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ARTICLE INFO ABSTRACT

Keywords: In the United States, coronavirus disease 2019 (COVID-19) cases have consistently been linked to
SARS-CoV-2 the prevailing variant XBB.1.5 of SARS-CoV-2 since late 2022. A system has been developed for
Pseudovirus

producing and infecting cells with a pseudovirus (PsV) of SARS-CoV-2 to investigate the infection
in a Biosafety Level 2 (BSL-2) laboratory. This system utilizes a lentiviral vector carrying
ZsGreenl and Firefly luciferase (Fluc) dual reporter genes, facilitating the analysis of experi-
mental results. In addition, we have created a panel of PsV variants that depict both previous and
presently circulating mutations found in circulating SARS-CoV-2 strains. A series of PsVs includes
the prototype SARS-CoV-2, Delta B.1.617.2, BA.5, XBB.1, and XBB.1.5. To facilitate the study of
infections caused by different variants of SARS-CoV-2 PsV, we have developed a HEK-293T cell
line expressing mCherry and human angiotensin converting enzyme 2 (ACE2). To validate
whether different SARS-CoV-2 PsV variants can be used for neutralization assays, we employed
serum from rats immunized with the PF-D-Trimer protein vaccine to investigate its inhibitory
effect on the infectivity of various SARS-CoV-2 PsV variants. According to our observations, the
XBB variant, particularly XBB.1.5, exhibits stronger immune evasion capabilities than the pro-
totype SARS-CoV-2, Delta B.1.617.2, and BA.5 PsV variants. Hence, utilizing the neutralization
test, this study has the capability to forecast the effectiveness in preventing future SARS-CoV-2
variants infections.

ACE2-mCherry-293T
Neutralization assay
Immune escape

1. Introduction

The COVID-19 pandemic has posed a significant threat to global life security, with over 771 million infections and 6.9 million
fatalities recorded as of October 18, 2023. This disruption has profoundly affected the daily lives of people worldwide and instigated an
unprecedented disruption to the global economy. Vaccines and therapeutic monoclonal antibodies were rapidly developed in response
[1,2]. As of October 15, 2023, a total of 13.5 billion vaccine doses have been administered globally.

SARS-CoV-2, a single-stranded RNA virus, exhibits a propensity for rapid mutation due to its replication process. This allows for the
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assembly of numerous progeny virus particles in a short period, contributing to its rapid transmission and evolution. Recombination
also plays a vital role in SARS-CoV-2 evolution. During mixed infections, coronaviruses can fuse with each other, with genetic
recombination acting as a crucial pathway for their evolutionary adaptation. Through recombination, coronaviruses can accumulate
multiple mutations in a single event, potentially increasing viral transmissibility and immune evasion [3-6].

The virus has undergone an evolutionary path, progressing from Wuhan-Hu-1 through variants such as B.1, Alpha, Beta, Gamma,
and Delta. These variants have developed a greater ability to evade the immune system [7]. The Omicron variant, with its significant
immune evasion capability, has been associated with an increase in breakthrough infections [8]. Since late 2022, the Omicron sub-
variant XBB.1.5 has become the dominant lineage of SARS-CoV-2. Key amino acid mutations in its spike (S) protein contribute to the
XBB variant’s significant immune escape capability [9]. Compared to the XBB.1 variant, the receptor-binding domain (RBD) of the
XBB.1.5 variant’s S protein shows a single mutation (S486P). This mutation can affect the virus’s transmission capability by modu-
lating the efficiency of viral cell entry and potentially alter its susceptibility to antibody-mediated neutralization [10].

Despite its potential for research, working with live SARS-CoV-2 presents challenges due to its contagiousness and virulence,
requiring handling in biosafety level 3 (BSL3) facilities [11]. This requirement can hinder and delay the development of effective
antiviral candidates. Fortunately, PsVs effectively mitigate this constraint. PsVs can infect susceptible cells but only undergo a single
replication cycle within the host, making them generally safer and easier to use for experimental purposes compared to the wild-type
(WT) virus [12,13]. Importantly, the structural conformation of pseudoviral surface proteins closely resembles that of natural viral
proteins, facilitating efficient invasion of host cells [14]. Therefore, producing SARS-CoV-2 PsV particles is crucial in the absence of
live SARS-CoV-2 virus [15]. Once obtained, PsV particles of the SARS-CoV-2 S protein can be used for neutralizing antibody detection,
further evaluating the neutralizing ability of antibodies in serum samples from COVID-19 patients [16].

