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The genome of recombinant adeno-associated virus 2 (rAAV2) remains a promising candidate for gene
therapy for cystic fibrosis (CF) lung disease, but due to limitations in the packaging capacity and the
tropism of this virus with respect to the airways, strategies have evolved for packaging an rAAV2 genome
(up to 5.8 kb) into the capsid of human bocavirus 1 (HBoV1) to produce a chimeric rAAV2/HBoV1 vector.
Although a replication-incompetent HBoV1 genome has been established as a trans helper for capsid
complementation, this system remains suboptimal with respect to virion yield. Here, a streamlined pro-
duction system is described based on knowledge of the involvement of HBoV1 nonstructural (NS) proteins
NS1, NS2, NS3, NS4, and NP1 in the process of virion production. The analyses reveal that NS1 and NS2
negatively impact virion production, NP1 is required to prevent premature termination of transcription of
the cap mRNA from the native genome, and silent mutations within the polyadenylation sites of the cap
coding sequence can eliminate this requirement for NP1. It is further shown that preventing the ex-
pression of all NS proteins significantly increases virion yield. Whereas the expression of capsid proteins
VP1, VP2, and VP3 from a codon-optimized cap mRNA was highly efficient, optimal virion assembly, and
thus potency, required enhanced VP1 expression, entailing a separate VP1 expression cassette. The final
NS protein-free production system uses three-plasmid co-transfection of HEK293 cells, with one trans
helper plasmid encoding VP1 and the AAV2 Rep proteins, and another encoding VP2-3 and components
from adenovirus. This system yielded >16-fold more virions than the prototypic system, without reducing
transduction potency. This increase in virion production is expected to facilitate greatly both research on
the biology of rAAV2/HBoV1 and preclinical studies testing the effectiveness of this vector for gene
therapy of CF lung disease in large animal models.
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INTRODUCTION
CYSTIC FIBROSIS (CF) is a lethal autosomal recessive
disorder caused by defects in a single gene, cystic
fibrosis transmembrane conductance regulator
(CFTR).1,2 Malfunction or absence of the CFTR
protein leads to deficiencies in chloride and bicar-
bonate transport in epithelial cells of the respira-
tory, digestive, and reproductive tracts. Although
CF affects multiple organs, chronic bacterial in-
fection and inflammation of the CF lung are the
primary causes of morbidity and mortality.3,4 In
spite of the fact that the genetic basis of CF is well

understood, developing a gene therapy for the life-
threatening lung disease that characterizes this
disease has been more challenging than antici-
pated because the gene-transfer agents used in
clinical trials to date have proved inefficient in re-
storing CFTR expression in the human lung.5–7

Specifically, these were recombinant viral vectors,
including recombinant adenovirus8–10 and recom-
binant adeno-associated virus 2 (rAAV2).11–13 More
recent efforts have involved plasmid-mediated
CFTR delivery, with some beneficial effect in sta-
bilizing CF lung function recorded when inhaled
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repeatedly on a monthly basis over the course of
a year.14 However, due to inefficiencies in CFTR
gene expression, this approach has also been
abandoned.

The human airway has evolved highly effective
barriers (both extra- and intracellular) to infection
by foreign agents, but these can be overcome by
certain viruses.15,16 It was reasoned that it should
be possible to take advantage of the natural tro-
pisms of such human respiratory viruses in devel-
oping novel airway transduction vectors. Human
bocavirus 1 (HBoV1) is an autonomous parvovirus
that was discovered in 200517 and naturally in-
fects human airways, causing acute infection of
the lower and upper respiratory tracts in infants
and young children.18 HBoV1 infection occurs most
frequently in young children, and the ser-
oprevalence for HBoV1 capsid-specific immuno-
globulin G is 13% and 59% in children and adults,
respectively. However, seroconversion does not
appear to prevent repeat infection by HBoV1,19–22

and thus the viral capsid can be considered for use
in adults. To produce a safe and efficient airway
transduction vector, a chimeric vector, rAAV2/
HBoV1, was developed. The natural airway tro-
pism of the HBoV1 capsid enables rAAV2/HBoV1
to transduce polarized human airway epithelia ef-
ficiently cultured at an air–liquid interface (HAE-
ALI) in vitro,23 as well as intact airways of human
bronchial xenografts grown ex vivo.24

Potential concerns about the pathogenicity of
HBoV1 were circumvented by combining just its
capsid with the rAAV2 genome that has been
widely used in human gene therapy trials.25,26 Of
note, rAAV2 is the first gene transfer agent to have
been approved by the Food and Drug Administra-
tion for treating genetic diseases,27 and it has been
tested in CF clinical trials. Although rAAV2-
mediated gene therapy failed to produce a detect-
able level of CFTR mRNA in the human CF lung,
its safety profile was favorable, and its genome was
shown to persist in human airway epithelia for
>60 days.11,28 The episomal persistence of the
rAAV2 genome and its ability to support prolonged
gene expression have been documented for many
other tissues as well.26,29–31 More importantly, the
genome of HBoV1 is 18% larger than that of AAV2
(5.54 kb vs. 4.68 kb).32 Indeed, the HBoV1 capsid
comfortably accommodates an oversized rAAV2
genome and is capable of delivering a full-length
CFTR coding sequence along with transcriptional
elements necessary for efficient CFTR mRNA ex-
pression. In summary, exploiting the advantages of
two parvoviruses, the rAAV2/HBoV1 vector over-
comes the shortcomings of the low apical tropism

and small cargo capacity of rAAV2 that prevented
its success as a vector for CF gene therapy.

It was demonstrated that apical infection of
HAE-ALI cultures derived from CF patients with
the CFTR expression vector AV2/HBc.CBAhCFTR
resulted in efficient expression of the CFTR pro-
tein, and that it partially restored Cl- channel
function.23 It was also demonstrated that the
rAAV2/HBoV1 vector is capable of efficiently
transducing ferret lung in vivo.24 The next goal was
to study the airway transduction biology of rAAV2/
HBoV1, as well as to determine whether the CFTR
expression delivered using this vector is sufficient
to restore lung function in the context of a CF ferret
model.33 However, it was found that the capacity to
conduct such studies was limited by the low effi-
ciency of the current system for producing this
vector. HBoV1 and AAV2 are both human parvo-
viruses but belong to different genera (Bocapar-
vovirus and Dependoparvovirus, respectively).34

Although the efficiency of packaging of the rAAV2
genome is similar for the AAV2 capsid and those of
other AAV serotypes,35 it was significantly lower
for the HBoV1 capsid (yield was 5% of that for the
rAAV2 vector) when the prototypic system was
used. It was reasoned that limitations in parvovi-
rus cross-genera pseudopackaging could be due to
suboptimal complementation of the HBoV1 capsid
during production using the prototypic system.
Due to a lack of a detailed understanding of HBoV1
biology when the prototypic system was estab-
lished and the fact that eukaryotic expression
vectors encompassing the HBoV1 cap cDNA fail to
express capsid proteins, the initial production
systems used a HBoV1 replication-incompetent
genome as trans helper plasmid, which also ex-
pressed all the nonstructural (NS) proteins.36

However, an enhanced understanding of the ge-
nome structure of HBoV1 and of the transcription
profiles of HBoV1 genes involved in replication,
both in HAE-ALI following infection with virus37–41

and in HEK293 cells following transfection with
proviral plasmid,42–44 have now enabled more
rational approaches to improving rAAV2/HBoV1
vector production.

