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The spike (S) glycoprotein of SARS-Cov-2 facilitates viral entry into target cells via the cell surface receptor angiotensin-converting enzyme 2 (ACE2). Third generation HIV-1 lentiviral vectors can be pseudotyped to replace the native CD4 tropic envelope protein of the virus and thereby either limit or expand the target cell population. We generated a modified S glycoprotein of SARS-Cov-2 to pseudotype lentiviral vectors which efficiently transduced ACE2-expressing cells with high specificity and contain minimal off-target transduction of ACE2 negative cells. By utilizing optimized codons, modifying the S cytoplasmic tail domain, and including a mutant form of the spike protein, we generated an expression plasmid encoding an optimized protein that produces S-pseudotyped lentiviral vectors at an infectious titer (TU/mL) 1000-fold higher than the unmodified S protein and 4 to 10-fold more specific than the widely used delta-19 S-pseudotyped lentiviral vectors. S-pseudotyped replication-defective lentiviral vectors eliminate the need for biosafety-level-3 laboratories required when developing therapeutics against SARS-CoV-2 with live infectious virus. Furthermore, S-pseudotyped vectors with high activity and specificity may be used as tools to understand the development of immunity against SARS-CoV-2, to develop assays of neutralizing antibodies and other agents that block viral binding, and to allow in vivo imaging studies of ACE2-expressing cells.
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INTRODUCTION

Human coronaviruses (CoV) are enveloped, positive stranded RNA viruses of the family of Coronaviridae (1). Three coronaviruses within the past two decades were transmitted from animals to humans to cause severe respiratory diseases in afflicted individuals: the 2002 severe acute respiratory syndrome coronavirus (SARS-CoV), the 2012 Middle East respiratory syndrome coronavirus (MERS-CoV), and most recently, the 2019 SARS-CoV-2 (1, 2). Although researchers have raced to develop safe and efficacious vaccines to prevent SARS-CoV-2 spread (3), the virus has resulted in over 4.25 million deaths worldwide since the inception of its pandemic spread.

The spike (S) glycoprotein mediates viral entry into target cells after engaging with the cell surface receptor angiotensin converting enzyme 2 (ACE2) (4). In addition to the prevalence of ACE2 receptors, various factors affect the potency of SARS-CoV-2 entry and transmission. One such factor includes the availability of proteases in target cells, such as the transmembrane protease serine 2 (TMPRSS2) or furin (4–6). TMPRSS2 facilitates S protein priming of SARS-Cov-2 to promote fusion of viral and cellular membranes to the target cell. Similarly, furin, a ubiquitous protease that activates a variety of viruses such as influenza A, HIV, Ebola, or measles (6), cleaves SARS-CoV-2 S protein at the S1/S2 site to facilitate infection. A viral factor affecting potency includes the D614G substitution in the spike glycoprotein, which has quickly become the most prevalent form of SARS-Cov-2. The dominance of the D614G variant is attributed to its increased viral infectivity and transmission (7).

Despite the progressive development of vaccines and therapeutics to treat SARS-CoV-2, there is a need for a safer alternative to infectious SARS-CoV-2 virus for research studies quantifying neutralizing antibody activity, developing high-throughput drug screens, or performing animal studies. By “pseudotyping” a virus, one can effectively replace the envelope protein of a virus with that of another virus to limit or broaden its targeting capabilities (8). Recent studies demonstrated that the spike glycoprotein from SARS-CoV-2 can be “pseudotyped” onto replication defective viral particles such as HIV-based lentiviral particles, murine leukemia virus (MLV)-based retroviral particles, or Vesicular Stomatitis Virus (VSV) (4, 9–14). As a result, generating S glycoprotein pseudotyped non-replicative viral particles capable of specifically infecting ACE2-expressing cells will avoid the need for a biosafety-level-3 facility and expand the capabilities for studies of SARS-CoV-2.

A major hurdle with this approach, however, stems from the low titer of S-pseudotyped vectors (15, 16). Previous groups have shown that modifications to the cytoplasmic tail (CT) domain of viruses can increase their lentiviral vector pseudotype efficiency (17–21). For example, researchers have attempted to increase the infectious titers of lentiviral vectors pseudotyped by the gibbon ape leukemia virus (GaLV) by adjusting its CT (18, 20, 22). The GaLV envelopes were modified to harbor the CT from MLV-A thereby increasing infectious titers by 25-fold. In the case of SARS-CoV-2, various researchers have demonstrated that simply deleting the final 19 or 21 amino acids of the cytoplasmic tail of SARS-CoV-2 (d19/d21) can substantially increase titers of SARS-CoV-2 pseudotyped lentiviral vectors (11–14). We describe a strategy to generate an S glycoprotein, with a CT replaced with that of the influenza hemagglutinin protein, capable of pseudotyping a non-replicative 3rd generation HIV-1 lentiviral vector with a titer 3-logs greater than its unmodified counterpart. Furthermore, the HA-tailed pseudotype not only maintains high levels of infectivity but also demonstrates a 4 to 10-fold greater specificity to ACE2-expressing cells than the d19 pseudotyped viruses.