In this study, we developed a dual-reporter PsV system based on an HIV vector to investigate the entry process of SARS-CoV-2. This
system simultaneously expresses ZsGreen1 and Fluc, enabling convenient observation and analysis of viral infection. Additionally, the
PsV system was designed to analyze the effects of S protein mutations in different SARS-CoV-2 variants on target cell infection.

We utilized a lentivirus (LV), also based on an HIV vector, expressing both human angiotensin converting enzyme 2 (ACE2) and
mCherry. These ACE2-mCherry-293T cells, constructed through lentiviral transduction, served as target cells for SARS-CoV-2 variant
infection.

To evaluate the protective efficacy of the PF-D-Trimer protein vaccine against various PsV variants, we immunized rats with this
vaccine. PF-D-Trimer is a subunit SARS-CoV-2 vaccine candidate containing the recombinant S-glycoprotein from the Delta variant in
its prefusion form, trimerized by fusion with a proprietary Trimer Domain (TD). TD is a fragment from the hemagglutinin long alpha
helix linked by disulfide bonds, mimicking its natural intermolecular proximity in the heptad repeat. It has been successfully used to
stabilize, trimerize, express, and purify soluble SARS-CoV-2 RBD and S1, as well as influenza hemagglutinin H7. As previously
demonstrated, PF-D-Trimer induces a strong immune response, generating circulating and neutralizing antibodies against the original
WAL1 virus, the Delta variant, and different Omicron variants. These results support our vaccine strategy of using the Delta variant S
protein as an antigen [17]. To assess the neutralization effect, we analyzed serum samples from vaccinated rats for changes in the
neutralization inhibition rate against various PsV variants.

2. Materials and methods
2.1. Animals and immunization

6-week-old Sprague-Dawley rats were acquired from the Hubei Laboratory Research Centre. In a regulated setting with a 12-h cycle
of light and darkness, animals were provided unrestricted availability to water and food. Approval number 2021018 was granted by
the Laboratory Animal Ethics Review Committee of Hubei University of Technology for the in vivo experiments.

The immunization of Sprague-Dawley rats was done via intramuscular (IM) injection using 30 pg of PF-D-Trimer along with 375 pg
of alum and 0.75 mg of CpG 1018 as an adjuvant. The total injection volume of the formulated vaccines was 500 pL per IM dose. The
administration of three intramuscular doses took place on Day 0, Day 22, and Day 43. The sera were collected at Day 71.

