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A B S T R A C T 

There are numerous strategies under development to supplement or replace bone grafts. Among these 

synthetic options, growth factors such as bone morphogenetic protein (BMP-2) are often used. However, 

current burst delivery strategies have been associated with a number of complications. Transplanting cells 

engineered to over-express osteoinductive proteins over a longer period of time is a possible solution to this 

problem. In this study, we demonstrated the use of a parainfluenza virus 5 (PIV-5) vector (amplifying virus-

like particles, AVLP) to induce expression of exogenous proteins in mesenchymal stem cells (MSC). We 

obtained extended expression of enhanced green fluorescent protein eGFP in transduced MSCs, as well as 

selection and maintenance of eGFP+ cells. We also attained expression of BMP-2 on a shorter timescale 

using this method. We conclude that AVLP is a promising tool for genetic engineering, both in regenerative 

medicine and other applications. 

© 2018 Steve Stice. Hosting by Science Repository. All rights reserved.    

 

Introduction 

Bone tissue is well known for its remarkable healing abilities, but there 

are instances in which these mechanisms are not sufficient to bridge 

large defects or gaps naturally. Historically, bone grafts have been used 

to aid in bone regeneration when needed. Allografts and autografts are 

the most popular bone grafts used, accounting for over 2 million 

procedures per year [1]. Allografts, derived from other individuals of the 

same species, are potential sources of disease transmission and can fail 

to integrate with the host’s existing bone [2, 3]. Autografts, which are 

derived from the patient themselves, are the current gold standard, but 

are the most difficult to obtain and have the risk of donor site morbidity 

[2, 4]. To overcome the challenges associated with allografts and 

autografts there have been numerous attempts to develop synthetic bone 

graft substitutes. One of the most widespread strategies in developing 

these substitutes is the incorporation of growth factors and cells that 

encourage bone formation [5, 6]. 

 

Bone morphogenetic protein 2 (BMP-2) is an osteoinductive growth 

factor commonly used in bone substitute applications. The recombinant 

human protein (rhBMP-2) is FDA-approved and used clinically in 

combination with a collagen sponge for spinal fusions and tibial shaft 

fractures [7]. BMP-2 has reduced the rate of secondary intervention and 

enhanced fracture healing in many orthopedic applications, including 

facial reconstruction, maxillary sinus floor augmentation, long bone 

non-unions, tibial fractures, and lumbar fusions [8, 9]. Despite its 

efficacy, rhBMP-2 has a very short half-life requiring a high dose for 

efficacy [10, 11]. Clinically relevant doses of BMP-2 in rats induced the 

formation of structurally abnormal bone as well as inflammation [12]. In 

humans, this amount of BMP-2 has been associated with ectopic bone 

formation and increased cancer rates [13, 14]. Additionally, rhBMP-2 is 

often an expensive therapeutic option, costing upwards of $3500 per kit, 

of which several may be used per patient [15].  

 

To reduce comorbidities and cost associated with BMP-2 treatment, 

numerous groups have investigated the transplantation of BMP-

expressing cells as an alternative to this treatment [16]. Our group has 
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demonstrated comparable bone growth in a rat femoral defect model 

between the collagen sponge delivery method and mesenchymal stem 

cells (MSCs) transduced to overexpress BMP-2 using a lentiviral vector 

(under review). Despite BMP expression in lentiviral and adenoviral 

vector-transduced MSCs, technical drawbacks associated with these 

gene therapy delivery systems reduce the likelihood that this treatment 

option would advance to clinical use for bone regeneration [17]. For 

example, commonly used techniques for lentiviral transduction inhibit 

proliferation of the transduced cells thus negating the possibility of 

subculture, while the vector’s expense precludes transducing each new 

lot [18, 19]. Additionally, lentiviral vectors have been subject to a 

number of safety concerns regarding the possibility of off-target effects 

and oncogene activation [20]. While adenoviral vectors do not have the 

safety, issues associated with lentiviral ones, when applied to BMP-2 

expression their protein yield is comparatively low [21, 22]. Therefore, 

a safer and lower-cost vector that allows for cell proliferation while 

inducing BMP-2 expression comparable to the lentiviral vector would 

make for a more viable therapy. 

