5.5. Deactivate trypsin by adding 0.4 mL of DCM. 

5.6. Disperse the cells into single-cell suspension by pipetting up and down several times.

5.7. Transfer the cell suspensions to a chilled 1.5 mL microcentrifuge tube.

5.8. Determine the GFP reporter-positive cells with Fluorescence Activated Cell Sorting (FACS).

NOTE: To determine the ratio of GFP reporter-positive target cells, set flow cytometer gates using the control samples (pps-untreated A549 cells or MDCK cells), and then count the GFP reporter-positive cells of 10,000 cells per sample.

REPRESENTATIVE RESULTS: 
Depending on the general procedure described above, we have generated 10 types of pps combining two group HAs/NAs or VSV-G glycoprotein or no-envelope glycoproteins (shown in Table 1). Seven of them are infectious. The pps that harbor no-envelope glycoprotein or only harbor NA did not show any infectivity here. The influenza pp production procedure is overviewed in Figure 1. Transmission electron micrographs of pps (e.g., H5N1pp) are shown in Figure 3. The results of infectivity assays of these pps are shown in Figure 4. The infectivity of the seven types of pps was evaluated at a genome copies per cell (GCP) [similar to multiplicity of infection (MOI)] value of 20. In the pps group harboring H5, the infectivity of H5N1, (H5+N9), and H5 was 90.05 ± 4.05%, 17.78 ± 1.58%, 10.15 ± 2.85% for cell line A549 and 40.37 ± 4.92%, 5.24 ± 1.32%, 4.88 ± 0.27% for MDCK, respectively. In the pps group harboring H7, the infectivity of H7N9, (H7+N1), and H7 was 10.45 ± 2.35%, 6.75 ± 1.37%, 1.23 ± 0.33% for cell line A549 and 7.61 ± 1.04%, 4.12 ± 1.29%, 1.08 ± 0.02% for MDCK, respectively. For the infectivity assays of the pps, especially HApp (H5pp, H7pp), exogenous neuraminidase was not added. In this infectivity assay, the MDCK cells were also used as the control cell line to test pps infectivity. The infectivity of VSVGpp was 20.9 ± 2.00% for A549 and 16.02 ± 2.41% for MDCK cells. The delta-envelope glycoproteins pp (Δenv pp) showed no infectivity in our study. These data also showed that HAs/NAs from diverse virus strains are capable of successfully generate infectious viral particles. Taken together, our pseudotyping platform can develop infectious pseudotyped viral particles used in influenza research. 

FIGURE AND TABLE LEGENDS: 
Figure 1: Overview of influenza pp production procedure. (A) The packaging plasmid pcDNA-Gag-pol, the reporter plasmid pcDNA-GFP, and the envelope glycoprotein expression plasmids pVRC-HA and pVRC-NA, are cotransfected into pp-producing HEK 293/17 cells. (B) In HEK 293/17 cells, the Gag-Pol polyproteins are synthesized and transported by an unknown mechanism to the cell membrane. Glycoproteins HA and NA are transported and anchored onto the cell membrane via the secretory pathway. Reporter plasmid pcDNA-GFP is transcribed into the single-stranded ψ-GFP genomic RNA. (C) During or after transport, the Gag-Pol protein recruits the single-stranded ψ-GFP genomic RNA via the psi-RNA packaging signals, thereby forming the pre-budding complexes. (D) The assembled Gag-pol-ψ-RNA complex induces membrane curvature, leading to the formation of a bud. During budding, the viral envelope glycoproteins HAs/NAs are incorporated into the nascent particles. Budding is completed as the particle pinches off from the cell membrane.

Figure 2: Overall arrangement in infectivity assay. The infectivity tests of each type of pps to one susceptible cell line were measured in triplicate. Alveolar-derived human cells A549 and MDCK are used as susceptible cells.

Figure 3: Transmission electron micrographs of pps. Unconcentrated (left) and concentrated (right) supernatant.

Figure 4: Infectivity of normalized pps. Infectivity is presented as the mean ± standard deviation (SD) percentage of infected cells (n = 3). Infectivity of pps was assessed in two cell lines, A549 and MDCK cells. Seven types of pps displayed various infectivity profiles in two target cells. Pps that only harbor NA are not shown here as they did not manifest any infectivity. Pps that harbor no-envelope glycoproteins (Δenv) also showed no infectivity in our study. The percent of infectivity denoted the ratio of GFP reporter-positive cells in 10,000 cells per sample. 