2.2. Plasmids

The amino acid and nucleotide sequences of the S protein of each variant, with 19 amino acids deleted from the C-terminus, are
provided in the supplementary information. Additionally, the nucleotide sequences of the S protein for different variants were syn-
thesized using whole-gene synthesis technology. Finally, the S proteins were cloned into the pCMV eukaryotic expression vector after
PCR amplification with primers from Supplementary Table S1. Specifically, this experiment used the 2 x Phanta Flash Master Mix
high-fidelity enzyme (Vazyme) and added forward primer and reverse primer for PCR amplification of different S protein nucleotide
sequences. During the process, the Kpnl and Xbal restriction endonucleases (New England Biolabs) were used for double-digestion of
the pCMV vector to obtain a linear vector. The PCR amplification products and the double-digest products were loaded into separate
wells of a 0.1 % agarose gel for electrophoresis. The FastPure Gel DNA Extraction Mini Kit (Vazyme) was used for gel extraction of the
desired PCR product bands and the linearized vector bands. The DNA concentration of the gel-extracted products was measured using
Qubit (Thermo Fisher Scientific). According to the instructions of the ClonExpress II One Step Cloning Kit (Vazyme), corresponding
volumes were added for cloning. Subsequently, transformation and colony PCR sequencing were performed to obtain the recombinant
plasmid pCMV-SARS-CoV-2 S. The construction process of the SARS-CoV-2 PsV transfer plasmid is as follows: the Fluc fragment from
the pLVX-CMV-Fluc-T2A-GFP-Puro plasmid was PCR amplified using forward and reverse primers (Supplementary Table S2).
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Simultaneously, the pLVX-EF1a-IRES-ZsGreenl plasmid was digested with EcoRI and BamHI restriction enzymes to obtain a linearized
vector. Subsequently, the Fluc fragment was cloned into the linearized vector to generate the recombinant plasmid pLVX-EF1a-FLuc-
IRES-ZsGreenl. This plasmid serves as the transfer plasmid for the SARS-CoV-2 PsV RNA genome and expresses reporter genes for
infectivity analysis. The human ACE2 gene, synthesized by GenScript Biotech, China, was PCR amplified using forward and reverse
primers (Supplementary Table S2) and then cloned into the linearized vector obtained by double digestion of the pLVX-CMV-MCS-
SV40-mCherry plasmid (Hedgehog Bioscience and Technology) with XhoI and AvrlIl, ultimately yielding the recombinant plasmid
pLVX-CMV-ACE2-SV40-mCherry. The PCR, double digestion, and cloning steps are consistent with those used in the construction of
the pCMV-SARS-CoV-2 S plasmid. This plasmid functions as the transfer plasmid for the lentivirus (LV) and expresses ACE2, the re-
ceptor for SARS-CoV-2 entry, on target cells. Finally, the pMD2. G and psPAX2 plasmids, expressing LV envelope proteins, were
obtained from Miaoling Biology.

2.3. Cell culture

The HEK-293T (human embryonic kidney) cell was cultured in high glucose Dulbecco’s modified Eagle medium (DMEM, Livning,
China) containing 10 % fetal bovine serum (FBS, Bio-Channel, China) in a 5 % CO; environment at 37 °C and passaged every 3 days.
The Huh7 (hepatocytes) cells, the SW620 (colorectal adenocarcinoma) cells, the HCT116 (colorectal carcinoma) cells, and the A549
(alveolar epithelial) cells were cultured in DMEM/F-12 (Livning, China) containing 10 % FBS in a 5 % CO, environment at 37 °C and
passaged every 3 days. All of the above cells were purchased from Procell.

2.4. Generation of human ACE2 over-expressing cells

HEK-293T cells were seeded in a 10 cm dish at a density of 1 x 10° cells/mL [18]. Upon reaching 80 % confluence, the cells were
transfected with a mixture of 12 pg pLVX-CMV-ACE2-SV40-mCherry, 6 pg psPAX2, and 3 pg pMD2.G plasmids using PEI MAX [19].
Supernatants were collected 48 and 72 h post-transfection, centrifuged at 3000xg for 5 min at 4 °C to remove debris, and then
transferred to new tubes. The lentivirus particles were concentrated using a 100 kDa MWCO filter [20] and aliquoted for storage at
—80 °C.

To generate the ACE2-mCherry-293T cell line, HEK-293T cells were seeded in a 96-well plate at 2 x 10* cells/well and transduced
overnight with the concentrated lentivirus particles and 6-8 pg/mL polybrene. The next day, the culture medium containing LV was
discarded, and transduced cells were incubated with fresh DMEM for 48-72 h mCherry expression was monitored using fluorescence
microscopy. Single cells exhibiting mCherry fluorescence were isolated after trypsinization and seeded in a 96-well plate at 1-2 cells
per well. Single-cell clones were expanded and cultured. The transduced HEK-293T cells were observed daily, and the medium was
changed every three days [21].

2.5. Preparation of COVID-19 PsVs

To generate SARS-CoV-2 PsVs, a three-plasmid approach was employed, utilizing the lentiviral Gag/Pol-containing vector psPAX2,
an HIV-based LV packaging vector, to supply the capsid for PsV. The RNA genome for PsV was provided by using the plasmid pLVX-
EFla-FLuc-IRES-ZsGreenl, which included two reporter genes, namely ZsGreenl and Fluc. PsV is provided with S glycoprotein by
using the third plasmid containing the envelope fragment of SARS-CoV-2, named pCMV-SARS-CoV-2 S. The polyetherimide (PEI) MAX
transfection reagent was used to co-transfect HEK-293T cells with these three plasmids. ZsGreenl was utilized for assessing the
transfection effectiveness. After mixing the plasmid and transfection reagent, the mixture was transfected into HEK-293T cells. Su-
pernatants were collected from O to 48 h and 48-72 h separately into sterile centrifuge tubes. The tubes were then centrifuged at
3000xg for 5 min at 4 °C. The supernatants containing PsV particles were transferred to new centrifuge tubes after filtration through a
0.45 pm filter. Finally, the filtered supernatants were aliquoted into sterile EP tubes and stored at —80 °C.