MATERIALS AND METHODS


Human Tissue

Large airways and bronchial tissues were acquired from de-identified normal human donors after lung transplantations at the Ronald Reagan UCLA Medical Center. Tissues were procured under an Institutional Review Board-approved protocol at the David Geffen School of Medicine at UCLA, protocol no.16-000742. ABSCs were used from two biological replicates. One experiment was done using normal human bronchial epithelial cells (NHBE) from non-smokers obtained from Lonza and all samples were de-identified.



ABSC Isolation

Human ABSCs were isolated following a previously published method (23–28). Briefly, airways were dissected, cleaned, and incubated in 16U/mL dispase for 30 min at room temperature. Tissues were then incubated in 0.5 mg/mL DNase for another 30 min at room temperature. Epithelium was stripped and incubated in 0.1% Trypsin-EDTA for 30 min shaking at 37°C to generate a single cell suspension. Isolated cells were passed through a 40 μm strainer and plated for Air Liquid Interface cultures.



Air Liquid Interface Cultures and Transduction

24-well 6.5 mm transwells with 0.4 μm pore polyester membrane inserts were coated with collagen type I dissolved in cell culture grade water at a ratio of 1:10. 100 μl was added to each transwell and allowed to air dry. ABSCs were seeded at 100,000 cells per well directly onto collagen-coated transwells and allowed to grow in the submerged phase of culture for 4–5 days with 500 μL media in the basal chamber and 200 μL media in the apical chamber. ALI cultures were then established and transduced with equal amounts of p24 protein content. 72 h post transduction, cultures were harvested for IF studies and vector copy number analysis. Human ABSCs were grown in Pneumacult Ex serum-free media during the submerged and Pneumacult ALI media during the ALI phases of culture, respectively. Media was changed every other day and cultures were maintained at 37°C and 5% CO2.



Immunocytochemistry, Confocal Imaging and Cell Counting

ALI cultures were fixed in 4% paraformaldehyde for 15 min followed by permeabilization with 0.5% Triton-X for 10 min. Cells were then blocked using serum-free protein block (Dako X090930) for 1 h at room temperature and overnight for primary antibody incubation. After several washes of Tris-Buffered Saline and Tween-20 (TBST), secondary antibodies were incubated on samples for 1 h in darkness, washed, and mounted using Vectashield hardest mounting medium with DAPI (Vector Labs H-1500). The following antibodies were used for staining: Mouse Acetylated α-Tubulin (Cell Signaling Technology) and GFP antibody (Rockland Inc). IF images were obtained using an LSM700 or LSM880 Zeiss confocal microscope and composite images generated using ImageJ. Approximately equal numbers of cells (around 1,000 cells) were counted for each experimental group. All immunofluorescence images used for scoring cells consisted of a z-series of optical sections captured on the Zeiss LSM 700 or 880 confocal microscopes.



Cell Lines and Culture

HEK-293T [#CRL-3216; American Type Culture Collection (ATCC), Manassass, VA], PKR -/- HEK 293T (in house)13, ACE-293T [ACE2-expressing 293T cells generously provided by Dr. Lili Yang (UCLA) and Dr. Pin Wang (USC)], VeroE6 [generously provided by Dr. Jocelyn Kim (UCLA)], and VeroE6/TMPRSS2 [#JCRB1819; JCRB Cell Bank (29)] cells were cultured in DMEM (#10-017-CV; Corning Inc., Corning, NY) supplemented with 10% fetal bovine serum (#100-106; GeminiBio, Calabasas, CA) and 1% penicillin/streptomycin/L-glutamine (#400-110; GeminiBio). Cell counts were measured with a Vi-CELL XR automated cell counter (Beckman Coulter, Indianapolis, IN).