 

Parainfluenza virus 5 (PIV-5) is a paramyxovirus with negative-sense 

single stranded RNA [23]. It is a 150-300 nm diameter spherical, 

enveloped virus 150-300 nm in diameter that is rarely pathogenic in 

immune-competent individuals despite infecting a wide variety of cells 

and species [24, 25]. Rather than integrating into the host genome, PIV-

5 creates an RNA episome within the host cell’s cytoplasm. Amplifying 

virus-like particles (AVLP) have been developed from PIV-5 by our 

group to express viral proteins in transduced cells [26-29]. This prior 

success indicates that AVLP may be able to find wider use as a viral 

vector. 

 

Musculoskeletal gene therapy will benefit from more efficient vectors 

that generate fewer off target effects.  We addressed this need by initially 

testing AVLP technology and determining whether an AVLP-BMP 

vector would induce comparable or greater BMP-2 expression in MSCs 

compared to other vectors, while allowing for selection and maintenance 

of BMP-2 overexpressing cells. We found that AVLP can be used to 

reliably express eGFP at high levels over time in MSCs and can also be 

used to express BMP-2 over shorter periods of time.   

 

Methods 

AVLP generation 

 

Generation of amplifying virus-like particles (AVLP) from PIV5 was 

performed as described by Wei et al. [29]. Briefly, a plasmid with the 

full-length genome of PIV-5 was used to construct the PIV5 AVLP 

vector (pAVLP) (Fig 1A). The AVLP vector contains the nucleoprotein, 

phosphoprotein, V protein, and L RNA-dependent RNA polymerase of 

PIV-5 (Fig. 1A). Genes for either eGFP or BMP-2 were inserted into 

pAVLP between the V/P and hygromycin genes, creating AVLP–eGFP 

or AVLP–BMP2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: AVLP construct and transduction of MSCs. (A)The AVLP construct contains the nucleoprotein (NP), phosphoprotein (P), V protein (V), and 

L RNA-dependent RNA polymerase (L) from PIV-5, as well as the hygromycin-B resistance gene and either BMP-2 or eGFP. (B) Human umbilical MSCs 

were successfully transduced with AVLP-eGFP at a high efficiency as shown 48 hours post-transduction. (C) Human umbilical mesenchymal stem cells 

(huMSC) were transduced with AVLP-BMP and incubated for up to 120 hours. Both cell types secreted highly variable amounts of BMP-2. n=3, mean +/- 

SEM. 

 

Cell Culture and Transduction 

 

Human umbilical MSCs (huMSC, Lifeline Cell Technology, Frederick 

MD, Sciencell, Carlsbad CA) were plated at 5000 cells/cm2 on tissue 

culture flasks in complete medium and allowed to grow to 80-90% 

confluency (20,000–25,000 cells/cm2) in 5% CO2 at 37C. One day prior 

to infection with AVLP, the cells were removed from the plate using 

0.05% Trypsin-EDTA (Gibco) then counted with a TC20 automated cell 

counter (Bio-Rad Laboratories) using Trypan Blue according to the 

manufacturer’s instructions. Viability of the cell population was 

determined as the fraction of cells unstained by Trypan Blue to the total 

number of cells. They were then plated at 26,000 cells/cm2 in complete 

growth medium and incubated overnight at 37C and 5% CO2. Next, the 

cells were infected at 5 MOI with either AVLP-eGFP or AVLP-BMP2 

in 0.25 mL of complete medium per cm2 of growth area and incubated 

for 24 hours in 5% CO2 at 37C. Finally, the infection medium was 
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changed and replaced with fresh complete medium, after which the cells 

were used according to the particular experiment. 

 

BMP-2 Expression 

 

Conditioned culture medium was collected from separate wells at 48, 72, 

96, and 120 hours post-transduction and frozen at -80C. The collected 

medium was later analyzed for BMP-2 by ELISA (R&D Systems). 

