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Parvovirus B19 (B19V) is pathogenic for humans and has an extreme tropism for human erythroid
progenitors. We report cell type-specific expression of the B19V capsid genes (VPI and VP2) and greatly
increased B19V capsid protein production in nonpermissive cells by codon optimization. Codon usage
limitation, rather than promoter type and the 3’ untranslated region of the capsid genes, appears to be a
key factor in capsid protein production in nonpermissive cells. Moreover, B19 virus-like particles were
successfully generated in nonpermissive cells by transient transfection of a plasmid carrying both codon-

optimized VPI and VP2 genes.

Parvovirus B19 (B19V) is a widespread human pathogen
that displays a remarkable specificity for erythroid progen-
itors. There are only a few semipermissive cell lines for
B19V, such as UT7/Epo-S1 (8) and KUS812Ep6 (7) cells.
Recently, we reported that ex vivo-generated CD36" ery-
throid progenitor cells (EPCs) were highly permissive to
B19V infection (10). To date, the preferential B19V prop-
agation in erythroid progenitors is not fully understood.
Capsid protein synthesis appears to be restricted to permis-
sive erythroid progenitors, but nonstructural protein 1
(NS1) is produced in both permissive and nonpermissive
cells (6, 9). Here, we investigated the expression profile of
B19V proteins in permissive and nonpermissive cells and
demonstrated that codon optimization significantly im-
proved B19V capsid expression in nonpermissive cells.

To analyze the expression profile of B19V genes, we con-
structed six plasmids carrying the genes encoding VP1, VP2,
NS1, 11-kDa protein, 7.5-kDa protein, and a putative pro-
tein X, respectively (11) (Fig. 1A). Each corresponding open
reading frame (ORF) was PCR amplified and cloned into a
pCMV-3Tag-6 vector (Invitrogen, Carlsbad, CA) to gener-
ate Flag-tagged proteins. After transfection of the plasmids
into permissive (CD36" EPC), semipermissive (UT7/Epo-
S1), and nonpermissive (293T and HeLa) cells, the levels of
protein synthesis were assessed by immunoblotting at 48 h
posttransfection (hpt) using anti-Flag M2 antibody (Sigma,
St. Louis, MO) (Fig. 1B). VP1 and VP2 expression levels
were high in CD36" EPCs, very low in UT7/Epo-S1 and
293T cells, and undetectable in HeLa cells (Fig. 1B). In
contrast, NS1, 11-kDa, 7.5-kDa, and X proteins were pro-
duced at high levels in all cells tested.
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Codon usage bias has been reported for numerous organ-
isms, from viruses (1) to eukaryotes (5). If a gene contains
codons that are rarely used in the host, its expression level
will not be maximal. Codon optimization involves altering
the rare codons in the target gene so that they more closely
reflect the codon usage of the host without modifying the
amino acid sequence of the encoded protein. In attempts to
improve B19V capsid gene expression, the entire ORF of
VP2 (nucleotides [nt] 3305 to 4969; GenBank nucleotide
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FIG. 1. Cell type-specific expression of B19V capsid proteins.
(A) Relevant positions of B19V genes and promoter (p6) in B19V ge-
nome. (B) Immunoblotting of B19V capsid protein production in various
cells. CD36% EPCs and UT7/Epo-S1 cells were transfected using the
Amaxa Cell Line Nucleofector kit, and 293T and HeLa cells were trans-
fected using Lipofectamine 2000. Whole-cell lysates were prepared at 48
hpt, resolved on 4 to 20% SDS-PAGE gels, and subjected to immuno-
blotting with anti-Flag antibody. Bands were visualized by using Super-
Signal chemiluminescent reagent and then exposure to X-ray film. Num-
bers on the left indicate the molecular masses (kDa). GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.
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FIG. 2. Codon usage is critical for B19V capsid protein production. (A) Schematic diagram of plasmid construction. (B) Immunoblotting of
VP2 production in CD36* EPCs, CD34* HSCs, and three different cell lines. Following transfection with individual plasmids, whole-cell lysates
were prepared at 48 hpt and subjected to 4 to 20% SDS-PAGE, followed by immunoblotting with anti-VP2 antibody (MAb 8293). (C) IF assay.
Cells transfected with pcDNA(p6)-optVP2 were immunostained with anti-VP2 antibody (MAb 8292) specific for a conformational epitope and
then fluorescein isothiocyanate (FITC)-conjugated secondary antibody (green), followed by 4’,6-diamidino-2-phenylindole (DAPI) nuclear coun-
terstaining. (D) Immunoblotting. 293T cells and CD36" EPCs were transfected with pcDNA(p6)-optVP2 and subjected to immunoblotting with

the anti-VP2 antibody (MAb 8293).

