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ABSTRACT Adggressive B-cell lymphoma is one of the most common types of blood
malignancy. Robust delivery of genes of interest into target cells, long-term gene
expression, and minimal risk of secondary effects are highly desirable for translational
medicine including gene therapy and studies on gene function. However, efficient
gene delivery into viral or nonviral B-lymphoma cells remains a challenge. Here, we
report a strategy for inducing foreign gene expression in B-lymphoma cells by using a
vector based on the novel parainfluenza virus PIV5-L (a strain isolated from B cells)
that enabled us to study and control the function of a gene product within B-lym-
phoma cells. Using enhanced green fluorescent protein (eGFP) as a reporter, we
successfully rescued PIV5-L and established a one-step system to generate PIV5-L
virus-like particles (L-VLPs) with efficient delivery into a broad spectrum of susceptible
B-lymphoma cell lines, including Epstein-Barr virus (EBV)- or Kaposi's sarcoma-associ-
ated herpesvirus (KSHV)-transformed B-lymphoblastoid cells. Similar to lentiviral vector,
the L-VLP highly expressed exogenous genes and remained stable for long periods
without obvious negative effects on cell viability. Taken together, these data demon-
strate that the PIV5-L-based system provides a potential new strategy for the delivery
of desirable genes and the treatment of cancer.

IMPORTANCE B-cell lymphoma is a common aggressive neoplastic disorder of lym-
phocytes. Delivery of genes of interest into B cells, particularly virus-mediated B-lym-
phoma cells, is still a challenge. In this study, we report that a system (L-VLP) based
on the parainfluenza virus PIV5-L strain isolated from B cells had highly expressed
exogenous genes and remained stable without obvious cell toxicity, which provides
a potential new strategy for gene delivery and treatment of B-cell cancer.

KEYWORDS PIV5-L, B-cell ymphoma, gene delivery

ymphocytes exhibit many physiological immune functions based on their lineage

and stage of differentiation. Lymphomas arising from these normal lymphoid popu-
lations are complex and represent a remarkably diverse group of neoplastic disorders
(1, 2). Of these, B-cell lymphomas derived from mature B cells or precursor lymphoid
neoplasms, including aggressive non-Hodgkin’s lymphomas of diffuse large B-cell lym-
phoma (DLBCL), Burkitt lymphoma (BL), and primary effusion lymphoma (PEL), are of
significant public health concern (2, 3). Epstein-Barr virus (EBV) and Kaposi's sarcoma-
associated herpesvirus (KSHV), two human oncogenic gammaherpesviruses, have been
shown to be closely associated with several B-cell malignancies, including EBV-positive
DLBCL and KSHV-positive PEL, respectively. Among these, EBV-positive DLBCL involves

April 2022 Volume 96 Issue 8

Editor Rebecca Ellis Dutch, University of
Kentucky College of Medicine
Copyright © 2022 American Society for
Microbiology. All Rights Reserved.
Address correspondence to Qiliang Cai,
giliang@fudan.edu.cn, or Fang Wei,
fangwei@sjtu.edu.cn.

The authors declare no conflict of interest.

Received 9 February 2022
Accepted 13 March 2022
Published 4 April 2022

10.1128/jvi.00257-22 1

Downloaded from https://journals.asm.org/journal/jvi on 29 May 2022 by 202.120.79.139.


https://orcid.org/0000-0002-7147-0953
https://doi.org/10.1128/ASMCopyrightv2
https://doi.org/10.1128/jvi.00257-22
https://crossmark.crossref.org/dialog/?doi=10.1128/jvi.00257-22&domain=pdf&date_stamp=2022-4-4

PIV5-L as a B-Cell Delivery Vector

clonal B-cell proliferation and often occurs in both elderly and younger patients, pre-
dominantly males with immunodeficiency (4). PEL is a B-cell neoplasm derived from
the pleural, pericardial, and peritoneal spaces and harbors multiple copies of the KSHV
genome, which are required for cell survival. PEL usually occurs in HIV-infected
patients, and some cases have also been reported in HIV-negative immunocompro-
mised patients after organ transplantation and in elderly men (5). However, the prog-
noses of PEL and EBV-DLBCL patients are usually poor, and currently there is no effi-
cient and specific treatment, which requires further investigation. Although several
gene delivery technologies, including retrovirus and lentivirus systems, are widely used
to study gene functions of interest and for gene therapy (6), the efficiency of delivering
exogenous genes into B cells, particularly EBV- or KSHV-positive B-lymphoma cells, is
still a challenge and remains to be further improved.