 

AVLP-hygro-eGFP selection 

 

At 24 hours post-transduction, two wells per group of huMSC (AVLP-

eGFP) received either complete medium or selection medium (complete 

medium with 50 µg/mL hygromycin B), as did two wells per group of 

huMSC (n=3). Additionally, two wells per group of either huMSC 

(AVLP-eGFP) or huMSC were harvested and analyzed for GFP 

expression by flow cytometry. 

 

Subsequently, cells were maintained in culture for 1 week with medium 

changed every 2 days using either growth or selection medium. At 8 days 

post-transduction, all cells were harvested, with a portion of each group 

being subcultured at 5000 cells/cm2 and the rest being analyzed for eGFP 

expression via flow cytometry. The subcultured cells were propagated in 

either selection or growth medium. Upon reaching 80% confluence, they 

were again harvested, and some were subcultured and the rest analyzed 

using flow cytometry. This was repeated until all cells had been 

subcultured 5 times after transduction. 

 

Flow cytometry 

 

All flow analysis was performed using a CyAn ADP (Beckman Coulter, 

Hialeah, Florida) flow cytometer. Cell suspensions were gated by 

forward and side scatter to exclude small debris. Gates for eGFP were 

set such that huMSC cultured in parallel with huMSC (AVLP-eGFP) 

were 1% positive (Figure 2). FlowJo software (Treestar, Inc., Ashland, 

Oregon) was used in flow data analysis. 

 

AVLP-BMP2 selection 

 

At 24 hours post-transduction, two wells per group of huMSC (AVLP-

BMP2) received either complete medium or selection medium (complete 

medium with 50 µg/mL hygromycin B), as did two wells per group of 

huMSC (n=3). Also, at 24 hours post-transduction, the medium of two 

wells per group of either huMSC (AVLP-BMP2) or huMSC was 

collected and stored at -80C. 

 

Subsequently, cells were cultured for 1 week with media changes every 

2 days using the appropriate medium. After this, all cells were harvested, 

with a portion of each group being subculture at 5000 cells/cm2 and 

another portion subculture at 26000 cells/cm2. The cells plated at 26000 

cells/cm2 were incubated for 24 hours, after which their medium was 

collected and stored at -80C. The cells plated at 5000 cells/cm2 grew in 

either selection or growth medium until reaching 80% confluence when 

they were again harvested, counted, and split into continued culture and 

media collection. This was repeated until all cells had been subculture 5 

times after transduction. All collected media was assayed for BMP-2 

expression via BMP-2 ELISA. 

 

 

 

 

 

 

 

 

 

Figure 2: Flow cytometry of huMSC (AVLP-eGFP). Flow cytometry 

plot of human umbilical mesenchymal stem cells (huMSCs) 48 hours 

post-transduction with AVLP-eGFP (A), 7 days after selection with 

hygromycin B (B), and after sequential expansion for 5 passages (C). 

 

Statistics and Calculations 

 

Population doubling level (PDL) was calculated as described by Kruse 

et al and its equation shown in Equation 1 [30]. The difference in 

population doubling levels between passages is referred to as population 

doublings and was used to describe cell growth. 

𝑃𝐷𝐿 = 𝑋 + 3.322(log𝑌 − 𝑙𝑜𝑔𝐼) 

Equation 1: Population Doubling Level. Where PDL is the population 

doubling level, X is the initial population doubling level, I is the initial 

cell number plated in the culture vessel, and Y is the final cell number at 

the end of the growth period. In this study, the end of the growth period 

corresponded with 80% confluence unless otherwise noted. 

 

Unless otherwise noted, all data were analyzed via two-way ANOVA 

with Bonferroni’s test as appropriate using GraphPad Prism software. 

Significance was determined as p < 0.05. 

 

Results 

 

At 48 hours post-transduction with 5 MOI AVLP-eGFP, huMSC 

(AVLP-eGFP) were positive for eGFP (Fig. 1B). BMP-2 ELISA of 

media collected from AVLP-BMP2 transduced MSCs at 48, 72, 96, and 

120 hours post-transduction assessed rhBMP-2 production in huMSCs 

at 5 MOI (Fig. 1C). Non-transduced cells expressed BMP-2 below the 

detection threshold of the ELISA kit used and are not shown. Cells had 

low initial expression of BMP-2 which increased over time. BMP-2 

mean expression was 0.488 pg BMP-2/cell 120 hours post-transduction 

but was highly variable between replicates, with a standard error of 0.358 

pg/cell. 