2.6. Pseudotyped virus infection assays

ACE2-mCherry-293T cells (2 x 10* cells/well) were seeded in a 96-well plate and incubated overnight at 37 °C in a 5 % CO,
incubator one day before infection. The next day, the culture medium was discarded and replaced with a mixture of PsV supernatant
(containing 6-8 pg/mL polybrene) and fresh complete medium. The cells were then incubated with the PsV for 12-18 h. Finally, the
culture medium was replaced with fresh complete medium. The cells were maintained in culture for an additional 48 h. To measure
luciferase activity, 100 pL/well (150 pg/mL) of D-luciferin potassium salt (Beyotime, China) was added to the 96-well plate and co-
incubated with cells transduced with different PsV variants for 10 min. Subsequently, RLU (Relative Light Units) values were measured
using a Varioskan™ LUX multimode microplate reader (Thermo Fisher Scientific) [22].

2.7. Flow cytometry

For the detection of ACE2 expression, ACE2-mCherry-293T cells, obtained through trypsin digestion, were resuspended in
phosphate-buffered saline (PBS) to create a single-cell suspension. These cells were then stained with 5 pL of FITC-labeled anti-ACE2
antibody (Sino Biological) per test and incubated for 30 min at 4 °C. Following three washes with PBS, ACE2 expression was analyzed
on a NovoCyte flow cytometer (Agilent NovoCyte 3000). The flow rate of the flow cytometer was 35 pL/min, with the sample loading
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speed set at 500-1500 cells per second. Both the FITC and PE fluorescence channels used band-pass filters, corresponding to wave-
lengths of 530/30 nm and 572/28 nm, respectively, and the laser wavelength used for both fluorescence channels was 488 nm.

To determine the titer of the lentiviral particles, HEK-293T cells were seeded in a 96-well plate at a density of 2 x 10* cells per well
in DMEM complete medium supplemented with 6-8 pg/pL of polybrene. Serial dilutions of the lentiviral particles (10 pL per well) were
added to each well. After 72 h of incubation, the percentage of mCherry-positive cells was determined by flow cytometry.

PsV titer was determined by first seeding ACE2-mCherry-293T cells in a 96-well plate at a density of 2 x 10* cells per well and
incubated overnight. The culture medium was then removed, and 100 pL of PsV supernatant was added to each well. Following 24 h of
incubation with the PsV, the cells were cultured in fresh DMEM complete medium. ZsGreenl expression was quantified by flow
cytometry 72 h after infection.

The titration of LV and PsV can be calculated using the same formula. Transduction Units (TU/mL) =F x C x D/V. F: the expression
rate of fluorescent reporter genes (ZsGreenl or mCherry); C: cell number per well on the day of transduction; D: Dilution factor of the
virus; V: virus volume [23].

2.8. PsV-based neutralization assay

Following immunization with the Delta B.1.617.2 protein vaccine, the rat sera were incubated at 56 °C for 30 min to inactivate the
complement. Subsequently, the sera were diluted at a ratio of 1:80, and then further diluted in a 2-fold serial manner. The diluted sera
were mixed with PsV (2 x 10* TU/mL) in 96-well plates, respectively. After resting at 37 °C for 1 h, the mixture of serum and PsV was
incubated overnight with ACE2-mCherry-293T cells. Subsequently, the medium was replaced with fresh DMEM complete culture
medium, and incubation was continued for 48 h [24]. Chemiluminescence signals were measured using a Varioskan™ LUX multimode
microplate reader and expressed as RLU values. The calculation of the inhibition rates for each dilution of the sample is based on the
RLU values, using the formula: inhibition rate = [1 - (average RLU of sample - average RLU of cell control)/(average RLU of virus
control - average RLU of cell control)] x 100 % [25].