The HBoV1 genome (as depicted in Fig. 1a) con-
sists of three sets of open reading frames (ORFs)
and utilizes the sole promoter, P5, to express all of
the viral proteins: five NS proteins (NS1, NS2,
NS3, NS4, and NP1) and three capsid proteins
(VP1, VP2, and VP3).43 One major ORF (at the left
end of genome) encodes the NS proteins NS1–4,
and a second (at the right end of genome) encodes
the capsid proteins VP1–3. A third ORF (in the
center of genome) encodes another NS protein, the
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nuclear protein NP1, which is required for efficient
replication of viral DNA in all members of the
Bocaparvovirus genus.45–47 As in AAV, the boca-
virus cap gene contains overlapping ORFs that
produce three capsid proteins VP1–3. The 74 kD
VP1 and 64 kD VP2 ORFs encompass the 60 kD
VP3 ORF (542 amino acids), containing 129 and 39
additional amino acids at their N-termini, respec-
tively. Within the 3¢ non-coding region of the posi-
tive strand (nucleotides [nt] 5,199–5,338), between
the cap coding sequence and right-end hairpin, the
HBoV1 genome encodes a 140 bp small non-coding
RNA (BocaSR), which is transcribed by an intra-
genic promoter.41

Elucidation of a HBoV1 transcription profile of
genes involved in replication led to the investiga-

tion of the involvement of NS proteins in cap ex-
pression. It was found that polyadenylation signals
in a region unique to VP1 and VP2 led to premature
termination of transcription of cap mRNAs when
NS proteins were not expressed. Yet, the expres-
sion of unneeded NS proteins from the prototypic
helper hindered vector production. These poly-
adenylation sites (located in the center of the viral
genome) were named as proximal polyadenylation
sites, (pA)p, to distinguish them from the distal
polyadenylation site (pA)d at the 3¢ end of the ge-
nome. It was also found that NP1 is the only NS
protein required for cap expression, and that it
prevents such premature transcription termina-
tion, enabling production of the full-length cap
mRNAs whose transcription terminates at the

Figure 1. Structure of the human bocavirus 1 (HBoV1) genome and trans complementation of viral proteins for recombinant adeno-associated virus 2
(rAAV2)/HBoV1 production. (a) Schematic illustration of structures of the HBoV1 genome and the cap mRNAs. The HBoV1 genome (GenBank accession no.
JQ92342232) harbors three sets of open reading frames (ORFs) that encode: the nonstructural (NS) proteins NS1–4 and NP1, and the capsid proteins VP1–3.
Also, an intragenic promoter is used to transcribe the non-coding RNA BocaSR. The ORFs of capsid proteins VP1–3 overlap. All of the viral mRNA transcripts
are generated from a single precursor transcribed from the P5 promoter, through alternative splicing at the marked donor (D) and acceptor (A) sites. Also,
alterative polyadenylation occurs at both proximal polyadenylation (pA)p sites within the unique sequence of VP1/VP2 and distal polyadenylation (pA)d sites.
mRNA R6, R7, and R8 behave similarly in terms of VP1–3 expression.43 NP1 is crucial to the generation of these cap mRNAs and to overcoming premature
transcription caused by (pA)p. (b) Comparison of the effectiveness of HBoV1 helper plasmids. Left: Schematic illustration of helper plasmids. pHBoV1KUm630 is
the replication-incompetent HBoV1 genome used in the prototype production system. pCMVR7cDNAm(pA)p encodes a modified HBoV1 R7 mRNA in which the
(pA)p sites were eliminated by incorporating silent mutations. pCMVNSCap, pCMVNS*Cap, and pCMVNP1Cap are derivatives of pHBoV1KUm630 in which the
P5 promoter is replaced with the CMV promoter. pCMVNScap expresses all of the structural and NS proteins of HBoV1, whereas pCMVNS*Cap lacks NS1/NS2
and pCMVNP1Cap lacks NS1-4. Right: Efficiencies of helper plasmids at left in producing rAAV2/HBoV1. Bars represent mean yield (N as indicated; error bars
represent –standard error of the mean [SEM] or difference [in the tests of N = 2]) relative to that of the prototype system, which typically yields 2.9 – 0.5 · 1011

DNase I-resistant particles (DRP) of purified rAAV2/HBoV1 from forty 150 mm dishes of transfected HEK293 cells.
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(pA)d site. Importantly, silent mutation of the
(pA)p sites circumvented the requirement for NP1
in producing full-length 5¢ modified cap mRNAs.
These findings enabled capsid expression to be
optimized in the absence of all five NS proteins, and
a new rAAV2/HBoV1 NS-free production system to
be produced that affords 16-fold higher yields than
the prototype.

METHODS
Chemicals and reagents

The proteasome inhibitor doxorubicin was pur-
chased from Sigma–Aldrich (St. Louis, MO), and
N-acetyl-L-leucine-L-leucine-L-norleucine (LLnL)
was purchased from Boston Biochem (Cambridge,
MA). Proteinase K was purchased from Roche
(Indianapolis, IN). DNase I was purchased from
MP Biochemicals (Santa Ana, CA). Ultroser
G (USG) was purchased from Pall Corp. (Port
Washington, NY). The firefly luciferase detection
kit, Luciferase Assay System, was purchased from
Promega (Madison, WI). The gaussia luciferase
detection kit, BioLux� Gaussia Luciferase Assay
Kit, was purchased from New England Biolabs
(Ipswich, MA).

Generation of cis and trans helper plasmids
for rAAV2/HBoV1 production

The cis rAAV transfer proviral plasmids for
rAAV2/HBoV1 vectors were pAAV2.CMVmCherry-
F5tg83fLuc and pAAV2.CBAmCherry-F5tg83gLuc.24

Adenovirus helper pAd4.1, AAV2 helper pAV-
Rep2, and HBoV1 helper pHBoV1KUm630 are the
previously described trans helper plasmids that
were used in the prototype production system.23

Three previously reported HBoV1 capsid-
expression plasmids—pCMVNSCap, pCMVNS*Cap,
and pCMVR7cDNAm(pA)p—were also used in this
study.43 In brief, pCMVNSCap is the derivative of
pHBoV1KUm630. It was constructed by replacing
the endogenous P5 with the sequence of the CMV
promoter/enhancer. pCMVNS*Cap had been de-
rived from pCMVNSCap by knocking out the ex-
pression of both NS1 and NS2 via a nonsense
mutation at L65 of NS1/NS2. pCMVR7cDNAm
(pA)p is a pcDNA3.0-based expression plasmid that
harbors a modified HBoV1 R7 cDNA in which the
(pA)p sites in the unique region to VP1 and VP2
were eliminated by introducing silent mutations.