sequence accession no. AY386330) was codon optimized for
better expression in mammalian cells and synthesized by
Celtek Bioscience, LLC (Nashville, TN) (see Fig. S1 in the
supplemental material). To further elucidate cis elements
that may influence the expression of VP2, we constructed
eight plasmids using codon-optimized VP2 (optVP2) and

wild-type VP2 (VP2). Briefly, VP2 or optVP2 genes with or
without the 3’ untranslated region (UTR) (nt 4970 to 5409)
of the B19V VP2 gene were inserted into a pcDNA(p6)
vector in which a cytomegalovirus (CMV) promoter of
pcDNA3.1 (Invitrogen) was replaced with a B19V p6 pro-
moter (p6, nt 188 to 584) (Fig. 2A). Likewise, VP2 or optVP2
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FIG. 3. Production of B19V VLPs in nonpermissive cells after codon optimization. (A) Schematic diagram of plasmid construction. IRES,
internal ribosome entry site. (B) Immunoblotting of B19V capsid proteins in 293T cells. After transfection of individual plasmids into the cells,
whole-cell lysates were subjected to 4 to 20% SDS-PAGE and subsequently immunoblotting with anti-VP2 antibody (MADb 8293). (C) Transfected
cells were immunostained with anti-VP2 antibody (MAb 8292) and then FITC-conjugated secondary antibody (green). (D) Immunoblotting of the
pellet after ultracentrifugation with anti-VP2 antibody (MAb 8293). (E) Cells transfected with pIRES-optVP2-ITR-optVP1 were lysed and
clarified by low-speed centrifugation, followed by ultracentrifugation by loading on 40% sucrose. Pellet was resuspended and analyzed by
transmission electron microscopy after negative staining. Magnification, X154,000.

with or without the 3" UTR was inserted into pcDNA3.1 in
which expression of the B19V capsid gene was controlled by
the CMV promoter (pCMV) (Fig. 2A). Using these plas-
mids, expression levels of VP2 were evaluated in different
cells by immunoblotting with anti-VP2 antibody (monoclo-
nal antibody [MADb] 8293; Chemicon, Temecula, CA) (11).
At 48 hpt, CD36" EPCs and CD34" hematopoietic stem
cells (HSCs) produced high levels of VP2 protein (Fig. 2B)
regardless of codon usage (VP2 or optVP2), promoter type
(p6 or pCMV), or 3" UTR type (B19V VP2 3" UTR or
simian virus 40 [SV40] early polyadenylation sequence). In-
terestingly, although a previous study showed that CD34*
HSCs were not permissive for B19 infection (10), VP2 was
produced in CD34" HSCs at levels similar to those in
CD36" EPCs. To assess VP2 expression in CD36" EPCs

and 293T cells, cells were transfected with pcDNA(p6)-
optVP2 and subjected to immunofluorescence (IF) assay
and immunoblotting. As shown in Fig. 2C and D, optV’P2
expression in 293T cells and that in CD36" EPCs were
comparable, indicating that VP2 production was dramati-
cally enhanced by codon optimization. A similar enhance-
ment has been reported for various genes in a variety of
viruses, including human herpesvirus (2), papillomavirus
(3), hepatitis A virus (1), and hepatitis C virus (4). We
observed a decreased VP2 production when the plasmids
carrying VP2 or optVP2 with B19V 3’ UTR were utilized.
This B19V 3’-UTR-related inhibition of VP2 production
was particularly apparent in UT7/Epo-S1 and HeLa cells but
not obvious in 293T cells, CD34" HSCs, and CD36" EPCs.
Additionally, B19V 3’-UTR-related inhibition appeared to
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be greater in the context of the pCMV-controlled transcrip-
tion than in that of p6-controlled transcription. This finding
suggests that the negative impact of BI9V 3’ UTR on capsid
production was promoter and cell type dependent.

To generate empty B19V virus-like particles (VLPs) com-
posed of optVPI and optVP2, a B19V optVPI gene was
synthesized in the same manner as that described for
optVP2. Both optVPI and optVP2 were subcloned into a
pIRES bicistronic expression vector (Clonetech), resulting
in pIRES-optVP2/optVP1. To adjust the VP1/VP2 ratio, an
inverted repeat (ITR, 5'-GGATCCCGACGATCC-3') se-
quence was inserted immediately upstream of optVP1 (Fig.
3A). When 293T cells were transfected with individual plas-
mids, overall VP2 production levels were similar among the
three samples (Fig. 3B). The VP1/VP2 ratio was 1:5 or 1:20
in the cells transfected with pIRES-optVP2/optVP1 or
pIRES-optVP2-ITR-optVP1, respectively, showing that the
VP1/VP2 (1:20) ratio of the natural B19V capsid was ob-
tained by the ITR insertion. By IF assay, B19V capsid pro-
teins were detected predominantly in nuclei at 24 hpt (Fig.
3C). Next, we attempted to generate B19V VLPs in 293T
cells using pIRES-optVP2-ITR-optVP1, by which the natu-
ral VP1/VP2 ratio was obtained. When cell lysates were
subjected to sequential sedimentation in sucrose and CsCl,
banding of parvovirus proteins was detected at 1.31 g/ml
(density of empty capsid), and VP1 and VP2 were detected
by immunoblotting (Fig. 3D). Direct electron microscopy
of the sample revealed typical parvovirus-like particles
(Fig. 3E).

In summary, we demonstrate cell type-specific expression
of B19V capsid proteins and a dramatic increase in capsid
protein production in nonpermissive cells by codon optimi-
zation. Using the optVPI and optVP2 genes, empty B19V
VLPs were generated in 293T cells. Although further studies
are required for optimal production of B19V VLPs, our
current work provides new insight for B19V research using
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nonpermissive cells and may be of practical importance in
vaccine development.
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