Parainfluenza virus 5 (PIV5), formerly named simian virus 5 (SV5) (7), is a nonseg-
mented negative-stranded RNA virus (NNSV) of 15,246 nucleotides. It encodes eight
proteins, including the nucleocapsid protein (NP), V protein (V), phosphoprotein (P),
matrix protein (M), fusion protein (F), small hydrophobic protein (SH), hemagglutinin-
neuraminidase (HN), and RNA polymerase large protein (L). Among these, P and V are
expressed by a single gene (the V/P gene) that transcribes two independent mRNAs by
adding two nontemplated G residues to the P mRNA (8). NP encapsidates genomic
RNA to form a helical nucleocapsid structure (ribonucleoprotein, or RNP), which not
only serves as a template for transcription and replication by the polymerase complex
(consisting of P and L) but can also protect RNA from degradation by nucleases (9). M,
HN, and F together are responsible for virus particle production and infection, while M
can self-assemble and link the RNP with HN to form the budding site at the cellular
membrane to initiate virus particle release (10-12). Although HN or F alone is sufficient
to bud particles, the cytoplasmic tail of these two glycoproteins is indispensable for vi-
rus assembly and budding (13). When viruses infect host cells, HN, whose RBD (recep-
tor binding domain) performs a sialidases function, binds to and cleaves the sialic acid
receptor of the cell membrane and in turn triggers an F conformational change and vi-
rus-cell membrane fusion (14).

One promising feature of PIV5 is its ability to infect most mammalian cells without
causing cytopathic effects (15). Host cells are persistently infected with PIV5, and there
is no potential risk of genetic modification, recombination, or insertion of host cell
DNA (16). It has been reported that PIV5 rescued by reverse genetics systems can
express green fluorescent protein (GFP) over 20 passages without affecting the replica-
tion ability of wild-type virus (17). Therefore, PIV5 could be an ideal delivery vector to
express different exogenous proteins. For example, the He group used PIV5 as a vector
to generate a vaccine against infection with the fatal Middle East respiratory syndrome
coronavirus (MERS-CoV) by expressing MERS-CoV spike protein, which also challenged
the limitation of the longest single gene (over 40,00 nucleotides) that can be inserted
and expressed within the whole viral genome (18). Recently, the same group also
developed a vaccine against SARS-CoV-2 based on the PIV5 vector that achieved prom-
ising protective efficacy (19).

In this study, we show a strategy for inducing foreign gene expression in B-lym-
phoma cells by using a vector based on PIV5-L (a novel strain isolated from B-lym-
phoma cells in the laboratory). Using enhanced GFP (eGFP) as a reporter, we success-
fully developed a one-step system to generate PIV5-L virus-like particles (L-VLPs) with
more efficient delivery and a broader spectrum of infection of various B lymphoma cell
lines, including EBV- or KSHV-infected B-cell lines, than lentiviral vector. These data
suggest that the PIV5-L-based system is a new strategy for the delivery of desirable
genes and the treatment of cancer.

RESULTS
Isolation and identification of PIV5-L as a novel parainfluenza virus 5 strain.
When we performed RNA sequencing of particles from supernatant of B-cell line X,
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stored in our laboratory, unexpectedly, 19.2% of the RNA reads matched to parain-
fluenza virus 5, a rank less than that of only Homo sapiens (33.8%). The sequencing
data were assembled and compared with the full-length genome sequences of other
PIV5 strains published in GenBank. The results revealed that the virus from B-lym-
phoma cell, named PIV5-L, is a novel parainfluenza virus 5 strain (GenBank accession
no. MT160087). Using PIV5-AGS as a reference sequence, we profiled the genome size
of PIV5-L as 15,246 bp, containing seven genes, 3'-N-V/P-M-F-SH-HN-L-5" (Fig. 1A).
PIV5-CPI strain has been reported to present a cytopathic effect (20). To look at the
similarities to PIV5-L, we aligned the amino acid sequence of eight proteins encoded
by PIV5-L and PIV5-CPI. The results showed that PIV5-CPI encodes 6 naturally occurring
mutations in the P/V gene (Y26H, V32I, T33I, L50P, L102P, and S157F) that did not take
place in PIV5-L. In addition, PIV5-L, not PIV5-CPI, encodes a SH-like protein, which con-
tains 31 amino acid residues, but only the first 12-amino-acid sequence is identical to
SH protein due to an open reading frame shift (Fig. 1A, upper).

To confirm the infectivity and cytotoxicity of PIV5-L, various B-lymphoma cell lines
were used to infect isolated PIV5-L particles at different multiplicities of infection
(MOls), and we monitored cell viability for 3 days, followed by immunoblot assays with
viral V5 antibodies. The results showed that PIV5-L is infectious and can infect a variety
of B-lymphoma cell lines, and the viability of most cell lines was not influenced even at
an MOI of 30, except BCBL1 was slightly decreased at 3 days postinfection (Fig. 1B).