In total, 10 new HBoV1 capsid-expression plas-
mids were constructed. Among these, three are
intermediates, and seven (underlined below) were
tested for effectiveness as helper plasmids for
rAAV2/HBoV1 production. (1) pCMVNP1Cap ex-

presses only NP1 and the capsid proteins; it was
produced from pCMVNS*cap by introducing mu-
tations that cause (a) early (E114) termination of
translation of the NS3 ORF and (b) disruption of
processing of the NS4 mRNA at splice-donor
site D1. (2) pCMVint-NP1Cap also expresses only
NP1 and the capsid proteins; it was constructed
by replacing the 1.8 kb NS coding sequence of
pCMVNSCap (up to splice-acceptor site A1) with a
134 bp sequence that encodes the intron IV of the
human erythropoietin (Epo) gene. The two-in-one
AAV-HBoV1 helper plasmids (3) pCMVNS*Cap-
Rep2 and (4) pCMVint-NP1Cap-Rep2 were con-
structed by inserting the AAV2 rep expression
cassette to pCMVNS*Cap and pCMVint-NP1Cap,
respectively. (5) pcDNAoptVP, (6) pcDNAoptVP1
(ATG), (7) pcDNAoptVP1, and (8) pcDNAoptVP2/3
were derived from a pcDNA3.0 variant that har-
bors a synthetic codon-optimized cap gene, and
incorporate differences in the translation initiation
sequences for VP1 and VP2, as detailed in the Re-
sults section. (9) pCMVoptVP1-Rep2 was produced
from pAV-Rep2 by inserting the optVP1 expression
cassette. (10) pAd4.1-CMVoptVP2/3 was produced
from pAd4.1 by inserting the optVP2/3 expression
cassette. The codon-optimized cap sequences for
cloning into these helper plasmids were synthe-
sized at GenScript (Piscataway, NJ). For ease of
reference, the properties of all the HBoV1 capsid
expression constructs tested in this study are
summarized in Table 1.

Production of recombinant vector
rAAV2/HBoV1 vectors were generated in HEK293

cells by co-transfection with a rAAV proviral plas-
mid encoding gene of interest in cis (rAAV transfer
vector) and helper plasmids at an equal molar ra-
tio. In some cases, the cells were transfected with
four plasmids, specifically the rAAV transfer vector,
pAd4.1, pAV-rep2, and HBoV1 capsid-expression
helper as in the previously described prototype
system,23 and in others they were transfected with
three plasmids either rAAV transfer vector, pAd4.1,
and the two-in-one AAV-HBoV1 helper (pCMVint-
NP1Cap-Rep2 or pCMVNS*Cap-Rep2) or rAAV
transfer vector, pCMVoptVP1-Rep2, and pAd4.1-
CMVoptVP2/3. In most of this study, virions were
purified only from cell lysates. For such samples,
cell pellets were collected at 72 h post transfection,
at which time the cells were lysed in hypotonic
buffer (10 mM Tris-HCl, pH 8.0) and treated with
DNase I, and virions were subsequently purified
through two rounds of CsCl ultracentrifugation
and TaqMan polymerase chain reaction (PCR) used
to determine titers as DNase I-resistant particles
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(DRP). The virion-containing fractions, whose den-
sities ranged from 1.43 to 1.40 g/mL, were pooled
and dialyzed against phosphate-buffered saline
prior to use.

In the cases of samples for which virion secreted
into the culture medium was also purified, virions
were concentrated by PEG precipitation prior to
further processing. In brief, after the cells were
pelleted, the culture supernatants were mixed 4:1
with a 40% PEG-8000/2.5 M NaCl solution. After
incubation on ice for 2 h, virions were precipitated
by centrifugation at 3,000 g for 30 min and dis-
solved in 10 mM Tris-HCl, pH 8.0. Further purifi-
cation steps and assessment of viral titers were as
described for cell lysates.

TaqMan real-time PCR for quantification of
the DRP in the virion preparations used sets of
PCR primers and probes designed to identify the
transgene, firefly luciferase cDNA, and gaussia
luciferase cDNA.24 These primers were synthe-
sized by IDT (Coralville, IA). The PCR reaction was
performed, and results were analyzed using the
Bio-Rad My IQTM real-time PCR detection system
and software (Bio-Rad, Hercules, CA), as described
previously.24

Western blotting
rAAV2/HBoV1 (1.04 · 1010 DRP) or cell lysates

from transfected HEK293 cells were resolved by
sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis using 10% gels. Following transfer to
nitrocellulose membranes, Western blotting was
performed, as previously described.43 The HBoV1
capsid proteins were probed with a rat anti-HBoV1
VP3 antiserum (recognizes the VP1, VP2, and
VP3 proteins) at a dilution of 1:200 and horserad-
ish peroxidase–conjugated anti-rat secondary an-
tibody. After visualization of the HBoV1 capsid
proteins, blots were re-probed with anti-b-actin
antibody.

Cell culture and in vitro infection
HEK293 cells, which were used for virion pro-

duction, were cultured as monolayers in Dulbecco’s
modified Eagle’s medium supplemented with 10%
fetal bovine serum and penicillin-streptomycin,
and maintained in a 37�C incubator at 5% CO2.
Human airway epithelial cultures were grown for 3
weeks at an air–liquid interface (HAE-ALI) by
the In Vitro Models and Cell Culture Core of the
University of Iowa, as previously described.48

Subsequent studies were performed using proto-
cols that are compliant with University of Iowa
policies and for which the Core has obtained In-
stitutional Review Board approval. For apical in-
fection of ALI cultures, 7.5 · 109 DRP of rAAV2/
HBoV1 vector in a 50 lL inoculum was applied to
the upper chamber of the transwell insert, and the
epithelia were exposed to the virus for 16 h. With
*7.5 · 105 cells present on each insert, the multi-
plicity of infection (MOI) was *10,000 DRP/cell.
Infections of polarized HAE-ALI cultures were
performed in the presence of proteasome inhibitors
(5 lM doxorubicin and 40 lM LLnL), as described
previously.23 The transduction assays for reporter
expression of firefly luciferase or gaussia luciferase
activity were conducted, as previously described,24

using the Luciferase Assay System from Promega
or the BioLux� Gaussia Luciferase Assay Kit from
New England Biolabs.