Table 1: Combinations of HA and NA proteins derived from H5N1 and H7N9 viruses and the required quantities (volume) of plasmid DNA for one well transfection of a 6 well plate. According to the concentration of plasmid preparations, calculate the required volume of each plasmid DNA. The total amount of plasmid DNA for tranfection of one well is 2.5 µg. To obtain the highest transfection efficiency and lowest non-specific effects, we optimized the transfection conditions by varying plasmid DNA and tranfection reagent concentrations. After optimizing, the ratio of the four plasmids quantities was set as 16:16:1:1. The volume of transfection reagent used in one well transfection of a 6 well plate is 8 µL (not shown in the table). Two HAs and two NAs from H5N1 and H7N9 viruses can be used to generate eight types of pps: H5N1pp, (H5 + N9)pp, H5pp, N1pp, H7N9pp, (H7 + N1)pp, H7pp and N9pp. The pps that harbor no-envelope glycoproteins (Δenv) or only harbor NA glycoproteins showed no infectivity in our study. 

DISCUSSION: 
In this protocol, we describe a method to produce influenza virus pseudotyped particles (pp) in a BSL-2 setting. The reporter plasmid pcDNA-GFP is incorporated into the pps and can be used to quantify pps by FACS in an infectivity assay. We chose two types of susceptible cell lines because they are widely used in influenza research. MDCK cells would provide a good control to the variable immortalized human cells used in these studies. 

This protocol is based on the retrovirus MLV, which can incorporate a GFP reporter and produce buds on the cellular membrane. This technique has been widely developed for packaging influenza virus particles4,22–24. Some other systems are based on the lentiviral HIV-1 pseudotyping system19,25–26 or the baculovirus-insect cell expression system27–29. Many other reporter genes have also been used for pseudoparticle production, such as luciferase (luminescence)30–33, β-gal/LacZ (by colorimetry)34–35, and secreted alkaline phosphatase36–37. Millet et al. used the luciferase assay to quantify the infectivity of coronavirus pseudotyped particles33. Compared with luciferase, GFP’s green fluorescence is easily observed with an inverted fluorescent biological microscope. This is a convenient way to check transfection and infection efficiencies. For this study, the infectivity can be determined directly by detecting the GFP-positive cells with FACS.

In this method, several steps critically affect the results. Optimized cell density is a critical factor for successful transfection. In this protocol, a cell density in the range of 80–90% confluent was found to be optimal for influenza virus pp production. Higher or lower cell density will result in lower transfection efficiency. Good physiological status of producer cells is also very important for high particle production. This is why lower cell passage HEK 293T/17 cells are recommended to produce pps in this protocol. Also, the volume of transfection reagent and the ratio of the four plasmids quantities can also affect the transfection efficiency. To obtain the highest transfection efficiency, it is recommended to optimize these factors by varying and testing their amount. We set the ratio of four plasmids quantities as 16:16:1:1 and the volume of transfection reagent as 8 µL for one well tranfection in a 6 well plate. Another issue is the handling of the cells. The HEK 293T/17producer cells are low-adhesion, so manual handling of the cells must be very gentle. Lipofection can lead to a cell permeability increase, and serum and antibodies in the medium may increase cytotoxicity. It is best to use serum-free and antibody-free DMEM to culture post-transfected HEK 293T/17 cells. Furthermore, collection time is important. At 36–48 h post-transfection, the color of the cell supernatant must be checked to make sure that it is pink or orange-pink before pp collection. Yellow supernatant indicates that the medium is too acidic to support cell growth and usually leads to poor pp yields. 

We performed the transfection assay in a 6 well plate. To obtain more pp volume the number of transfection wells can be increased and supernatants that contain the same pps can be pooled together. Alternatively, some other kind of vessels can be used to increase pp yield. For instance, 18 µL of transfection reagent and 5.5 µg of plasmid DNA can be used to perform transfection with 2.2 × 106 cells in one 60 mm dish. Similarly, an infectivity assay can be carried out in a 24 well plate. 

The success of this technique can be influenced by many factors. Therefore, the procedure should be optimized for particle packaging of different kinds of viruses. 

In this protocol, pseudotyped viral particles of HPAI H5N1 and H7N9, as well as their reassortants, were generated. In this method, we use qRT-PCR of the GFP-RNA in the infectivity assay at the single-cell level (as genome copies per cell) instead of Tissue Culture Infectious Dose 50 (TCID50) or traditional MOI23,38–39. Virus infectivity titration methods are based on plaque assays or TCID50 assays, which are both time-consuming and labor-intensive. Both assays rely on the measurement of visible cytopathic effects (CPE) caused by virus infection in cell lines, so it may be hard to titrate viruses of low infectivity (i.e., H7pp in this study). We think it is a convenient, effective, and rapid method to normalize pps with qRT-PCR of the GFP RNA contained in influenza pps.

Taken together, our technique is safe and adaptable, and can be used to study enveloped viruses, including their receptors, tropisms, envelope glycoprotein function, neutralizing antibodies, antivirus drug development, diagnosis, and vaccine design and evaluation. 
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