Generation of PIV5-L and L-VLPs carrying enhanced GFP. To explore whether
the novel parainfluenza virus PIV5-L isolated from B-lymphoma cells could be used as a
vector for gene delivery into B cells, we performed reverse genetics rescue and con-
structed a T7 promoter-driven plasmid, pB-PIV5-L-GFP, containing the whole-genome
cDNA of PIV5-L with an enhanced GFP gene inserted between HN and L (Fig. 2A) and
three support plasmids (pTM1-NP/P/L) to express the viral RNA-dependent RNA poly-
merase (RdRp) complex, which is important for launching the paramyxovirus rescue
process. To efficiently produce progeny viral particles of PIV5-L-GFP, we established a
BHK-optT7 stable cell line that expresses codon-optimized T7 polymerase and trans-
fected it with plasmids pB-PIV5-L-GFP and pTM1-NP/P/L. Vero cells were then incu-
bated with the supernatant of the culture medium (Fig. 2B). As expected, at 3 days
posttransfection, we observed syncytium formation (a typical cell morphological
change after virus infection) in BHK-optT7/PIV5-L-GFP cells (Fig. 2C). The supernatants
of culture medium were collected at the fifth day as passage 0 (p0) of PIV5-L-GFP and
used to infect Vero cells. Cells with green fluorescence (GFP) were observed at 1 day
postinfection, and the ratio of GFP-positive cells to intensity was further enriched at
3 days postinfection (Fig. 2D), indicating that the generation of PIV5-L-GFP to produce
progeny viral particles was successfully achieved.

To reduce the safety issue with the use of the virus PIV5-L-GFP as a delivery vector,
we also generated a PIV5-L virus-like particle carrying GFP (L-VLP-GFP) with a single-
cycle infection that was similar to the lentiviral vector (Fig. 2B, right) (15). Due to the
BHK-optT7 stable cell line having hygromycin resistance, we inserted a puromycin re-
sistance (Puro’) gene into the L-VLP-GFP plasmid as a selectable marker (Fig. 2A, lower).
As expected, BHK-optT7 cells with GFP fluorescence were observed at 2 days posttrans-
fection (Fig. 2E). The BHK-optT7 cell line containing L-VLP-GFP (BHK-optT7/L-VLP-GFP)
was obtained after puromycin selection. To acquire L-VLP, BHK-optT7/L-VLP-GFP cells
were transfected with plasmids expressing M, F, and HN (Fig. 2B, right). At 3 days post-
transfection, the supernatants were harvested and used to infect Vero cells. The results
showed that GFP fluorescence was observed at 3 days postinfection, while no GFP-pos-
itive cells appeared in the supernatant of untransfected BHK-optT7/L-VLP-GFP culture
medium as a control (Fig. 2F), indicating that no infectious progeny were produced
in BHK-optT7/L-VLP-GFP cells when M, F, and HN were not present. In addition, no
GFP-positive Vero cells were observed when incubated with the supernatant from
L-VLP-GFP-infected Vero cell culture medium (Fig. 2F, bottom), indicating that L-VLP-
GFP-infected cells do not produce infectious progeny particles.
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FIG 1 Genome identification of PIV5-L strain from B-lymphoma cells. (A) Amino acid sequence alignment of eight PIV5-L-encoded
proteins with PIV5-CPI. Gray shadow indicates each protein for alignment. The amino acid sequence difference is highlighted in red,
and identical sequence is in yellow. (B) Cell viability of human B-lymphoma cells infected with PIV5-L at different MOIs was
monitored at different time points. (Upper) The efficiency of PIV5-L infection at an MOI of 1 was verified by immunoblotting analysis
with V5 antibodies. ns, not significant.

PIV5-L-GFP can infect various B-lymphoma cells efficiently. Since PIV5-L was iso-
lated from a B-lymphoma cell line, we wondered whether rescued PIV5-L-GFP could
infect other B-lymphoma cells. To test this possibility, we chose different types of B-
lymphoma cells (including EBV-infected, KSHV-infected, or uninfected DG75, BCBL1,
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FIG 2 Generation of PIV5-L-GFP and L-VLP-GFP. (A) Schematics of the PIV5-L-WT, PIV5-L-GFP, and L-
AVLP-GFP genome sequences. The 3’ leader includes the T7 promoter sequence, and the 5’ trailer
includes HDV-Rbz and the T7 terminator sequence (which plays an important role in PIV5 RNA
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BC3, B95.8, and LCL cells) to determine the delivery efficiency of PIV5-L by using PIV5-
L-GFP. The results showed that at 24 h postinfection, approximately 10% to 20% of the
cells in each cell line expressed GFP, and at 48 h, more than 50% of the cells in each
cell line expressed GFP, except for the B95.8 cell lines (in which only approximately
20% of cells expressed GFP) (Fig. 3A). The PIV5-L-mediated delivery efficiency of exoge-
nous GFP expression was further confirmed by immunoblotting (Fig. 3B). In addition,
evaluation of the cell viability of each cell line after PIV5-L-GFP infection showed that
most of the cell lines retained almost the same viability as that of the uninfected group
within 3 days postinfection, except for BCBL1, which had a slightly lower viability at
3 days postinfection (Fig. 3C). These data suggest that PIV5-L is a candidate for use as a
promising vector to deliver exogenous genes into various B-lymphoma cells.