 

At each passage, the cells were counted, and their viability assessed with 

Trypan Blue (Fig. 3A). Viability of all groups was close to 100% across 

passages. There was a slight initial decrease in viability (p=0.0415) in 

the huMSC (AVLP-eGFP) group receiving complete medium after 

transduction compared to huMSCs, but this difference was not 

significant after one passage. Viability of huMSC (AVLP-eGFP) group 

that underwent hygromycin selection did not differ from that of the 

huMSCs. There were no significant differences between the growth rate 

of any of the groups as measured by doublings per day, with all groups 

maintaining a proliferation rate of approximately 1.0-1.5 doublings per 

day (Fig. 3B).  

 

A portion of the MSCs harvested at each passage were used in flow 

cytometry analysis for eGFP expression. The initial transduction 
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efficiency with AVLP-GFP was roughly 60%. Selection improved the 

percentage of GFP+ cells to near 90% across multiple passages, while 

subculturing cells in growth medium saw a steady decrease in the 

percentage of GFP+ cells to under 10% (Fig. 3C). However, when 

comparing the mean fluorescence intensity of GFP+ cells (Fig. 3D), a 

significant decrease from post-selection to P5 can be seen for huMSC 

(AVLP-eGFP) in both selection (p<0.0001) and growth media 

(p<0.0001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: AVLP-eGFP selection in huMSCs. Human umbilical mesenchymal stem cells (huMSCs) were transduced with AVLP-eGFP and selected for 

with hygromycin B while being sequentially expanded. The group undergoing selection retained similar viability (A) and proliferation (B) compared to 

transduced cells in growth medium and nontransduced cells. Furthermore, they maintained high expression of eGFP (C), while the median fluorescence 

intensity of eGFP in both transduced groups decreased greatly during culture (D). N=3, mean +/- SEM. Significant difference from “huMSC” is indicated 

by “*”, from “huMSC (AVLP-eGFP) growth medium” by “#”. Two-way ANOVA with Bonferroni’s test. 

 

Viability of huMSC (AVLP-BMP2) ranged from 75% to 95% across 

three passages (Fig. 4A). The viability of the transduced cells in 

selection medium trended somewhat lower than that of the transduced 

cells in growth medium, but there were no significant differences 

between them. The proliferation rate of huMSC (AVLP-BMP2) was 

1.02-1.24 doublings/day in growth medium and 0.96-1.20 doublings/day 

in selection medium (Fig. 4B). There were no significant differences 

between the proliferation rate of huMSC (AVLP-BMP2) in selection or 

growth medium. Hygromycin-B selection of cells transduced with 

AVLP-BMP2 did not alter BMP-2 production (Fig. 4C). There was a 

low level of BMP-2 secretion pre-selection, which was not improved 

post-selection and post-passaging, and levels varied throughout. 

 

Discussion 

 

The cost and morbidity associated with conventional bone grafts has led 

to interest in the development of osteogenic gene therapy. The two most-

used viral systems to accomplish this are adenoviruses and lentiviruses, 

each with advantages and disadvantages [31]. Adenoviral vectors are 

highly efficient for short-term expression, but wane over the long term 

and may induce an immune response [17, 32]. This has been shown to 

interfere with bone formation [31, 33]. Conversely, lentiviruses 

permanently integrate into the host genome, but in doing so incur 

significant risk of insertional mutagenesis as seen in clinical trials [34, 

35]. 

In this study, we investigated the use of AVLP as a vector for inducing 

expression of BMP-2 in mesenchymal stem cells due to its lack of 

cytopathic effect or immune response despite infecting many different 

cell types. Cells were transduced with AVLP to produce BMP-2 in 

quantities approaching 3 pg/cell at 96 hours post-transduction in some 

cases. Our group has previously attained BMP-2 expression of 0.7 

pg/cell in adenvirus-transduced MSCs, and 1.5 pg/cell in lentivirus-

transduced MSCs [21]. Adenovirus-transduced MSCs successfully 

induced heterotopic bone formation in rats, while the lentivirus-

transduced MSCs successfully bridged a rat femur model of a critical-

sized defect. 