Generation of Spike Glycoprotein Envelope Plasmids

The spike pseudotype backbone was generated by PCR amplification using the pMD.G-VSVG (30) and primers oPAF147 and oPAR43 (see Supplementary Materials). Ou (13) and IDT (9) codon optimized full-length spike glycoproteins were ordered as double stranded DNA fragments (Integrated DNA Technologies (IDT), Coralville, IA) with the inclusion of wildtype, HA (9), ALAYT (31), and MLV (20) cytoplasmic tails for downstream cloning. The IDT codon optimization was generated by inserting the Wuhan-Hu-1 SARS-CoV-2 spike glycoprotein sequence (Reference Sequence: NC_045512.2) into the IDT Codon Optimization Tool. The Ou codon optimization was taken directly from Supplementary Materials from a paper by Ou et al. and codon optimized from the SARS-CoV-2 S glycoprotein (QHU36824.1) (13). The codon optimized fragments were synthesized as double-stranded DNA fragments from IDT (See Supplementary Materials). The following constructs were generated using the New England Biosciences (NEB) Gibson Assembly workflow with double-stranded DNA fragments that replaced the VSV-G open reading frame from the pMD2.G plasmid (Addgene #12259): IDT (oPAG40 and oPAG41), IDT-ALAYT (oPAG40 and oPAG42), IDT-HA (oPAG40 and oPAG43), IDT-MLV (oPAG40 and oPAG44), Ou (oPAG45 and oPAG46), and Ou-MLV (oPAG45 and oPAG47). The cytoplasmic tail of the spike glycoprotein – the final 34 amino acids–were replaced with either the HA or the MLV tail. The HA tail (9) consists of the final 10 amino acids of the influenza A hemagglutinin protein (NGSLQCRICI) whereas the MLV tail consists of the final 30 amino acids of the murine leukemia virus (4070A) cytoplasmic tail (20). The Q5 Site-Directed Mutagenesis Kit (#E0554S, NEB, Ipswich, MA)–with primers oPAF176 and oPAR56 or oPAF177 and oPAR57 – was used to generate the D614G mutants from each respective plasmid. Ou-D614G-HA spike glycoprotein was PCR amplified and cloned from the Ou-D614G plasmid using primers oPAF184 and oPAR63. Primers oPAF228 and oPAR103 were used to remove the final 19 amino acids of the Ou-D614G cytoplasmic tail to generate Ou-D614G-d19 spike glycoprotein. The United Kingdom Alpha variant, the South African Beta variant, and the Indian Kappa and Delta variants were generated using the NEB Gibson Assembly workflow and the following double-stranded DNA fragments: Alpha (oPAG59 and oPAG60), Beta (oPAG61 and oPAG62), Kappa (oPAG67) and Delta (oPAG68). Any further mutations for Alpha, Beta, Kappa, and Delta were generated via the Q5 Site-Directed Mutagenisis Kit with primers (oPAF222, oPAF232-234, oPAR97, oPAR108-110, oPAF282-284, and oPAR127-129). Alpha pseudotypes contained the following mutations: Δ69-70, Δ144Y, N501Y, A570D, D614G, P681H, T716I, S982A, and D1118H. Beta pseudotypes contained the following mutations: L18F, D80A, D215G, Δ241-243, R246I, K416N, E484K, N501Y, D614G, and A701V. Kappa pseudotypes contained the following mutations: L452R, E484Q, D614G, P681R, Q1071H. Delta pseudotypes contained the following mutations: T19R, delta157-158, L452R, T478K, D614G, P681R, D950N. The addition of the HA tail and the d19 tail were completed as described above. All plasmids were mini prepped using the PureLink™ Quick Plasmid Miniprep Kit (#K210010; Invitrogen, Carlsbad, CA). All plasmids were maxi prepped using NucleoBond Xtra Maxi Kit (#740414; Machery-Nagel Inc., Düren, Germany).



Vector Packaging and Titration

Spike-pseudotyped lentiviruses were packaged by transient transfection of PKR -/- 293T cells with fixed amounts of HIV Gag/Pol, Rev, and Lentiviral envelope (VSV-G or Spike) expression plasmids and equimolar amounts of either MNDU3-eGFP or roUBC-mCitrine transfer plasmid using TransIT-293 (Mirus Bio, Madison, WI) as described in the Supplementary Materials and Cooper et al. (32, 33). Viral supernatants were then directly used for titer determination or concentrated by tangential flow filtration, as described by Cooper et al., 2011. Briefly, ACE-293T, HEK-293T, VeroE6, or VeroE6/TMPRSS2 (29) cells were transduced at equal amounts of p24 protein content with either a 1:10 dilution of raw or a 1:10,000 dilution of concentrated vector. To calculate titers, we harvested cells and determined VCNs by ddPCR approximately 72 h post-transduction.



Transduction of Cell Lines With Spike-Pseudotyped Lentivirus

ACE-293T, HEK-293T, VeroE6, or VeroE6/TMPRSS2 cells, 1 x 105 per sample, were collected by trypsinization, centrifuged at 90g for 10 min and resuspended in 2 mL of culture medium for plating in a 6-well plate (#3516; Corning Inc.). 24 h after plating, cells were transduced with equal amounts of p24 protein content; culture medium was replaced with a 1:10 dilution of viral supernatant in 1 mL of culture medium. 24 h after transduction, culture medium was refreshed on all wells. 72 h after transduction, cells were harvested for downstream analyses. Cell counts were measured with a Vi-CELL XR automated cell counter. Cells were assayed for GFP expression with a BD LSRFortessa or BD LSRII flow cytometer (BD Biosciences, San Jose, CA) and analyzed with FlowJo (Tree Star, Ashland, OR).