In addition, growth curves in Vero cells showed that the growth characteristic of
PIV5-L-GFP was almost the same as that of PIV5-L. When Vero cells were infected with ei-
ther PIV5-L or PIV5-L-GFP at an MOI of 0.1 PFU per cell, the titer of both PIV5-L and PIV5-
L-GFP reached the highest level, more than 107 PFU/mL at 72 h postinfection (Fig. 3D),
indicating that GFP gene inserted between HN and L does not affect virus replication.

PIV5-L-VLPs are more suitable than a lentiviral vector for gene delivery into B-
lymphoma cells. Lentiviral vectors are conventional and widely used to deliver exoge-
nous genes. To assess whether PIV5-L is a more suitable vector for gene delivery into
B-lymphoma cells than a lentiviral vector, we chose different types of B-lymphoma
cells, namely, DG75, BC3, and LCL cells, and infected them with the PIV5-L-based vector
or lentiviral vector. We then compared the delivery efficiency of PIV5-L-GFP and L-VLP-
GFP with lentivirus-GFP side by side. L-VLP-GFP, a single-cycle infectious particle similar
to a lentiviral vector, was more comparable than lentivirus-GFP or PIV5-L-GFP for ruling
out secondary infection. Notably, unlike that in the lentivirus-GFP-infected group,
which rarely exhibited GFP-positive cells among DG75 and LCL cells within 72 h postin-
fection, the ratio of GFP-positive cells reached nearly 50% in both the PIV5-L-GFP- and
L-VLP-GFP-infected group (Fig. 4A and B), and the ratio reached nearly 90% at 72 h
postinfection in the PIV5-L-GFP-infected cells. In addition, the efficiency of exogenous
GFP gene delivery in the PIV5-L-GFP- or L-VLP-GFP-infected groups was almost higher
than that in the lentivirus-GFP-infected group in all tested cell lines, which was further
confirmed by the results of immunoblot analysis or infection efficiency at different
MOIs (Fig. 4C and D). These results indicate that L-VLP-GFP is more suitable for infec-
tion of various B-lymphoma cells than lentivirus-GFP.

To further clarify the effects of L-VLP-GFP as a delivery system on the stability of the
long-term expression of exogenous genes and its safety in target cells, we subcultured
the DG75, BC3, and LCL cells individually infected with PIV5-L-GFP, L-VLP-GFP, or lentivi-
rus-GFP side by side for a long-term period (7, 14, or 28 days) and then performed immu-
noblotting and cell viability analysis. The results showed that, similar to that in the lenti-
virus group, the expression of the GFP gene in both the PIV5-L and L-VLP groups
sustained high levels at 28 days without significantly impairing cell viability (Fig. 5A and
B), which was confirmed by the consistently higher percentage of GFP-positive cells
detected by flow cytometry analysis at different MOls (Fig. 5C). The viral persistence and

FIG 2 Legend (Continued)

synthesis). NP, nucleoprotein; V/P, phosphoprotein; M, matrix protein; SH-like, small hydrophobic
similar protein; F, fusion protein; HN, hemagglutinin-neuraminidase protein; L, RNA-dependent RNA
polymerase; puro’, puromycin resistance protein; eGFP, enhanced green fluorescent protein. The DNA
sequence of the portion of L-VLP-GFP with eGFP and puro insertion is shown at the bottom. (B)
Streamlined workflow for the generation of PIV5-L-GFP and L-VLP-GFP particles. A BHK cell line stably
expressing T7 polymerase was generated and then transfected with different combinations of
plasmids as indicated. For PIV5-L-GFP, viruses were harvested at p0 by centrifuging the supernatants,
and then Vero cells were infected with PIV5-L-GFP. For L-VLP-GFP, Vero cells were infected with
particles directly collected by centrifuging the supernatants. (C) Syncytium formation in BHK-optT7
cells transfected with a combination of PIV5-L-GFP component plasmids. (D) Vero cells left uninfected
(mock) or infected with PIV5-L-GFP at 1 day or 3 days postinfection from panel B. (E) BHK-optT7 cells
transfected with a combination of L-VLP-GFP component plasmids. (F) Vero cells infected with control
or L-VLP-GFP supernatant from panel E or supernatant from L-VLP-GFP-infected Vero cells at 3 days
postinfection.
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FIG 3 Viral and nonviral B-lymphoma cells are susceptible to PIV5-L infection. (A) High efficiency of
PIV5-L infection in various B-lymphoma cells. Different B-lymphoma cell lines, namely, the KSHV and
EBV double-negative line DG75, the KSHV-positive lines BCBL1T and BC3, and the EBV-positive lines
LCL and B95.8 were individually infected with PIV5-L-GFP at an MOI of 1. Green fluorescence (GFP)
images were taken at 24 hpi and 48 hpi. (B) Whole-cell lysates of B-lymphoma cells with PIV5-L-GFP
infection from panel A were individually subjected to immunoblot (IB) analysis with the indicated
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high cell viability in BCBL1 cells infected with PIV5-L after 65 days of passage observed
by Northern blotting and cell viability analysis (Fig. 5D) indicated that the PIV5-L-based
vector has enormous advantages and is a promising gene delivery system, especially in
B-lymphoma cells.