RESULTS
Requirements for HBoV1 NS genes
in the rAAV2/HBoV1 production system

It was hypothesized that the exclusion of any
nonessential viral proteins from the rAAV2/HBoV1
production system would improve yield. The
pCMVR7cDNAm(pA)p encodes a variant of the cap
R7 mRNA in which the (pA)p sites are silently
mutated. A previous study found that mutation of

Table 1. HBoV1 capsid helper plasmids

Helper name Expression of HBoV1 proteins Mutations of (pA)p sites Cap codon-optimized Other helper functions

pHBoV1KUm630 NS1–4, NP1, VP1–3 No No No
pCMVNSCap NS1–4, NP1, VP1–3 No No No
pCMVNS*Cap NS3–4, NP1, VP1–3 No No No
pCMVNP1Cap NP1, VP1–3 No No No
pCMVR7cDNAm(pA)p VP1–3 Yes No No
pCMVNS*Cap-Rep2 NS3–4, NP1, VP1–3 No No AAV2 Rep
pCMVint-NP1Cap-Rep2 NP1, VP1–3 No No AAV2 Rep
pCMVint-NP1Cap*-Rep2 NP1 No No AAV2 Rep
pcDNAoptVP VP1–3 Yes Yes No
pcDNAoptVP1(ATG) VP1–3 Yes Yes No
pCMVoptVP1-Rep2 VP1 Yes Yes AAV2 Rep
pAd4.1-CMVoptVP2/3 VP2–3 Yes Yes Adv VAI, E2a, E4 ORF6

HBoV1, human bocavirus 1; AAV2, adeno-associated virus 2; Adv, adenovirus.
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these (pA)p sites circumvented the require-
ment for NP1 in producing full-length 5¢ modified
cap mRNAs. pCMVR7cDNAm(pA)p was capable of
expressing HBoV1 capsid proteins in the ab-
sence of all NS proteins (i.e., under NS-free condi-
tions).43 In the first attempt to generate an NS-free
vector production system, the effectiveness of
pCMVR7cDNAm(pA)p in providing HBoV1 capsid
complementation as a replacement for pHBoV1-
KUm630 was tested in the existing four-plasmid
based prototypic system. HEK293 cells were trans-
fected with the HBoV1 helper (pCMVR7cDNAm
[pA]p or pHBoV1KUm630; Table 1) and the other
three plasmids: the rAAV2 transfer vector, pAV-
Rep2, and pAd4.1. In five independent prepara-
tions in which pCMVR7cDNAm(pA)p was used as
helper, virion yield was 2.8 – 0.7-fold higher than
when pHBoV1KUm630 was used (Fig. 1b). Al-
though this NS-free production system remains
suboptimal, with the transfection of 40 plates
(150 mm) yielding on average 8.7 – 2.1 · 1011 DRPs,
it represented a practical platform for further
optimization.

In the prototypic system, the production of cap-
sid from helper pHBoV1KUm630 is absolutely NP1
dependent. Given that the NS-free production
system gave a higher yield and NS1–4 are not es-
sential for the expression of VP1–3, it was hy-
pothesized that the effectiveness of the prototypic
NP1-dependent production system could be im-
proved by exclusion of the expression of NS1–4
from the HBoV1 helper. Guided by the HBoV1
transcription profile, which clearly maps the tran-
scription initiation and splice-donor and splice-
acceptor sites for NS1–4 (Fig. 1a), new HBoV1
helper constructs pCMVNSCap, pCMVNS*Cap,
and pCMVNP1Cap were used to probe the in-
volvement of NS proteins in virion production.
These and other helper constructs are summarized
in Table 1 for their abilities to express HBoV1 viral
proteins. While pCMVNP1Cap is a new con-
struct, the expression profiles of pCMVNSCap and
pCMVNS*Cap, as well as the pCMVR7cDNAm
(pA)p and the prototype helper pHBoV1KUm630
(pHBoV1NSCap), were previously characterized at
both the protein and RNA levels.43 In brief, the
pCMVNSCap is a derivative of pHBoV1KUm630
in which the endogenous P5 promoter of the
replication-incompetent genome is replaced with
the strong CMV enhancer/promoter. Following
transfection to HEK293 cells, the pCMVNSCap
expressed higher levels of VP1–3, NP1, and NS1
than pHBoV1KUm630, but the expression levels of
NS2–4 from these two plasmids were similar.43

First, it was hypothesized that enhancing expres-

sion of NS1 and NP1 would reduce virion produc-
tion, although capsid expression could be elevated
if pCMVNSCap was used as a trans helper. As
anticipated, pCMVNSCap yielded only 56% of the
virions produced by the prototypic system (Fig. 1b).
Next, two helper derivatives of pCMVNSCap
were evaluated that limit expression of specific
NS proteins (pCMVNS*Cap and pCMVNP1Cap).
pCMVNS*Cap expresses the three smaller NS
proteins (NS3, NS4, and the essential NP1), as
well as capsid proteins VP1–3. pCMVNP1Cap ex-
presses only NP1 and the capsid proteins (Table 1).
Elimination of either NS1–2 or NS1–4 increased
the production of virion 7.7 – 1.7- and 9.0 – 3.1-fold,
respectively (Fig. 1b). The similarity in efficiency
of virion production from pCMVNS*Cap and
pCMVNP1Cap suggested that although NS1–4 are
not essential, the efficiency of rAAV2/HBoV1 pro-
duction is negatively influenced by the expression
of NS1 and NS2, but not by that of NS3 or NS4.

In summary, understanding the genome struc-
ture of HBoV1 and the transcription profile of its
genes has enabled us to generate a rAAV2/HBoV1
production system that is dependent on NP1
and free of NS1–4 proteins. Utilizing a cap cDNA
whose (pA)p sites were silently mutated, helper
pCMVR7cDNAm(pA)p made it possible to generate
rAAV2/HBoV1 under conditions that were com-
pletely free of all five HBoV1 NS proteins. The
yields from the NP1-dependent and the NS-free
systems were around eight- and threefold higher,
respectively, than those for the prototypic system.

NP1-dependent production of rAAV2/HBoV1
Given that most of the left end of the HBoV1

sequence, which encodes NS1–4, is not essential in
the HBoV1 helper, an attempt was made to sim-
plify the NP1-dependent production system fur-
ther, moving from the four-plasmid co-transfection
system in the prototypic version to a three-plasmid
co-transfection system. To this end, two types of
two-in-one helper plasmid were produced from the
HBoV1 and AAV2 helper plasmids. In the case of
one of these helper plasmids, a 1.8 kb HBoV1 se-
quence starting upstream of the NS1 start codon
and ending at splice-acceptor site A1 in the helper
pCMVNSCap was replaced with a 134 bp sequence
from small intron IV of the human Erythropoietin
(Epo) gene. Next, an AAV rep expression cassette
was incorporated, producing a two-in-one HBoV1-
AAV2 helper, pCMVint-NP1Cap-Rep2, which ex-
presses NP1, the HBoV1 capsid proteins, and AAV
rep proteins (Rep78/68 and Rep52/40). For the
second helper plasmid, the same AAV rep expres-
sion cassette was incorporated into pCMVNS*Cap,
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generating another two-in-one helper, pCMVNS*
Cap-Rep2 (Fig. 2a and Table 1). Notably, the effi-
ciencies of these two helper plasmids in facilitating
production of rAAV2/HBoV1 were similar in three
side-by-side preparations, suggesting that the de-
leted 1.8 kb segment of the HBoV1 genome does not
contain any cis function in regulating the cap ex-
pression. When 20 dishes (150 mm, *2 · 107 cells
per plate) of HEK293 cells were transfected, *1.6–
1.7 · 1012 DRP of purified virions were obtained

from lysates of the cell pellet after two rounds of
CsCl ultracentrifugation (Fig. 2b). This was not
significantly higher than the result for the four-
plasmid system. Of note, the total mass of DNA
used in the four-plasmid system was larger than in
the three-plasmid system, which could somewhat
impact the transfection efficiency and lead to the
observed small differences in yield. Notwith-
standing the lack of improvement in the efficacy of
production, the need for fewer plasmids in the