Results were processed using GraphPad Prism 8.0 (GraphPad) and are displayed as means =+ standard deviations (SD). Significance
thresholds: *p < 0.05, **p < 0.01, ***p < 0.005, and ****p < 0.001.
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Fig. 1. Production of basic Spike-pseudotyped lentiviral vector. (A) Displaying spike protein mutations of analyzed SARS-CoV-2 PsV variants.
Amino acid mutations manifest in various forms: substitutions, deletions (blank squares), and insertions (yellow squares). SP: signal peptide. NTD:
N-terminal domain. RBD: receptor-binding domain. (B) Characteristic process for the production of SARS-CoV-2 PsV variants encoding ZsGreenl
and Fluc. (C) Sequence of S protein base of different variants of COVID-19 and display of key amino acid mutation. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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3. Results
3.1. Production of basic S-pseudotyped lentiviral vector

To construct pseudovirus (PsV) envelopes incorporating various SARS-CoV-2 S protein variants, we employed their respective
amino acid sequences. Compared to the prototype strain, these variants harbor diverse deletions and mutations (Fig. 1A). PsV pro-
duction involved co-transfecting HEK-293T cells with three plasmids: pLVX-EF-a-FLuc-IRES-ZsGreenl (expressing reporter genes),
psPAX2 (packaging plasmid), and pCMV-SARS-CoV-2 (variant-specific S protein plasmid). Between 48 and 72 h post-transfection, cells
release PsV particles into the supernatant that recognize and infect ACE2-expressing 293T cells (Fig. 1B). To generate PsVs expressing
the SARS-CoV-2 S protein, the S gene was incorporated into the pCMV vector, commonly used for envelope protein expression. The
functionality of each PsV variant is dictated by its specific pPCMV-SARS-CoV-2 S envelope plasmid. Notably, all S proteins in this study
lack the C-terminal 19 amino acids, which typically function as a retention signal within the endoplasmic reticulum. Further sequence
analysis confirmed the presence of key S protein mutations in each PsV variant (Fig. 1C). These mutations vary in position and nature
across different variants. For instance, the Delta B.1.617.2 variant harbors a unique combination of T478K, P681R, and L452R mu-
tations [26]. Similarly, the BA.5 variant possesses two signature mutations, L452R and F486V [27]. Finally, XBB.1.5 emerged from
XBB.1 (F486S) through the acquisition of the F486P mutation in the S protein [28].

3.2. Construction and identification of stable ACE2-mCherry-293T cell line

To facilitate efficient transduction of HEK-293T cells by SARS-CoV-2 PsV, we established a stable cell line overexpressing the ACE2
receptor. The ACE2 gene was integrated into the pLVX vector’s multiple cloning site (MCS). Additionally, the mCherry fluorescent
protein gene was placed under a SV40 promoter, and the puromycin resistance gene under a PGK promoter (Fig. 2A). PCR amplified
the ACE2 gene, and the products were inserted into the pLVX-CMV-MCS-SV40-mCherry plasmid through homologous recombination
followed by transformation. Successful insertion of the ACE2 fragment was confirmed by colony PCR (Fig. 2C). Co-transfection of three
plasmids resulted in lentiviral particles containing the construct. Flow cytometry determined the concentrated lentiviral titer,
revealing mCherry positivity upon 10-fold dilution. The calculated transduction units were 3.06 x 108 TU/mL for unexpressed ACE2
and 3.03 x 107 TU/mL for expressed ACE2 (Fig. 2D). HEK-293T cells infected with LV-mCherry and LV-ACE2-mCherry were isolated
using limited dilution and seeded in a 96-well plate. Monoclonal cells were imaged on days 7 and 25 using an Operetta High Content
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for pLVX-CMV-ACE2-SV40-mCherry recombinant plasmid. M: DL5000 DNA Marker; Lanes 10: negative control without template, others were
experimental group samples. (D) The titers of LV-mCherry and LV-mCherry-ACE2 were detected by flow cytometry. (E) Over-expressing ACE2-
mCherry single-cell culture from clonal expansion. Operetta High Content Imaging System images show single-cell into a 96-well plate on (day 7)
and subsequent expansion (day 25) of ACE2-mCherry-293T previously isolated and cultured inside 6-well plate. Left: brightfield photographs
depicting a single cell and the cell after expansion are displayed. Right: mCherry photographs depicting a single cell and the cell after expansion are
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determined by flow cytometry.
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Imaging System (Perkin Elmer) (Fig. 2E). Flow cytometric analysis with FITC anti-human ACE2 antibody confirmed ACE2 expression
in mCherry-positive cells, with a double positivity rate of 96 % (Fig. 2F). This stable ACE2-mCherry-HEK-293T cell line was deter-
mined to be suitable for further studies involving SARS-CoV-2 PsV infection.