To further extend the potential application of the PIV5-L-based system, we also com-
pared the delivery efficiency of PIV5-L-GFP and L-VLP-GFP with that of Lenti-GFP in human
normal B lymphocytes and primary cancer tissue cells. Interestingly, in healthy human
PBMCs, although we observed a few GFP* cells under microscopy in both PIV5-L-GFP- and
L-VLP-GFP (instead of lentivirus-GFP)-infected groups, CD19" cells were rarely infected
when analyzed by flow cytometry (Fig. 6A). These data indicate that PIV5-L more easily
infects B-lymphoma cells than the lentiviral vector but not normal B cells, which could be
an advantage for using PIV5-L as a vector for treating B lymphoma in vivo. In contrast, in
primary breast cancer tissue, a much higher percentage of GFP-positive cells was observed
in the PIV5-L-infected group than in the lentivirus-infected group at 48 h postinfection
(Fig. 6B) and consistently higher infection efficiency of both PIV5-L-GFP- and L-VLP-GFP
than Lenti-GFP in the liver cancer cell lines HepG2 and HepAD38 at different MOlIs (Fig.
6C). These results indicate that PIV5-L-based gene delivery is a potential versatile system
that enables the expression of genes of interest in various types of cancer cells.

DISCUSSION

In this study, we successfully rescued PIV5-L, which was isolated from a B-lymphoma
cell line, and demonstrated that both PIV5-L and its L-VLPs widely infected different types
of human B-lymphoma cells and expressed the exogenous genes of interest they carried
with high efficiency, as evidenced by the expression of the green fluorescent gene as a re-
porter. Compared with the lentivirus system, both the PIV5-L and L-VLPs displayed higher
efficiency and infected a broader range of B-lymphoma cell types. Although BCBL1 cells
presented slight cytotoxicity after PIV5-L infection at approximately 3 to 5 days, the expres-
sion of GFP in most PIV5-L-GFP- or L-VLP-GFP-containing B lymphoma cells lasted over a
period of 28 days without obvious signs of cytotoxicity, suggesting that the PIV5-L-based
system can deliver and sustain the expression of genes of interest over a long time period.
On the other hand, distinct from the integration of lentivirus, the property of nonintegra-
tion of L-VLP-GFP leading to a gradual reduction of a high level for a long-term period
may enhance PIV5-L as a delivery system in balancing effectivity and safety in vivo. The ob-
servation of different levels of PIV5-L persistence at 28 days or longer postinfection in dif-
ferent types of B-lymphoma cell lines (i.e, DG75, BC3, BCBL1, and LCL) indicated that the
effectivity of PIV5-L as a delivery system in different cell types slightly varies, and we need
to pay attention to this for use in particular cases in the future.

In addition, since the PIV5-L genome is a negative-sense RNA, unlike the lentiviral
genome, it is unlikely to integrate into host chromosomal DNA. The observation that
both PIV5-L and its L-VLPs hardly infected normal B lymphocytes in vitro further
reduces the safety concerns regarding their use as delivery vectors in vivo. To simplify
the process of PIV5-L and L-VLP production, we established the BHK-optT7 cell line and
optimized the ratios of different plasmid components for efficient cotransfection to
achieve a high yield rate of viral particles. Moreover, unlike the lentivirus system, which
has a redundant infection process, the PIV5-L-based system is much easier to operate
and does not require centrifugation at the initial infection.