Figure 2. Effectiveness of NP1-dependent rAAV2/HBoV1 production system. (a) Schematic illustration of structures of rAAV rep and HBoV1 cap two-in-one
helper plasmids. bGHpA, bovine growth hormone polyadenylation signal; P5 and P19, the endogenous promoters in AAV2 genome for expressions of Rep78/68
and Rep52/40, respectively. (b) Comparison of yield of rAAV2/HBoV1 for four- versus three-plasmid co-transfection strategy. Bars and error bars represent
mean – SEM rAAV2/HBoV1 yield from cell pellets of twenty 150 mm dishes of transfected HEK293 cells (N as indicated). p-Values were determined by Student’s
t-test. (c) Comparison of yields of rAAV2/HBoV1 from culture medium and cell lysates. Left: Side-by-side comparison of yield for the two two-in-one helper
plasmids in three independent preparations (preps) per plasmid. Yield includes virions collected from both the cell pellets and the culture medium. Right:
Comparison of yield from culture medium versus cell lysates. Average for all preparations from both helper constructs is shown. (d) Comparison of
transduction activities between the rAAV2/HBoV1 preparations isolated from culture medium and cell lysate. Human airway epithelia efficiently cultured at an
air–liquid interface (HAE-ALI) were apically infected at a multiplicity of infection (MOI) of 10,000 DRP/cell with AV2/HBc-gLuc, and transgene expression was
measured at 3 days post infection. Values represent mean – SEM luciferase activity from three infections.
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transfection makes the three-plasmid system more
cost-effective.

During the production of rAAV, depending on
serotypes, substantial quantities of virion can be
purified from the culture medium.49 It was ob-
served that productive infection of HAE-ALI with
HBoV1 results in a release of progeny virions.37 So,
it was suspected that rAAV2/HBoV1 might be se-
creted into the culture medium at a late time point
after transfection of HEK293 cells. Thus, for six
independent transfections, the number of DRPs in
both the culture medium and cell lysates was as-
sessed. The estimated total yield of virions ranged
from 1.02 · 104 to 1.96 · 104 DRP/cell prior to puri-
fication (Fig. 2c). This includes virions collected
from the culture medium, which represented
about 30% of the total yield. Notably, application of
rAAV2/HBoV1 virions purified from the culture
medium or cell lysates to the apical membrane of
HAE-ALI cultures revealed that their potencies
were similar (Fig. 2d).

rAAV2/HBoV1 production
using the NS-free system

The potential of NP1-dependent rAAV2/HBoV1
production appeared to have been maximized un-
der the test conditions, given that the simplicity of
the three-plasmid system did not lead to better ef-
ficacy. Since the enhanced capsid expression from
the NP1-dependent helper pCMVNS*Cap was ac-
companied by an elevation in NP1 level in the
transfection,43 it was hypothesized that production
by that system was limited by the overexpression of
NP1. Although NP1 is indispensable in the con-
text of the (pA)p sites in HBoV1, its expression at
higher concentration than expected might nega-
tively impact cellular machineries employed in vi-
rion production. Inducible NP1 expression could be
one solution for further improvement. However,
the possibility of developing an optimized NS-free
system in which NP1 expression is not required
was considered.

As is the case for most parvoviruses, the HBoV1
capsid is a T = 1 icosahedron assembled from 60
copies of various combinations of VP1, VP2, and
VP3, at a stoichiometry of 1:1:10. In AAV, VP1–3
with overlapping OFRs are expressed from two
mRNAs produced by alternative splicing of the
cap pre-mRNA transcribed from the P40 pro-
moter. The minor spliced form produces VP1. The
major splice form produces both VP2 and VP3, but
a non-canonical start codon (ACG) is used for VP2
expression, and this causes expression of that
protein to be limited.50 Current knowledge of the
HBoV1 transcription profile did not suggest that a

similar RNA splicing strategy is utilized to regu-
late the expression of VP1 and VP2/VP3, but the
translation of HBoV1 VP2 is initiated from a non-
canonical start codon, GTG, which lies 117 bp (39
amino acids) upstream of the VP3 ORF.43 Given
that NP1 is the only NS protein required for cap
expression, it was hypothesized that it contrib-
utes to the regulation of VP1, VP2, and VP3 ex-
pression at a ratio optimal for virion production
(protein expression and capsid assembly). Due to
the lack of such regulation in the NS-free pro-
duction system in which pCMVR7cDNAm(pA)p
serves as helper plasmid, the translation of capsid
proteins from the (pA)p-mutated R7 mRNA
may not be efficient in the absence of NP1, or
translation may be hindered by structural
changes in the mRNA caused by introduced
mutations. Indeed, a previous study reported
that pCMVR7cDNAm(pA)p expressed similar
levels of VP1–3 proteins as pCMVNS*Cap fol-
lowing transfection of HEK293 cells, although
the abundance of the full length (pA)d cap
mRNA transcribed from pCMVR7cDNAm(pA)p
was six- to sevenfold more than that from
pCMVNS*Cap.43 It was hypothesized that the
NS-free production system could be further im-
proved through increasing the cap mRNA trans-
lation efficiency.

Next, two approaches were taken to increasing
VP3 expression that involve modification of the cap
mRNA. The first was to enhance cap expression by
codon optimization globally, a strategy commonly
used to enhance transgene expression. Essentially,
silent mutations are used to adjust bias in codon
usage, reduce secondary structure and unstable
motifs in mRNAs, and silence cryptic splice sites
and premature polyadenylation signals.51,52

Starting with the original R7 cDNA, codon opti-
mization was applied to nearly the entire VP1
coding sequence, the exception being the codons
thought to be crucial to initiation of the translation
of VP2 and VP3. The second approach was to re-
duce relative level of VP1 expression, with the goal
of generating an expression plasmid that expresses
enhanced levels of VP1, VP2, and VP3 at a simi-
lar ratio to that of the prototype helper pHBoV1-
KUm630. To this end, the 5¢ untranslated region
(5¢ UTR) and the VP1 start codon (ATG) of the R7
cDNA were replaced with a short sequence from
the AAV2 genome (nt: 2,595–2,622 in the AAV2
genome; accession no. NC_001401.2) that in-
cludes the Kozak consensus sequence and the non-
canonical start codon ACG. In effect, this causes
the translation of HBoV1 VP1 to initiate through
the same mechanism that AAV2 uses for VP2.
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These resulted in an artificial HBoV1 cap cDNA
with 5¢ UTR engineered and codon optimized. This
sequence was designated as optVP, and it was used
to substitute the (pA)p-mutated R7 cDNA in the
helper pCMVR7cDNAm(pA)p, producing a new
NP1-independent helper, pcDNAoptVP (Table 1).