3.3. Dual-reporter SARS CoV-2 PsV production and infectivity

To simplify observation and analysis, a single vector expressing both ZsGreen1 and Fluc was designed (Fig. 3A). SARS-CoV-2 PsVs
were generated using a three-plasmid co-transfection approach involving pCMV-SARS-CoV-2 S for S protein expression, psPAX2 as the
packaging plasmid, and pLVX-EF1-a-FLuc-IRES-ZsGreenl as the transfer plasmid. Approximately 80 % of HEK-293T cells expressed
fluorescent protein 48-72 h post-transfection, indicating efficient plasmid transduction (Fig. 3B).

To investigate PsV production over time, supernatants from different variants collected at various intervals were used to infect
ACE2-mCherry-293T cells. RLU values were higher at 48-72 h compared to 0-48 h, with the XBB variant displaying the highest RLU
value (Fig. 3C). Further evaluation of PsV transduction efficiency using ACE2-mCherry-293T cells revealed readily observable
infection using an Operetta High-Content Imaging System (Fig. 3D). Flow cytometry analysis quantified ZsGreenl reporter gene
expression, with the positive control SARS-CoV PsV showing the highest GFP expression (40.08 %), followed by XBB.1 (10.70 %) and
XBB.1.5 (9.65 %). Other variants exhibited lower expression rates (5.67 %-10.30 %). PsV variant concentrations ranged from 1.70 x
10* TU/mL to 3.21 x 10* TU/mL.

3.4. Various cell lines exhibited varying levels of susceptibility to PsV variants

Afterwards, we assessed if SARS-CoV-2 PsV had the capability to infect cell lines derived from the human kidney, liver, and colon.
VSV-G PsV served as the experimental group for comparison purposes. The measurement of Fluc activity was conducted at 72 h post-
infection. As anticipated, VSV-G PsV efficiently transduced all types of cells. The SARS-CoV-2 PsV variants show higher RLU values
when infecting ACE2-mCherry-293T cells and Huh7 cells compared to HEK-293T cells, HCT116, and A549 cell lines, indicating that
different cell types have varying degrees of sensitivity to these PsV variants. In addition, we noticed a pattern where, except for SW620
cells, SARS-CoV PsV generated greater RLU values in comparison to SARS-CoV-2 PsV while infecting different cells. This indicates the
possibility of distinct mechanisms of cell entry mediated by S protein, distinguishing between SARS-CoV-2 and SARS-CoV.
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cells. The expression of ZsGreen1 fluorescence was observed using an inverted fluorescence microscope at different time points (Scar bar, 500 pm).
Unifected HEK-293T as negative control. (C) The RLU values of ACE2-mCherry-293T cells infected with collected SARS-CoV-2 PsV variants at
different time points were measured using microplate reader. (D) Operetta High Content Imaging System images show that SARS-CoV-2 PsV (green)
infection in ACE2-mCherry-293T cells (mCherry) (Scar bar, 100 pm). SARS-CoV PsV as positive control. (E) Titration determination of SARS-CoV-2
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3.5. Reduced neutralization of rat serum immunized with PF-D-trimer against the XBB variants

To evaluate the neutralization potential of different PsV variants against vaccinated serum, we exposed SARS-CoV-2 prototype,
Delta B.1.617.2, BA.5, XBB.1, and XBB.1.5 to varying dilutions of serum from two rats immunized with the PF-D-Trimer vaccine.
Subsequently, ACE2-mCherry-293T cells were added for analysis. Quantifiable neutralization inhibition rates were determined by
analyzing luciferase intensity values.