Regarding the issue of the insertion position of the exogenous gene, it should be
considered to balance viral gene stability and exogenous gene expression, because
PIV5 has a polarity of transcription, which means the abundance of mRNA decreases
with increasing distance from the 3’ promoter due to the disengagement of RNA poly-
merase and rapid degradation of non-poly(A) mRNAs (21). The common insertion site

FIG 3 Legend (Continued)

antibodies. (C) The cell viability of B-lymphoma cells with or without PIV5-L-GFP infection at an MOI
of 1 was monitored at different time points. ns, not significant. (D) Growth curves of PIV5-L, PIV5-L-
GFP, and L-VLP-GFP in Vero cells by focus-forming assay. ns, not significant.
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of exogenous genes in PIV5 is located between the SH and HN genes or between the
HN and L genes (22). Our PIV5-L strain does not have the traditional SH gene, but the
insertion position located between HN and L seemed to work well in our PIV5-L-based
system. Recent studies reported that PIV5 could successfully express MERS-CoV spike
protein of gene size close to 4 kb (18), indicating that PIV5-L also has the ability to carry
the large-sized genes of interests. In addition, the consistently higher percentage and
long-term persistence of GFP-positive cells infected by both PIV5-L and L-VLP particles
at different MOIs suggest that viral infection and gene expression efficiency are inde-
pendent of cell proliferation.

To address whether PIV5-L specifically infects B-lymphoma cells and not normal B
lymphocytes, we have also tested the infection efficiency of PIV5-L in healthy human
peripheral blood mononuclear cells. The rare infection of normal CD19* B cells with
PIV5-L reduces the safety concerns. To reduce the safety issue with the use of the repli-
cation virus PIV5 as a delivery vector, several studies have developed single-cycle infec-
tion of PIV5-like particles as tools for efficient cargo packaging and delivery by using
different strategies (15, 23). In this study, we have also successfully generated a PIV5-L
virus-like particle for carrying exogenous gene (L-VLP), which presents higher efficiency
or at least efficiency similar to that of the lentiviral vector.

In addition to viral and nonviral B-lymphoma cells, to explore the potential applica-
tion of PIV5-L in other types of cancer cells, we also performed infection of PIV5-L in
both primary breast cancer cells and liver cancer cell lines. The results showed high
infection efficiency of both primary breast and liver cancer cells with PIV5-L, indicating
that the PIV5-L-based system is a new strategy for the delivery of desirable genes and
the treatment of different types of cancer.

In summary, we have demonstrated that the PIV5-L-based system provides a poten-
tial new strategy that is versatile and efficient and can easily deliver desirable genes
and treat B-lymphoma and other types of primary cancer.

MATERIALS AND METHODS

Cell cultures. BHK-optT7, Vero, and primary breast cells were cultured in 10% fetal bovine serum
(FBS)-Dulbecco’s modified Eagle medium (DMEM) (Gibco) with 1% penicillin, gentamicin, and strepto-
mycin (Gibco-BRL). B-lymphoma cell lines HepG2 and HepAD38 and human PBMCs were cultured in
10% FBS-RPMI 1640 (HyClone) medium with 1% penicillin, gentamicin, and streptomycin (Gibco-BRL).
All cell lines were incubated at 37°C in a humidified environmental incubator with 5% CO..

Reagents and antibodies. Antibodies to V5 (2B7A9 [Proteintech] for Western blotting; D3H8Q [CST]
for flow cytometry), GFP (F56-6A1; Santa Cruz), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (G8140-01; US Biological) were used.

Viral genome sequencing and analyses. The supernatant of B-cell line X culture medium was fil-
tered through a 0.45-um filter and ultracentrifuged at 290,000 x g for 2 h. Pellets were suspended in
100 wlL of phosphate-buffered saline (PBS), and the RNA from the suspension was isolated using TRIzol
reagent according to the manufacturer’s instructions (Invitrogen). The extracted RNA was submitted to
OE Biotech (Shanghai, China) for high-throughput sequencing in an lllumina sequencing system based
on the transcriptome de novo sequencing platform. The obtained viral contigs were analyzed and anno-
tated by the MG-RAST server. The cutoff for the annotation was a maximum E value of 1e—10, 80% mini-
mum percentage identity, and 35 bp for minimum alignment length. The viral genomic sequences were
obtained by reverse transcription-PCR (RT-PCR) using primers based on the parainfluenza virus 5-associ-
ated contigs obtained by high-throughput sequencing.