A comparison of cap expression patterns be-
tween pcDNAoptVP and pHBoV1KUm630 follow-

ing transfection of HEK293 cells showed that
pcDNAoptVP produced more cap globally, but that
relative levels of VP1, VP2, and VP3 were similar to
those produced by pHBoV1KUm630, the replication-
incompetent HBoV1 genome clone (Fig. 3a). In the
context of the four-plasmid transfection system for
rAAV2/HBoV1 production, a side-by-side compari-
son demonstrated that pcDNAoptVP yielded 34- and

Figure 3. Effectiveness of NS-free rAAV2/HBoV1 production system. (a) Comparison of the expression of HBoV1 capsid proteins in transfected HEK293 cells.
Expression of VP1, VP2, and VP3 was assessed by Western blot analysis following transfection with codon-optimized HBoV1 cap in helper pcDNAoptVP1(ATG),
pcDNAoptVP, or replication-incompetent HBoV1 genome clone pHBoV1KUm630. Cell lysates from the transfections were resolved in same polyacrylamide gel,
but several irrelevant lanes were removed. After probing for HBoV1 capsid proteins, the blot was re-probed for b-actin expression. (b and c) Quantitation of
vector production. (b) Representative example of a side-by-side comparison of production yields from indicated HBoV1 helper plasmids for forty 150 mm plates
of transfected HEK293 cells. (c) Comparison of average yields for NS-free helper pcDNAoptVP and NP1-depedent helper pCMVNS*Cap. Values represent
mean – SEM yield from four side-by-side preparations. (d) Comparison of transduction activities of rAAV2/HBoV1 preparations produced using pcDNAoptVP
and pCMVNS*Cap. HAE-ALI cultures apically infected with AV2/HBc-gLuc at an MOI of 10,000 DRP/cell. Values represent mean – SEM (n = 4) accumulated
gaussia luciferase activity for the previous 24 h period at each time point. (e) Comparison of the content of HBoV1 capsid subunits in virions, as assessed by
Western blot analysis. 1.3 · 1010 DRP of virions were loaded per lane. Lanes 1–3: virions generated using helper pcDNAoptVP. Lanes 4–6: virions generated
using helper pCMVNS*Cap. VP1, VP2, and VP3 bands were detected using anti-HBoV1 VP3 antibody and visualized by horseradish peroxidase–conjugated anti-
rat immunoglobulin G antibody. Note: Anti-HBoV1 VP3 visualized a low-molecular weight band on the blots from the transfection of capsid expression plasmid
(a) and also from purified virions (e). It is unclear if this band is a degradative product or an unknown small VP component incorporated in the virions.
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8-fold more virion than pCMVR7cDNAm(pA)p
and pCMVNS*Cap, respectively (Fig. 3b). Further
comparison between pcDNAoptVP and pCMVNS*
Cap from four side-by-side preparations revealed
that on average, the NS-free system in which
pcDNAoptVP serves as helper was 7.3 – 2.1-fold
more efficient than its NP1-dependent counter-
part, yielding >1013 DRP virions from 40 dishes
(150 mm) after two rounds of CsCl ultracentri-
fugation (Fig. 3c). Of note, pCMVNS*Cap also
expressed NS3 and NS4. Similar yields from
pCMVNP1Cap and pCMVNS*Cap were previously
observed (Fig. 1b), and the additional expression of
NS3/4 from pCMVNS*Cap did not impact the vi-
rion production from the NP1-dependent system.
However, the high production was accompanied
by unexpected decreases in the potency of trans-
duction and the kinetics of transgene expression
(Fig. 3d). At 2 days following the infection of HAE-
ALI cultures, the levels of transgene expression
from the virions produced from pcDNAoptVP were
one order of magnitude lower than those from
pCMVNS*Cap. However, once the transduction
plateaus were reached at later time points, these
differences narrowed to around fourfold. Western
blot analysis for the content of the capsid subunits
VP1–3 using anti-HBoV1 capsid antibody re-
vealed that all three batches of vector produced by
pcDNAoptVP contained much less VP1 than those
produced from pCMVNS*Cap (Fig. 3e).

Optimization of the NS-free rAAV2/HBoV1
production system

In all parvoviruses except Amdoparvoviruses
(e.g., Aleutian mink disease parvovirus), the N-
terminal unique sequence of the VP1 ORF con-
tains a phospholipase A2 activity domain and a
nuclear-localization sequence. Both are critical for
efficient transfer of the virus from late endosomal/
lysosome compartments to the nucleus.53,54 Thus,
in spite of the fact that VP1 subunits comprise
<10% of all capsid subunits at normal stoichiom-
etry, they are crucial to establishing a productive
infection. It was reasoned that the reduction in
VP1 level was the major cause of the observed
reduction in transduction potency and transduc-
tion kinetics of virions produced with the helper
pcDNAoptVP. Although HEK293 cells transfected
with pcDNAoptVP express VP1, VP2, and VP3 at
ratios similar to those produced using pHBoV1-
KUm630, the reduced potency in this context
suggested that this stoichiometry is not sufficient
for optimal assembly of the capsid. Of note, in
some AAV serotypes, capsid assembly requires a

small protein called assembly-activating protein
(AAP), which is encoded by a sequence within the
cap gene but a frameshifted ORF and requires a
non-canonical initiation codon for translation. It
remains unclear whether a similar AAP mecha-
nism is involved in the assembly of HBoV1 virions.
However, the codon optimization might be ex-
pected to interfere with the expression of any po-
tent components that were encoded within the
wild-type HBoV1 cap gene.

To test this hypothesis, cap expression from the
NP1-dependent helper pCMVint-NP1Cap-Rep2
was disrupted by introducing two point mutations:
one leading to early termination of VP1 translation
at G28 (GAA to TAA), and the other leading to
premature termination of the translation of VP2
at N47 and of VP3 at N7 (CAA to TAA). Neither
introduces a nonsense mutation in the +1 or +2
reading frame. The resultant pCMVint-NP1Cap*-
Rep2 could then be used to replace pAV-Rep2. It
also transcribes the non-coding RNA BocaSR, ex-
presses NP1, and preserves any potent trans
functions that might be disrupted in pcDNAoptVP.
In spite of these careful manipulations, the ad-
dition of pCMVint-NP1Cap*-Rep2 did not im-
prove on the potency of virion produced using
pcDNAoptVP as helper. Instead, it sharply reduced
yield to a level similar to that for the best-
performing NP1-dependent helper (Fig. 4a). This
outcome suggests that even if pCMVint-NP1Cap*-
Rep2 preserves functions that pcDNAoptVP lacks,
such as the BocaSR, they are not necessary for vi-
rion assembly.