Digital Droplet PCR for VCN and Titer (TU/mL) Quantification

Genomic DNA from transduced cells was extracted using PureLink Genomic DNA Mini Kit (K182002; Invitrogen). VCN was calculated by using the vector GFP gene (primers eGFP616F and eGFP705R; probe eGFP653Pr) and an endogenous human diploid gene control (SCD4 (Human Syndecan 4) primers oPAF-SDC4 and oPAR-SDC4; probe oPAP-SDC4) as a reference. Reaction mixtures of 22uL volume, comprising 1 × Digital droplet (dd)PCR Master Mix (#1863010; BioRad, Hercules, CA), 400 nmol/L primers and 100 nmol/L probe for each set, 40 U DraI (R0129S; NEB) and 30– 100 g of the gDNA to study, were prepared and incubated at 37°C for 1 h. Droplet generation was performed as described in Hindson et al. (10). with 20 L of each reaction mixture. The droplet emulsion was then transferred with a multichannel pipet to a 96-well twin.tec® real-time PCR Plates (Eppendorf, Hamburg, Germany), heat sealed with foil, and amplified in a conventional thermal cycler (T100 Thermal Cycler, Bio-Rad). Thermal cycling conditions consisted of 95°C 10 min, (94°C 30 s and 60°C 1 min) (55 cycles), 98°C 10 min (1 cycle) and 12°C hold. After PCR, the 96-well plate was transferred to a droplet reader (Bio-Rad). Acquisition and analysis of the ddPCR data was performed with the QuantaSoft software (Bio-Rad), provided with the droplet reader. Vector Titer (TU/mL) was calculated as TU=VCN x (cell count at day of transduction) x virus dilution.



P24 Assay

p24 antigen concentration in vector supernatants were measured by the UCLA/CFAR (Center for AIDS Research) Virology Core using the Alliance HIV-1 p24 Antigen ELISA Kit (#NEK050, PerkinElmer, Waltham, MA), following the manufacturer's manual.




RESULTS


Generation of Modified S-Pseudotyped Lentiviral Vectors

To achieve the most effective S-pseudotyped lentiviral vector, we modified the full-length SARS-CoV-2 S glycoprotein gene to generate a series of envelope expression plasmids for transfection experiments. The modifications included various codon optimizations (36), an amino acid substitution, and CT modifications (Figure 1A). As such, the S glycoprotein was codon optimized using the Integrated DNA Technologies algorithm, denoted “IDT,” or using the codon optimization described by a Ou et al. denoted “Ou” (13). We also modified the constructs to include an aspartic acid to glycine substitution at the 614th amino acid position of the S protein. This mutation reproduces the D614G SARS-CoV-2 variant that has rapidly become the dominant form around the world (7). Recent research has demonstrated that this strain exhibits increased competitive fitness and infectivity thereby increasing transduction of ACE2-expressing cells.


[image: Figure 1]
FIGURE 1. Schematic of the spike glycoprotein variants (A), vector packaging and transduction (B) experiments. (A) The S glycoproteins were cloned into the pMD2.G plasmid backbone (Addgene plasmid #12259) which is driven by a CMV promoter and includes a beta-globin intron and beta-globin polyA. The three variants include codon optimization (IDT or Ou), an amino acid substitution (D614G), and cytoplasmic tail modifications (wildtype tail, mutated ALAYT, influenza HA tail, and murine leukemia virus MLV tail). (B) The spike (S) glycoprotein variants were packaged in PKR-/- HEK-293T cells alongside plasmids encoding for a 3rd generation HIV-1 lentivirus and a plasmid encoding for an eGFP transgene [pCCL-MNDU3-eGFP (34, 35)].


We modified the spike CT to introduce amino acid substitutions into its C terminus or replace it with the CT of the influenza A or murine leukemia envelope glycoprotein (Figure 1A). Various groups have shown that mutating the five most C-terminal residues of the S glycoprotein eliminates the endoplasmic reticulum retention signal and improves surface expression of S-pseudovirions (9, 31). This mutant, termed “ALAYT,” replaces K1269 and H1271 with alanines (A). Additionally, we replaced the spike CT with the final 10 amino acids of the influenza A virus hemagglutinin (HA) glycoprotein (9). Given that SARS-Cov-2, influenza HA, and HIV-1 are homotrimeric class I fusion glycoproteins (1, 7, 37), we reasoned that the influenza CT may pseudotype HIV-1 lentiviral vectors more effectively than that of SARS-CoV-2. Lentiviral vectors pseudotyped with GALV, RD114, or baboon envelopes have also shown increased stability and transduction when their native CTs are replaced with the MLV cytoplasmic tail (18, 20, 22). As a result, we also replaced the spike CT with that from the murine leukemia virus (MLV) glycoprotein.

We generated the SARS-CoV-2 pseudotyped virus using a 3rd generation HIV-1 packaging system (Figure 1B). We transfected PKR -/- 293T cells with plasmids encoding for HIV-1 proteins, Gag- Pol and Rev; a plasmid encoding for the full-length spike glycoprotein envelope; and a lentiviral transfer plasmid containing an eGFP reporter cassette (33). The S glycoprotein on the produced lentivirus should improve specificity toward ACE2-expressing cells.