Plasmid construction. For construction of pB-PIV5-L-GFP, the full-length virus genomic cDNA was
amplified from viral RNA by reverse transcription (AT301; Transgene) and PCR (primer star mix; TaKaRa).
The complete cDNA of the 15,246-nucleotide PIV5-L genome was divided into 6 fragments using 6 pairs
of primers, and then we inserted these fragments into pBluScriptlISK(+) by an in-fusion cloning tech-
nique (D7010S; Beyotime). Three support plasmids, pTM1-NP, pTM1-P, and pTM1-L, were generated by
amplification from full-length ¢cDNA, and then we ligated PCR product into pTM1 plasmid, which con-
tained T7 promoter and internal ribosomal entry site elements. pB-PIV5-L-VLP-GFP was constructed by

FIG 4 Legend (Continued)

points (MOI, 1). The green fluorescence (GFP) and bright merged images are shown as indicated. (B)
The percentage of GFP-positive B-lymphoma cells after viral infection from panel A was quantified by
flow cytometry analysis. The statistical analysis at 3 days postinfection is shown. (C) Immunoblot
analysis of B-lymphoma cells after viral infection from panel A was performed with the indicated
antibodies. (D) The percentage of GFP-positive B-lymphoma cells with viral infection at different MOls
at 3 days postinfection was quantified by flow cytometry analysis. ****, P < 0.0001. ns, not significant.
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FIG 5 Persistence of different B-lymphoma cells with L-VLP infection. (A) DG75, BC3, and LCL B-lymphoma cells
infected with Lenti-GFP, L-VLP-GFP, and PIV5-L-GFP (MO, 1) after long-term culture were individually subjected
to immunoblot (IB) analysis with the indicated antibodies. (B) The percentage of viable B-lymphoma cells after
viral infection from panel A was quantified. **, P < 0.05. ns, not significant. (C) The percentage of GFP-positive
LCL cells with viral infection at different MOIs after long-term culture was quantified by flow cytometry
analysis. (D) Northern blot analysis of viral persistence in BCBL1 cells infected with PIV5-L (MOI of 0.1, 1, and
10) after long-term culture. The percentage of viable cells after long-term culture was quantified and is shown
on the left.

deleting the HN gene and replacing the M and F genes of PIV5-L with GFP and puromycin resistance
genes, respectively.

Rescue of PIV5-L-GFP particles. Briefly, we seeded 4 x 10° BHK-optT7 cells in each well of a 6-well
plate and then transfected cells at 70% confluence. The amounts of the four plasmids used were 3 g pB-
PIV5-L-GFP, 1 ug pTM1-NP, 0.2 g pTM1-P, 1.5 ug pTM1-L, and 23 ulL Fugene HD. They were mixed into
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Opti-MEM with 200 uL total volume and then add to wells after incubating for 15 min at room temperature.
Culture was done at 37°C without exchanging the growth medium. At 4 days posttransfection, we harvested
supernatants with spinning at 3,500 rpm at 4°C for 15 min and aliquoted them for storage at —80°C for use.

Production of L-VLP-GFP particles. BHK-optT7 cells were seeded into a 6-well plate (4 x 10° per
well) the day before transfection. When cells reached about 70% confluence, all plasmids, including pB-
PIV5-L-VLP-GFP (2 ng), pTMI-NP (0.5 ng), pTMI-P (0.1 ng), pTMI-L (0.8 ng), pCAGGS-F (0.8 1g), pCAGGS-
HN (0.8 wg), and pCAGGS-M (0.5 ng), were transfected into BHK-optT7 in one step using jetOPTIMUS
transfection reagent. At 2 days posttransfection, the supernatants were collected by centrifuging at
3,500 rpm for 10 min and then aliquoted and stored at -80°C for use.

Production of lentivirus-GFP particles. plLenti-CMV-EGFP-Hygro, pVSV-G, and pSPAX2 were
cotransfected into 293T cells by using polyethyleneimine (PEI) at a ratio of 4:3:1 to generate lentivirus-
GFP virus particles. At 2 days posttransfection, the supernatants were collected by centrifugation at
3,000 rpm for 10 min, passed through a 0.45-um PES filter to further remove the cell debris, and then ali-
quoted and stored at -80°C for use.

Quantification of L-VLP-GFP and lentivirus-GFP virus titers. To determine the L-VLP particle titer,
Vero cells were seeded on the 24-well plates at 4 x 10° per well 4 h before infection. L-VLP was serially 10-
fold diluted in 2% FBS-DMEM to infect Vero cells. At 2 h postinfection, culture medium was replaced with
6% FBS-DMEM. One day postinfection, cells were collected and the GFP-positive cells were detected by
flow cytometry. The process of lentivirus-GFP quantification was the same as that for L-VLP. We just replaced
Vero cells with 293T cells and counted them 72 h after transduction. Virus titers [Transducing Unite (TU)/
milliliter] were calculated in cultures with 5% to 20% GFP-expressing cells according to the following for-
mula: (% GFP-expressing cells/100) x number of cells at moment of transduction x dilution factor/volume
of viral supernatant used for transduction (milliliters) (24). The flow data were analyzed by FlowJo v.10.