The negative impact of imposed NP1 expression
(using pCMVint-NP1Cap*-Rep2) on the yield of
pcDNAoptVP was somewhat predictable. This
outcome supports our assumption that NP1 ex-
pression might account for the relatively low yield
of the NP1-dependent system in spite of being in-
dispensable for cap expression. However, the fail-
ure to improve the potency of the virion by means of
imposed NP1 expression suggests that the endog-
enous mechanism for regulating cap expression
and virion assembly, which is retained in the NP1-
dependent production system, is dependent on ei-
ther DNA- or RNA-sequence, and thus that the
absence of NP1 is not responsible for the reduced
transduction potency. The latter was further sup-
ported by the testing of pcDNAoptVP1(ATG), a
variant of pcDNAoptVP in which the endogenous
HBoV1 core Kozak sequence and an ATG codon are
used to initiate VP1 translation. The potency of
virions generated from pcDNAoptVP1(ATG) was
similar to those of virions produced by the NP1-
dependent helper (pCMVint-NP1Cap-Rep2), in
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spite of the fact that their yield was dramatically
reduced (Fig. 4a).

Although pcDNAoptVP1(ATG) transcribes a cap
mRNA whose primary sequence is almost identical
to that of the parental pcDNAoptVP, enhanced VP1
expression from pcDNAoptVP1(ATG) (Fig. 3a) led
to optimal virion potency. Notably, when VP3 ex-
pression was predominant from pcDNAoptVP,
production was high and potency was impaired,
and when VP1 expression was elevated from
pcDNAoptVP1(ATG), the effect was reversed. It
was hypothesized that these opposite outcomes
could be balanced by using separate plasmids
to increase the expression of both VP1 and VP3
simultaneously.

To test this hypothesis, the VP1 expression cas-
sette was incorporated into pAV-Rep2 and the VP2/
VP3 cassette into pAd4.1, producing a new NS-free

production system in the context of three-plasmid
transfection (Fig. 4b). The following two-in-one
trans helpers were used: pCMVoptVP1-Rep2 and
pAd4.1-CMVoptVP2/3 (Table 1). pCMVoptVP1-
Rep2 expresses HBoV1 VP1 from the codon-
optimized cap gene, which incorporates (1) an
optimal Kozak sequence and ATG to initiate VP1
expression, and (2) the mutation M130L (VP1) to
eliminate VP3 expression from this construct.
pAd4.1-CMVoptVP2/3 mimics AAV2 with respect
to expressing VP2 and VP3 from a single mRNA
transcript. The original GTG start codon for VP2
and the upstream sequence encoding the unique
amino acids of VP1 in the synthetic optVP sequence
were replaced with the short AAV2 sequence that
had been used in pcDNAoptVP to provide VP1 ex-
pression. Thus, pAd4.1-CMVoptVP2/3 drove at-
tenuated expression of VP2 from the non-canonical

Figure 4. Optimization of NS-free production system. (a) Comparison of production yield and transduction potency. Virions produced using the indicated
helper plasmids demonstrated trade-off in production yield versus transduction potency. Values represent mean – SEM yield (left y-axis) and potency (right y-
axis) as percentages relative to those for virion produced using pCMEpoIVNP1Cap-Rep2 (values were set at 100% yield and potency). (b) Schematic illustration
of three plasmids used in NS-free production system. HBoV1 capsid proteins VP1, VP2, and VP3 are expressed from the codon-optimized cap genes by using
distinct expression plasmids. (c) Comparison of production yield from most efficient NP1-dependent and NS-free production systems. Values represent
mean – SEM yield in three side-by-side preparations using the indicated helper plasmids. (d) Comparison of transduction (luciferase) activities of rAAV2/HBoV1
preparations, as described, for HAE-ALI cultures apically transduced with three side-by-side paired lots of virions, as described in (c). Transgene expression
was assessed on days 2, 4, and 14 post infection. Bars and error bars represent mean – SEM (n = 4) gaussia luciferase activity in the culture medium
accumulated in 24 h intervals.
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start codon ACG and higher levels of VP3 expres-
sion from the internal ATG that also encodes the
M40 of VP2. In spite of the fact that this strategy
resulted in lower virion production than when
pcDNAoptVP was used, the complementation of
HBoV1 capsid proteins from separate VP1 and
VP2/VP3 helpers increased the yield to double
that of the best-performing NP1-dependent system
(Fig. 4c). The estimated yield per cell from the
three-plasmid transfections of HEK293 cells was
3.2 – 0.3 · 104 DRP. From 40 plates (150 mm) of
transfected HEK293 cells, a total of 4.5 · 1012 DRP
purified virions can be produced. Importantly, this
high yield was not accompanied by loss of virion
functionality. Side-by-side comparison of three in-
dependent preparations showed that the viri-
ons generated from the new NS-free system had
transduction potency and kinetics similar to those
of virions generated using the NP1-dependent
system (Fig. 4d).

DISCUSSION

The cross-genera pseudopackaging of the rAAV2
genome into the HBoV1 capsid to generate rAAV2/
HBoV1 vectors requires transgene expression from
both the AAV2 rep and the HBoV1 cap plasmids,
in addition to helper function from adenovirus.
However, when inserted into eukaryotic expres-
sion vectors, the HBoV1 cap cDNA on its own is not
sufficient to drive production of capsid, suggesting
that the functional expression of HBoV1 cap re-
quires other NS component(s) from the HBoV1
genome. The prototype production system uses a
cloned HBoV1 replication-incompetent genome
(pHBoV1KUm630) for trans complementation of
the HBoV1 capsid, but the rAAV2/HBoV1 vector
produced from this genome in HEK293 cells is
equivalent to only 5% of the rAAV2 produced at the
same scale of transfection. pHBoV1KUm630 ex-
presses three capsid proteins (VP1–3), the non-
coding RNA BocaSR, and all five of the HBoV1 NS
proteins (NS1–4 and NP1). It is now known that
NP1 is the only one of the NS components that is
required for efficient capsid production and that
the low yield of the prototypic system using this
helper was a consequence of overexpression of
unneeded NS proteins. Indeed, this notion was
supported by the fact that production from
pHBoV1KUm630 dropped sharply when the ex-
pression of HBoV1 proteins was increased globally
by replacing the endogenous P5 promoter with the
CMV promoter (Fig. 1b).