Both rat sera exhibited differential inhibitory effects against various PsVs and dilutions. Rat 1 serum diluted between 1:80 and
1:2560 demonstrated a stronger inhibitory effect on prototype, Delta B.1.617.2, and BA.5 compared to XBB variants (Fig. 5A).
Similarly, rat 2 serum at dilutions ranging from 1:80 to 1:640 showed a higher inhibition rate against the prototype, Delta B.1.617.2,
and BA.5 compared to XBB.1 and XBB.1.5 (Fig. 5B). Interestingly, rat 2 serum displayed inhibitory activity against XBB.1, but not
XBB.1.5, at dilutions from 1:1280 to 1:5120, possibly due to individual animal variations. Nonetheless, both sera significantly
neutralized XBB.1.5 at all dilutions. These findings suggest that mutations within XBB variants, particularly in XBB.1.5, enable them to
partially evade neutralizing antibodies generated by the PF-D-Trimer vaccine.

4. Discussion

PsVs are valuable tools for studying coronavirus entry processes and developing antiviral drugs, and their production in BSL2
facilities offers significant safety advantages [29]. The HIV-1 lentiviral system is a popular choice for generating SARS-CoV-2 PsVs,
typically involving co-transfection of 2-3 plasmids into host cells [30,31]. This system consists of three crucial components: a
packaging vector, a plasmid carrying a reporter gene, and another encoding the viral envelope protein [32].

In this study, we utilized the same lentiviral system to address two key issues. First, we integrated the ACE2 gene into the transfer
plasmid, creating the pLVX-CMV-ACE2-SV40-mCherry plasmid. Co-transfection of this plasmid with psPAX2 and pMD2. G into HEK-
293T cells produced a lentivirus overexpressing ACE2 (Fig. 2). This lentivirus can transduce various cell types, generating stable ACE2-
expressing cell lines—valuable tools for studying coronavirus target cell invasion [33].

Second, we incorporated the Fluc and ZsGreenl reporter genes into the transfer plasmid, creating pLVX-EF1-a-FLuc-IRES-
ZsGreenl. Additionally, the S gene was inserted into a separate vector to create the pCMV-SARS-CoV-2 S envelope plasmid. Co-
transfection with psPAX2 into HEK-293T cells generated a PsV overexpressing Fluc, ZsGreenl, and the S protein, enabling accurate
and convenient quantitative analysis (Fig. 3).

Initially, we used the non-truncated S gene to package the SARS-CoV-2 PsV. However, this resulted in low green fluorescence
expression and RLU values in infected ACE2-293T cells. By introducing a specific truncation mutation, we achieved a remarkable 100-
fold increase in PsV titers, reaching approximately 1 x 10* TU/mL compared to 1 x 10? TU/mL with the wild-type S protein [34]. For
further optimization, we selectively deleted the final 19 amino acids from the S protein’s cytoplasmic tail, targeting the endoplasmic
reticulum retention signal [35-37]. This modification aligned with previous literature and resulted in PsV titers ranging from 1 to 3 x
10* TU/mL for the five SARS-CoV-2 variants tested, consistent with published findings.