Functionality and Expression of S-Pseudotyped Lentiviral Vectors

We first examined the effect of glycoprotein modifications on viral expression and functionality. ACE2-expressing 293T cells (ACE-293T) or parental 293T cells that do not express ACE2 (HEK-293T) were transduced with the series of lentiviral vectors. Three days post-transduction cells were harvested to quantify vector expression and infectivity. All spike-pseudotyped lentiviral vectors exhibited specificity to ACE2-expressing cells with essentially no off-target transduction of the parental HEK-293T cells that lack expression of ACE2 (Figure 2A). Furthermore, Ou codon optimized variants presented greater infectivity than their IDT counterparts. The inclusion of either the D614G mutant or the HA tail increased vector copy number (VCN) by 10-fold (Figure 2B), whereas the ALAYT amino acid modifications had no impact on pseudotyping efficiency. When combined, the D614G mutant and HA tail achieved a 50-fold synergistic effect of the percentage of cells expressing GFP (Figure 2A), a 1000-fold increase of vector copy number (Figure 2B), and a mid-107 titer (Figure 2C) −3 logs greater than its unmodified spike counterpart. In contrast, the MLV tail impeded pseudotyping efficiency. When combined with the D614G mutant, the MLV tail reduced expression and infectivity of the pseudotyped virus in comparison to the D614G mutant alone (Figures 2A,C). The S-pseudotyped vector also supports large scale concentration (Supplementary Figure 1) > 1000-fold by means of tangential flow filtration (32). Ultimately, these data demonstrate that the combination of the Ou codon optimization, the D614G mutation, and the HA cytoplasmic tail drastically increased pseudotyping efficiency of lentiviruses with the spike glycoprotein.


[image: Figure 2]
FIGURE 2. GFP percentage (A), vector copy number (B) and titer (C) of spike pseudotyped lentiviral vectors. Raw viral supernatants were harvested 3 days post transfection and stored at−80C for future use. (A–C) 100,000 ACE2-expressing 293T cells (ACE-293T) and HEK-293T cells were transduced with raw virus at equal amounts of p24 protein content from a series of S-pseudotyped lentiviral vectors containing an MNDU3-eGFP reporter cassette. Three days post-transduction, cells were harvested and measured for %GFP (A) via flow cytometry to assess pseudotype functionality and expression. (B,C) illustrate the infectivity of spike pseudotype vectors. To measure infectivity, genomic DNA was extracted, and vector copy number (VCN) was measured (B) by quantifying GFP integrants via QX200 Droplet Digital PCR System. The infectious titer (transducing units/mL) of each vector was determined (C) from the VCN shown in (B). All data sets were compared to a non-transduced control (NTC) and a VSV-G pseudotyped lentiviral vector containing an MNDU3-eGFP reporter cassette. Data are represented as mean ± SD of biological triplicates from n = 3 experiments. Statistical significance was analyzed using one-way ANOVA followed by multiple paired comparisons for normally distributed data (Tukey test). All statistical tests were two-tailed and a p-value of < 0.05 was deemed significant (ns non-significant, ****P < 0.0001).


Infected cells can be measured by means of the eGFP reporter driven by the MNDU3 promoter, an enhancer/synthetic promoter that contains the U3 region of the Myeloproliferative Sarcoma Virus long terminal repeat (35). It is also worth noting the reduction in transduction activity assessed by GFP expression across all spike-pseudotyped variants compared to the VSV-G control (Figure 2A). Even with a VCN of 0.1, various pseudotyped lentiviruses exhibited negligible GFP percentage (<5%) measured by flow cytometry. This reduced expression may be attributed to the MNDU3 promoter driving the GFP reporter, as it is a relatively weak expressing promoter within 293T cell lines. This is evidenced by the increase in expression when we packaged the spike-pseudotyped vectors with a GFP reporter cassette driven by the ubiquitin C promoter (Supplementary Figure 2). These UBC-mCitrine spike-pseudotyped vectors had greater GFP expression in ACE-293T cells in comparison to the MNDU3-eGFP pseudotyped variants after transduction at equal p24.



Enhanced Transduction of S Pseudotypes in the Presence of TMPRSS2 Protease

We also determined whether increasing levels of TMPRSS2 protease in target cells could affect infectivity by the S-pseudotyped lentiviral vectors. VeroE6 cells, which lack TMPRSS2 expression, or VeroE6 cells transfected to express TMPRSS2 (VeroE6/TMPRSS2 [41]) were used to titer the vectors. VeroE6 and VeroE6/TMPRSS2 cells were transduced with IDT, IDT-D614G-HA, Ou, and Ou-D614G-HA pseudotyped lentiviral vectors. Three days post-transduction, cells were harvested to quantify vector expression and infectivity. For both the IDT-D614G-HA and Ou-D614H-HA pseudotyped vectors, transduction was 5-fold higher on the VeroE6/TMPRSS2 cells, demonstrating their dependence on this protease for enhanced transduction (Figures 3A,B, Supplementary Figures 3A–C).
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FIGURE 3. 100,000 VeroE6, and VeroE6/TMPRSS2 cells were transduced with raw viral supernatant containing equal amounts of p24 protein content from a series of pseudotyped lentiviral vectors containing an MNDU3-eGFP reporter cassette. (A,B) illustrate the effect of TMPRSS2 expression on spike pseudotype functionality. Three days post-transduction, cells were harvested and measured for (A) GFP percentage and (B) vector copy number (VCN). GFP percentage was measured via flow cytometry. To measure infectivity, genomic DNA was extracted to measure VCN by quantifying GFP integrants via QX200 Droplet Digital PCR System. All data sets were compared to a non-transduced control (NTC) and a VSV-G pseudotyped lentiviral vector containing an MNDU3-eGFP reporter cassette. Data are represented as mean ± SD of biological triplicates from two experiments. We analyzed statistical significance using a two-way ANOVA followed by multiple paired comparisons for normally distributed data (Tukey test). All statistical tests were two-tailed and a p-value of < 0.05 was deemed significant (ns non-significant, **P < 0.01, ***P < 0.001, ****P < 0.0001).