In parvoviruses, expression from the cap gene
usually requires the participation of NS proteins,

either directly or indirectly. For example, in the
case of AAV, Rep78 and Rep68 positively regulate
transcription of cap mRNAs from the P40 pro-
moter. Yet, expression occurs even in the absence
of these NS proteins.55 In HBoV1, NP1 is indis-
pensable to capsid expression from the native ge-
nome, but the mechanism whereby NP1 interacts
with the transcription complex to prevent prema-
ture transcription termination remains unclear.
However, it is notable that silent mutations elimi-
nating the (pA)p sites circumvent the need for NP1.
This enables HBoV1 capsid proteins to be ex-
pressed from a simple eukaryotic expression plas-
mid harboring a (pA)p-sites mutated cap cDNA
or codon-optimized cap gene. Indeed, when pCMVR7
cDNAm(pA)p or pcDNAoptVP was used as helper,
rAAV2/HBoV1 could be produced under NS-free
conditions.

In general, the production of recombinant vec-
tor benefits from the exclusion of any nonessential
proteins in the transfected cells. Indeed, eliminat-
ing the nonessential NS1–2 genes, or even NS1–4,
from the pHBoV1KUm630 greatly increased the
efficiency of NP1-dependent rAAV2/HBoV1 pro-
duction by around eightfold. Furthermore, using
the pcDNAoptVP as helper, 34-fold more effi-
cacy was achieved in the context of completely NS-
free rAAV2/HBoV1 production. Featuring a fully
codon-optimized synthetic cap coding sequence
that lacks the (pA)p sites and attenuates VP1 ex-
pression by using a non-canonical start codon,
pcDNAoptVP reproduces VP1–3 at a ratio similar
to that seen from pHBoV1KUm630 but with higher
efficiency due to the absence of all NS proteins
(Fig. 3a). The higher efficiency of capsid protein
expression from this NS-free system versus the
NP1-dependent production counterpart (Fig. 3b)
and the fourfold reduction in pcDNAoptVP-based
production in the context of imposed NP1 expres-
sion (Fig. 4a) suggest that NP1 has a negative
impact in spite of the fact that it is indispensable
to cap expression in the replication-incompetent
HBoV1 genome and its derivatives. Notwithstand-
ing the improvement of pcDNAoptVP with respect
to yield, it has a key limitation. The 34-fold increase
in virion production with this helper was offset by a
significant reduction in transduction potency of
virions. The Western blot analysis of the proportion
of VP1–3 of the virions suggested the suboptimal
assembly. The reduced VP1 content in the virion
produced from pcDNAoptVP likely accounts for the
impaired potency.

Key questions that remain to be resolved with
respect to parvovirus biology include how AAV
and HBoV parvoviruses assemble icosahedral
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virions from 60 subunits of VP1, VP2, and VP3 at
the 1:1:10 stoichiometry required for optimal in-
fectivity. Previous thinking was that in AAV, op-
timal virion assembly results from predominant
VP3 expression and attenuated expression of VP1
and VP2, under the control of alternative mRNA
splicing and non-canonical translation initiation
(VP2). In HBoV1, the expression of these proteins
is most likely regulated by NP1, with VP2 ex-
pression also limited by non-canonical initiation
of translation. However, the recent discovery of
the requirement for AAP in AAV assembly has
suggested that regulation of the formation of
functional virion is more complex than producing
the VP1, VP2, and VP3 capsid proteins at the
correct stoichiometry. Moreover, it remains un-
clear why some but not all AAV serotypes re-
quire AAP for virion assembly.56,57 Whether the
HBoV1 genome encodes an AAP-like protein re-
mains an open question. The production of fully
transduction-active rAAV2/HBoV1 from the
codon-optimized cap gene suggests that rAAV2/
HBoV1 packaging might not require such a
function, at least in the context of the new NS-free
system, in which VP1 expression was intention-
ally enhanced. However, when pcDNAoptVP
alone was used as the NS-free helper, even
though it expressed VP1, VP2, and VP3 at ratios
similar to those produced in the context of NP1-
dependent cap expression, this was not sufficient
for assembly of rAAV2/HBoV1 virions with opti-
mal VP1 content. The fact that imposed NP1 ex-
pression failed to improve the potency of the
virion suggested that the mechanism whereby
cap expression and virion assembly are retained
during NP1-dependent production does not apply
to the NS-free system using codon-optimized cap
gene, and thus the mechanism appears to be de-
pendent on the DNA or/and RNA sequence.

Interestingly, the assembly of rAAV vector
might not strictly obey the rule of VP1, VP2, and
VP3 at a stoichiometry of 1:1:10. While sufficient
VP1 content in the virion is crucial to infectivity,
the presence of VP2 appears not to be essential for
the packaging and potency of rAAV,58 and a re-
cent study reported that the transduction effi-
ciency of rAAV correlates with the abundance of
VP1, rAAV with higher abundance of VP1 dem-
onstrated improved transduction activity.59 It
was found that the NS-free rAAV2/HBoV1 pro-
duction system required enhanced level of VP1
expression. The strategy is to increase the VP1
and VP3 expression simultaneously in an NS-free
production system. Expression of VP1 and VP2–3
from distinct helper plasmids under the control of

the same strong promoter/enhancer (CMV) en-
ables efficient production of fully infectious
rAAV2/HBoV1. The new NS-free production sys-
tem is a three-plasmid base transfection using
two helper plasmids for all the trans functions:
the VP1 expression cassette and the VP2–3 ex-
pression cassette (with attenuated VP2 expres-
sion) are incorporated into the AAV rep helper
plasmid and the adenovirus helper plasmid, re-
spectively. Although this system does not match
the efficacy of pcDNAoptVP with respect to vi-
rion production, it nevertheless exceeds the best-
performing NP1-dependent method for producing
transduction-competent virions by more than a
factor of two. Moreover, it is 16- to 18-fold more
efficient than the prototypic system.

In summary, an efficient rAAV2/HBoV1 pro-
duction system free of the expression of all HBoV1
NS proteins was developed, with an estimated
yield of 3–4 · 104 DRP/cell before purification. It
was also found that *30% of the infectious virion
can be recovered from the culture medium, sug-
gesting that production could be further increased
using a procedure that recovers virions from the
culture medium as well as cell pellets. The current
yield of rAAV2/HBoV1 remains slightly lower than
that of rAAV produced by the routine manufactur-
ing method, which involves three-plasmid trans-
fection in adherent cultures of HEK293 cells.
However, current capacity satisfies the demand for
the preclinical studies, and it is expected that
further optimization is possible. Importantly, the
separate capsid expression cassettes generated for
the production of rAAV2/HBoV1 could be applied in
other approaches that increase rAAV yield. One
involves the use of suspension cultures of HEK293
cells.60 Another such approach takes advantage of
baculovirus expression system, which has been
used successfully to produce HBoV1 virus-like
particles comprised of VP3.61,62
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