These are the key findings from the study. First, enhanced PsV production: Following co-transfection with PsV plasmids, peak viral
particle production occurred at 48-72 h post-transfection, as indicated by higher RLU values in the collected supernatant (Fig. 3C).
This suggests efficient PsV synthesis during this timeframe. Second, variant-dependent RLU values: Among different PsVs infecting
ACE2-mCherry-293T cells under identical conditions, RLU values increased in the following order: SARS-CoV-2 prototype, Delta
B.1.617.2, BA.5, XBB.1, XBB.1.5 (Fig. 3C). This trend aligns with the heightened infectivity observed in recent Omicron subvariants,
particularly XBB [38]. The discrepancy could be attributed to S protein mutations in different SARS-CoV-2 PsVs, potentially enhancing
viral ability to invade target cells during evolution. Third, SARS-CoV PsV displayed higher RLU values in ACE2-mCherry-293T cells
compared to SARS-CoV-2 (Fig. 3C). While both utilize ACE2 for entry [39], their S protein sequences differ. Viral entry starts with S
protein binding to the cell surface ACE2 receptor, followed by endocytosis and fusion with the cell or lysosomal membrane [40].
Importantly, S protein mutations can lead to variants with altered cellular tropism and virulence [41]. Finally, cell line susceptibility:
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Fig. 4. Various cell lines exhibited varying levels of susceptibility to PsV variants. Bioluminescence detection of SARS-CoV-2 PsV different variants
infectivity to kidney, liver, lung, and colon-derived cell lines.
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Using the PsV system, we investigated the sensitivity of different cell lines to PsV. Huh7 cells exhibited the highest susceptibility to
various PsVs (Fig. 4), consistent with previous findings [42]. This suggests a potential role for proteins like ACE2 or TMPRSS2 in
SARS-CoV-2 cellular entry [43]. While ACE2-positive cells are prevalent in the lungs of COVID-19 patients, ACE2-negative cells
susceptible to infection have also been identified, suggesting an alternative, ACE2-independent entry mechanism [44]. Understanding
the effects of SARS-CoV-2 across various cell types is crucial for elucidating the pathobiology and clinical features of COVID-19.

The ultimate goal of the PsV system we have developed is its application in neutralization tests. Our study revealed that serum
samples from rats vaccinated with the PF-D-Trimer exhibited varying degrees of neutralizing activity against different PsV variants,
particularly showing lower inhibition rates against the XBB lineage (Fig. 5). This observation aligns with previously reported con-
clusions that the XBB lineage possesses a notable ability to evade neutralizing antibodies, primarily due to its distinct constellation of
mutations within the S protein [45]. Furthermore, these findings suggest that, when subjected to equivalent conditions of serum
antibody neutralization, the XBB lineage exhibits notably diminished neutralization activity and protective immunity against
PF-D-Trimer compared to the SARS-CoV-2 prototype, Delta B.1.617.2, and BA.5. This discrepancy can be attributed to the additional
mutation at residue S486, where it is substituted with P486 in the XBB.1.5 variant. Consequently, this mutation allows for the
restoration of higher receptor affinity while simultaneously maintaining a comparable level of immune evasion.

Upon reviewing the entire study, we recognized several shortcomings in our research. Firstly, the titer of SARS-CoV-2 PsV variants
prepared in this study needs to be optimized. This could be achieved by refining the transfection ratios of the three plasmids, or by
adding different signal peptides to the N-terminus of the S protein to enhance the PsV’ ability to invade target cells. Secondly, the five
SARS-CoV-2 PsV variants used in this study represent only a small fraction of all coronavirus variants. We plan to expand the variety of
PsV variants in future studies to enrich the dataset in the field of SARS-CoV-2 PsV. Thirdly, the serum produced by immunizing rats
with the PF-D-Trimer protein vaccine was used in neutralization tests. Producing and purifying this protein vaccine, as well as its
functional validation is quite challenging, leading to a limited number of animals and species used in related neutralization experi-
ments. We aim to further optimize the production and purification conditions of the protein vaccine to meet the requirements for more
animal model neutralization tests. In addition to PF-D-Trimer, we are also designing SARS-CoV-2 vaccines based on the S proteins of
different variants in order to explore their protective capabilities against different SARS-CoV-2 strains through neutralization tests.

In conclusion, the continuous mutation of the SARS-CoV-2 virus poses a significant threat to public health. The antibodies produced
from natural infections with SARS-CoV-2 variants are no longer sufficient to protect individuals from further infections with new
variants of the virus. Moreover, the production speed of SARS-CoV-2 vaccines is far slower than the rate of virus mutation. There is an
immediate necessity to conduct a thorough evaluation of the protective immune responses exhibited by individuals who have been
infected, particularly against the strains of the virus currently in circulation, with the aim of accurately predict the likelihood of future
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Fig. 5. Reduced neutralization of rat serum immunized with PF-D-Trimer against the XBB Variants. Pseudotypes were incubated with two-fold
serially diluted serum of different rats for 60 min at 37 °C, and then were incubated onto ACE2-mCherry-293T cells. Upon 72 h, cells activity of
Fluc was analyzed. Neutralizing rate was quantitatively analyzed using Graphpad.
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