Comparison of Influenza Hemagluttinin and d19 Cytoplasmic Tail on S Pseudotype Infectivity

We next set out to compare the infectivity and specificity of the S-pseudotyped HA variant to the d19 cytoplasmic tail, the current standard for SARS-CoV-2 pseudotyping vectors (11–14). The d19 plasmid encodes for a spike envelope protein with the final 19 most C-terminal amino acid residues removed from the cytoplasmic tail. We generated two new pseudotype sets containing the Alpha and Beta SARS-CoV-2 mutations. These included the following glycoprotein envelopes: wildtype spike containing the HA or d19 tail (Ou-HA, Ou-d19), the United Kingdom spike variant (Ou-Alpha, Ou-Alpha-HA, Ou-Alpha-d19) or the South African spike variant (Ou-Beta, Ou-Beta-HA, and Ou-Beta-d19). We packaged each S-pseudotyped vector head-to-head with a GFP reporter cassette driven by a reverse oriented ubiquitin C promoter (roUBC-mCitrine) (33). ACE-293T or HEK-293T cells were transduced with the S-pseudotyped virus at equal amounts of p24 particles. Three days post-transduction, the cells were measured for their GFP percentage by flow cytometry (Figures 4A,B, Supplementary Figures 4D,E). When transducing ACE2-expressing 293Ts, Ou-Alpha-d19 and Ou-Beta-d19 variants contained a 2.5 and 1.25-fold greater GFP percentage than their HA-tail counterparts, respectively (Figure 4A, Supplementary Figure 4D). Both the HA and d19 tails produced at least 10-fold greater GFP percentages than their unmodified counterparts. When transducing non-ACE2-expressing cells, Ou-Alpha-d19 and Ou-Beta-d19 variants contained a 10-fold greater GFP percentage than their HA-tail counterparts (Figure 4B, Supplementary Figure 4E; 0.4 vs. 4% for Ou-Alpha and 0.25 vs. 3% for Ou-Beta). The infectious capability of Kappa and Delta spike-pseudotyped lentiviral vectors were also tested in ACE2 expressing and non-expressing cells (Supplementary Figure 5). Kappa-HA contained a 4-fold greater GFP percentage than Kappa-d19 in ACE2 expressing 293T cells. Further, Kappa and Delta spike-pseudotyped lentiviral vectors bearing a d19 cytoplasmic tail had 2 to 5-fold more GFP positive cells when transducing non-ACE2 expressing 293Ts (Supplementary Figure 5). These data further suggest that the HA-tail spike pseudotypes exhibit greater specificity to ACE2 expressing cells than the d19-tail spike pseudotypes.
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FIGURE 4. 100,000 ACE-293T or HEK-293T cells were transduced with raw viral supernatant containing equal amounts of p24 protein content from a series of pseudotyped lentiviral vectors containing an roUBC-mCitrine reporter cassette. Three days post-transduction, cells were harvested and measured for GFP percentage in (A) ACE2-expressing ACE-293T cells or (B) non-ACE2 expressing HEK-293T cells via flow cytometry. (C) ALI cultures were transduced with raw viral supernatant containing equal amounts of p24 protein content from a series of pseudotyped lentiviral vectors containing an roUBC-mCitrine reporter cassette. Three days post-transduction, cells were harvested and measured for immunofluorescence of GFP using confocal imaging. Nuclei were determined by DAPI staining and basal stem cells were determined by Keratin5 staining. (D) The number of infected cells in ALI cultures across the pseudotyped lentiviral vectors was quantified by counting GFP positive cells per total number of nuclei. All data sets were compared to a non-transduced control (NTC) and a VSV-G pseudotyped lentiviral vector containing an roUBC-mCitrine reporter cassette. With exception to Kappa and Delta in (C,D) (n = 1), data are represented as mean ± SEM of biological triplicates from three experiments. We analyzed statistical significance using a one-way ANOVA followed by multiple paired comparisons for normally distributed data (Tukey test). All statistical tests were two-tailed and a p-value of < 0.05 was deemed significant (ns non-significant, *P < 0.05, ***P < 0.001, ****P < 0.0001).