 

There have been several other attempts to create a stable line of MSCs 

expressing an exogenous protein using viral and non-viral vectors. For 

example, Sweeney et al successfully used a foamy virus vector to 

maintain high expression of GFP in MSCs over 10 passages as measured 

by both percent GFP positive cells and MFI [36]. However, as a 

retrovirus, the foamy virus will face safety concerns due to its integration 

into the host genome. In this study, AVLP induced exogenous gene 

expression in MSCs. Importantly, AVLP-transduced cells were selected 

for and propagated without loss of viability or growth potential, and 

huMSC (AVLP-eGFP) were maintained at high purity over multiple 

passages for at least 30 days. This duration of expression is consistent 

with previous experiments on AVLP-eGFP expression in epithelial cells, 

which maintained eGFP expression for 42 days without passaging and 
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selection [29]. However, we were unable to create cells that consistently 

expressed high amounts of BMP-2 using AVLP-BMP2. This may be 

explained by the median fluorescence intensity (MFI) data of huMSC 

(AVLP-eGFP) (Fig. 3D). These cells survived selection and were 

approximately 90% positive for eGFP over several passages. However, 

the MFI of those same cells, roughly correlated with the amount of eGFP 

produced, drops steeply with passaging. This suggests that the level of 

expression or copy number of the AVLP-eGFP genome required for a 

cell to survive selection is quite low, which limits AVLP’s usefulness in 

synthetic bone grafts. In another study involving genetic engineering of 

MSCs, electroporation of a plasmid containing eGFP and neomycin 

phosphotransferase with human MSCs produced cells that, after 

selection, were highly positive for eGFP, even over many passages. 

However, similar to our findings, the eGFP MFI decreased over many 

passages in selection [37]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: AVLP-BMP selection in huMSCs. Human umbilical 

mesenchymal stem cells (huMSCs) were transduced with AVLP-BMP 

and selected for with hygromycin B while being sequentially expanded. 

The group undergoing selection retained similar proliferation (A) and 

viability (B) but displayed high variability in expression of BMP-2 (C), 

while compared to transduced cells in growth medium. Non-transduced 

cells did not secrete detectable quantities of BMP-2 and are not shown. 

n=2, mean +/- SEM. Two-way ANOVA with Bonferroni’s test. 

 

AVLP-eGFP was able to induce consistent, high, and sustained 

expression of eGFP in MSCs. There are several options for improving 

the ability of AVLP to consistently induce high BMP-2 expression. It 

may be possible to infect cells at a high MOI without a cytopathic effect. 

This is associated with an increased copy number per cell which could 

lead to increased protein expression [38]. Additionally, transfection aids 

such as Polybrene or protamine sulfate can be used to increase initial 

transduction efficiency by reducing charge repulsion between cells and 

the virus [39]. Different strategies for encouraging packaging, 

assembling, and budding of the construct may increase the efficiency and 

consistency of AVLP-BMP2.  For example, the F protein, which 

mediates fusion with host cells, can be modified to increase its efficiency 

[40]. Finally, a different selection marker could be used to select for 

higher-expressing cells. The bleomycin analogue Zeocin™ has been 

shown to outperform hygromycin-B in selection efficiency [41]. In 

summary, there are numerous avenues for future work to enhance AVLP 

for use in gene therapy. 

 

Additionally, AVLP could be useful in several applications beyond 

secretion of BMP-2. As mentioned above, AVLP has been used 

successfully in vaccines which induce expression of specific adhesion 

markers [29]. AVLP could be used for other cell surface modifications, 

including generation of CAR-T cells for cancer therapy, cell tracking, 

and labelling or modifying extracellular vesicles such as exosomes. 

Further work is needed to realize the full potential of the AVLP vector. 
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