Lentivirus, PIV5-L, or L-VLP infection of cells. Adherent cells were seeded 24 h before infection.
After infection, the culture medium was removed and lentivirus, PIV5-L, or L-VLP diluted in 2% FBS-DMEM at
the indicated MOI was added. For cells in suspension, the culture medium was removed by centrifugation at
1,200 rpm for 4 min, and lentivirus, PIV5-L, or L-VLP diluted in 2% FBS RPMI at the indicated MOIls was added.
Two hours after incubation, the inoculum was replaced with complete cell culture medium.

Single-step growth rate. Monolayers of Vero cells in 24-well plates were washed with PBS and then
infected with PIV5-L in DMEM-2% FBS at an MOI of 0.1 PFU/cell for 2 h at 37°C. The cells were then
maintained in DMEM-2% FBS. Medium was collected at 12, 24, 48, 72, and 96 h postinfection (hpi). The
titers of viruses were determined by focus-forming assay on Vero cells.

Focus-forming assay. Vero cells were seeded in a 96-well plate (4 x 10 cells/well) 1 day before infec-
tion. When cells achieve 100% confluence, we added 100 uL/well 10-fold serially diluted virus (diluted in 2%
FBS-DMEM) to cells, incubated them at 37°C for 2 h, and overlaid 125 uL of 2x DMEM containing 1% meth-
ylcellulose and 2% FBS into each well. We fixed cells with 4% paraformaldehyde (100 wL/well) at room tem-
perature for 40 min at 3 days postincubation. The flick-off overlay was then washed with 150 wL/well block-
ing buffer (PBS containing 1% FBS and 0.02% Triton X-100) three times and immunostained with rabbit anti-
V5 antibody (number 13202; CST) followed by horseradish peroxidase-conjugated anti-rabbit antibody. The
foci were developed using TrueBlue peroxidase substrate (Sera Care) (25).

Flow cytometry analysis of PBMCs. Human PBMCs were isolated by Ficoll Paque plus (GE
Healthcare). After washing with PBS, PBMCs were left uninfected (mock) or were infected with PIV5-L-
GFP, L-VLP-GFP, or Lenti-GFP at an MOI of 1. At indicated times postinfection, 2 x 10° cells were har-
vested and stained with 50 L of allophycocyanin mouse anti-human CD19 antibody (HIB19, 302212;
BioLegend) diluted in fluorescence-activated cell sorting (FACS) buffer (PBS plus 2% bovine serum albu-
min and 2 mM EDTA). After incubation at 4°C in the dark for 30 min, the cells were washed once with
800 uL of cold FACS buffer. The cells were resuspended in 400 uL of FACS buffer. The stained cells were
analyzed using flow cytometry. Data were analyzed using FlowJo.

Immunoblotting. Cells were harvested, washed twice with ice-cold PBS, and lysed in ice-cold radio-
immunoprecipitation assay buffer (150 mM NaCl, 50 mM Tris [pH 7.6], 1% Nonidet P-40, 2 mM EDTA,
proteinase inhibitor mixture [1 mM phenylmethylsulfonyl fluorine, 1 g/mL aprotinin, 1 g/mL leupeptin,
and 1 g/mL pepstatin]) for 30 min on ice with brief vortexing every 5 min. The lysates were centrifuged
at 14,500 rpm for 5 min at 4°C to remove cell debris. We transferred supernatant into a new tube, and
the concentration of protein was determined by the Bradford method. Supernatants were boiled in
6x SDS loading buffer. Proteins were separated by SDS-PAGE and transferred to 0.45-um nitrocellulose
membrane for immunoblotting with primary antibodies and appropriate secondary antibodies. The
membrane was scanned and analyzed with an Odyssey infrared scanner (Li-Cor Biosciences) (26).

Cell viability assay. The percentages of human B-lymphoma cells with or without PIV5-L infection
were determined using Vi-cell XR (Beckman coulter) at different time points.

Statistical analysis. Data are presented as means =+ standard deviations from two biologically inde-
pendent replicates. Statistical analysis was performed using unpaired two-tailed Student’s t tests with

FIG 6 Legend (Continued)

infected with PIV5-L-GFP, L-VLP-GFP, or Lenti-GFP at an MOI of 1 as determined by flow cytometry
analysis. Representative green fluorescence images of uninfected (mock) or infected PBMCs are shown
at the top. (B) Representative green fluorescence images of human primary breast cancer cells (n = 3)
uninfected (mock) or infected with PIV5-L-GFP or Lenti-GFP at an MOI of 1 after 2 days. (C)
Representative green fluorescence images of human liver cancer cell lines HepG2 and HepAD38
infected with PIV5-L-GFP, L-VLP-GFP, or Lenti-GFP at different MOI after 2 days.
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GraphPad Prism 8.0.2. P values of =0.05 were considered statistically significant (***, P < 0.001; ****,
P < 0.0001).
Data availability. Genomic sequence data generated in this study have been deposited in GenBank
under accession number MT160087.
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