Assess the Ability for S-Pseudotypes With an HA Cytoplasmic Tail to Infect Air Liquid Interface Airway Cultures

Finally, we investigated the ability of S-pseudotypes bearing an HA cytoplasmic tail to infect air-liquid interface (ALI) cultures derived from primary human airway basal stem cells (ABSCs). We utilized primary human ABSCs from three healthy lung transplant donors to generate the ALI cultures (23–28). The cultures were transduced with HA-tailed SARS-CoV-2 pseudotypes at equal amounts of p24 particles. Three days after infection, we examined the cultures for evidence of transduction. We validated the differentiation of the ALI cultures by immunofluorescent (IF) staining with primary antibodies for Acetylated α-Tubulin for ciliated cells for ABSCs (Supplementary Figure 6). ALI cultures were immunostained with an anti-GFP antibody and images were obtained by confocal microscopy (Figure 4C, Supplementary Figure 6). Confocal imaging demonstrated GFP expression in cells of the ALI cultures that were transduced with SARS-CoV-2 HA tail pseudotypes. However, as expected, VSV-G pseudotyped vectors failed to transduce the ALI cultures. The number of infected cells in ALI cultures across the pseudotyped lentiviral vectors was quantified by counting GFP positive cells per total number of nuclei (Figure 4D). The %GFP cells in the ALI cultures ranged from 1% (Alpha) to 7% (Kappa). No GFP positive cells were detectable in VSV-G or Mock samples. These data demonstrate that HA-tailed SARS-Cov-2 pseudotyped lentiviral vectors are capable of transduction of primary human airway cells in an epithelial barrier culture system.




DISCUSSION

Despite the continued progression of vaccines and therapeutics for the treatment of SARS-CoV-2, the methods to support high-throughput neutralization studies and drug screens remain sub-optimal. It has been shown for several envelope glycoproteins, such as those of HIV-1, GaLV, RD114, and the baboon envelope retroviral glycoprotein, that the CT domain of the envelope determines pseudotyping constraints (17–19, 21, 38). Ultimately, the CT recruits the envelope proteins for incorporation into viral particles through interactions with the Gag protein (39). As such, previous groups have attempted to pseudotype viral vectors with the S glycoprotein (4, 9, 11–15), by replacing the S cytoplasmic tail with the influenza HA cytoplasmic tail or by modifying its amino acids composition. Those pseudotyped vectors, however, failed to achieve infectious titers high enough for use in downstream assays such as in vivo studies. In this report, we incorporated these methods to generate modified S-pseudotyped lentiviral vectors capable of infecting ACE2-expressing cells at greater levels than the unmodified counterpart.

We investigated whether various CT modifications to the spike glycoprotein could affect pseudotype efficiency. We utilized previously published codon optimizations and CT modifications as well as the D614G mutant of SARS-Cov-2 (9, 13, 18, 19, 31). We showed that the influenza HA cytoplasmic tail and the D614G mutant could synergistically increase infectivity over the unmodified S counterpart and maintain the high infectivity of the widely utilized d19 pseudotype. This alternative pseudotyped lentiviral vector can provide a means for studying both the neutralizing antibodies in recovered or symptomatic patients and the potency of antibody responses from current vaccine candidates. Furthermore, the ability to concentrate the spike-pseudotyped vectors by means of tangential flow filtration (Supplementary Figure 1) should support in vivo studies and the infection of difficult to transduce cell lines and primary cells (32).

In contrast to the HA cytoplasmic tail, the murine leukemia virus (MLV) CT hampered pseudotyping efficiency. It has been shown that within the MLV cytoplasmic tail, several elements regulate the envelope's incorporation into the virion and aid with fusogenicity into host cell membranes. The C-terminus of the MLV cytoplasmic tail, known as the R peptide, includes a conserved leucine-valine dipeptide cleavage site and a tyrosine (YXXL) motif that has been implicated in promoting endocytosis of the envelope glycoprotein (39–42). These motifs contained within the MLV tail –but not the HA tail–may hinder particle formation or membrane fusion of spike-pseudotyped vectors.

Various groups have indicated the importance of the TMPRSS2 protease for S protein priming and subsequent infectivity (4, 7, 13). We demonstrated that TMPRSS2 increased the transduction of the HA tail pseudotypes suggesting that the S-pseudotyped lentiviral vectors depend on TMPRSS2 for successful transduction. As a result, they can be utilized for drug screens against SARS-CoV-2 or as models for in vivo imaging studies of ACE2 and TMPRSS2-expressing cells.

Many groups have also established that the removal of the final 19 amino acids of the spike cytoplasmic tail (d19) can significantly increase titer and infectivity of S-pseudotyped lentiviral vectors. We compared the HA tail to the d19 tail [harboring the D614G, Alpha, or Beta mutations (25–27, 43)] and demonstrated that S-pseudotyped lentiviral vectors with an HA cytoplasmic tail exhibit not only high levels of infectivity but also increased specificity over the widely used d19 S-pseudotyped vector. We speculate that the increase in specificity of the HA tail could be a result of increased binding affinity to ACE2 receptors. Previous literature indicated that although the spike proteins with the HA tail and wildtype S cytoplasmic tail are neutralized by patient sera at similar IC50s, the HA tail renders S pseudotypes more sensitive to neutralization by soluble ACE2 than the wildtype S cytoplasmic tail (9). Although it has not been further explored, an increase in binding affinity of HA-tailed S-pseudotyped vectors to ACE2 may explain both its increase in specificity and its increase in sensitivity to neutralization by soluble ACE2.

The increase in specificity of the HA S-pseudotyped vector will be important when studying the pathology of SARS-CoV-2 infection in animal models or air liquid interface cultures – including the newly dominant Delta variant (44, 45) – given it will more accurately represent the specificity to ACE2 of the SARS-CoV-2 virus. Furthermore, there is an unmet need for a lentiviral vector gene therapy to combat cystic fibrosis and other lung disorders. However, the receptors for the widely used VSV-G glycoprotein are located on the basolateral surface of epithelial cells, preventing efficient transduction of basal stem cells without disruption of the airway junctions (46). Our results demonstrated the lack of transduction of VSV-G pseudotyped lentiviral vectors in the differentiated ALI culture system. The HA tail S-pseudotyped lentiviral vectors demonstrated successful transduction of human epithelial cells within ALI cultures suggesting that ALI cultures can be utilized as tools for SARS-CoV-2 research. The lack of GFP positive cells in ALI cultures may be attributed to both donor variation and viral titer (TU/mL). Increasing the viral titer through ultracentrifugation or tangential flow filtration (Supplementary Figure 1) can increase the transduction capability of each lentivirus. It is also worth noting that the GFP positive cells in the transduced ALI cultures do not accurately depict the transmission capability of each variant, given the most transmissible variant (Delta) contained 3-fold less GFP positive cells than the less transmissible wildtype counterpart (Ou-HA). This may be due to multiple factors such as donor to donor variability, differences in cell entry mechanisms, kinetics of viral entry, expression of TMPRSS2 and furin proteases, or the requirement of other viral proteins to facilitate increased infection (47, 48) (i.e., membrane protein, or ORF1a/b accessory proteins) – all of which may be studied with the HA-pseudotypes described in this manuscript.

The HA tail S-pseudotyped lentiviral vector may provide a potential alternative to target epithelial cells expressing ACE2 and TMPRSS2 without the aberrant expression of the transgene cassette in off-target populations caused by transduction of the d19 tail. These experiments include deducing the transduction capability of single mutations within different variants (i.e., D614G, N501Y, E484K, L452R, K417N, T478K etc.) or even testing therapeutics to combat SARS-CoV-2 infection. The non-physiological expression of the truncated d19 cytoplasmic tail may also prevent the appropriate understanding of how each mutation affects the kinetics of new variants. A great example is that of the Kappa variant, where the HA-tailed pseudotype demonstrates a 3-fold greater transduction of ACE-2 expressing cells over the d19 tail (Supplementary Figure 5) and at least a 3-fold greater transduction in ALI cultures compared to other variants. This superiority in infection, however, is only a snapshot in time illustrated by the number of GFP expressing cells and not representative of viral transmission. To better understand transmission capabilities of SARS-CoV-2 variants, the HA tail S-pseudotyped vectors can be employed to study kinetics of infection without the compromised specificity of infection of the d19 tail S-pseudotypes. The SARS-CoV-2 model system described in this manuscript can help determine the physiological alterations in kinetics after mutating the receptor binding domain or even the furin cleavage site. These kinetic alterations include changes in receptor binding, enhanced cleavage of the S protein, accelerated fusion, and increased cell to cell infection. Understanding these changes, may be a causal factor for the Delta variant outcompeted previous SARS-CoV-2 variants such as D614G, Alpha, Beta, Gamma, or Kappa.

Given the non-replicative nature of pseudotyped lentiviral vectors, they have significant value in studying the biology of pathogenic viruses, such as SARS-CoV-2, due to their lower biosafety requirements. The highly infectious nature of SARS-CoV-2 requires biosafety level 3 (BSL-3) equipment within laboratories to appropriately handle and study the pathogenesis or treatment of the virus (49). By designing an efficient spike-pseudotyped HIV-1 lentiviral vector with greater potency than the unmodified S spike pseudotype, the need for BSL-3 laboratories can be avoided for many studies of SARS-CoV-2. Given the rampant, global spread of the virus, the shift from BSL-3 to BSL-2 laboratories will facilitate screening of patient's serum for neutralizing antibodies in a high-throughput fashion without risk of infection. Furthermore, this pseudotyped vector expands the capacity of research to help investigators study the effectiveness of current vaccine candidates, establish new treatments via high-throughput drug screens, examine lung pathology via infection of animal models or air-liquid interface cultures, and even explore the possible applications to gene therapy for treatment of lung diseases such as cystic fibrosis.
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