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Arteriviruses are enveloped positive-strand RNA viruses for which the attachment proteins and cellular receptors have remained
largely controversial. Arterivirus particles contain at least eight envelope proteins, an unusually large number among RNA vi-
ruses. These appear to segregate into three groups: major structural components (major glycoprotein GP5 and membrane pro-
tein [M]), minor glycoproteins (GP2a, GP3, and GP4), and small hydrophobic proteins (E and the recently discovered ORF5a
protein). Biochemical studies previously suggested that the GP5-M heterodimer of porcine reproductive and respiratory syn-
drome virus (PRRSV) interacts with porcine sialoadhesin (pSn) in porcine alveolar macrophages (PAM). However, another
study proposed that minor protein GP4, along with GP2a, interacts with CD163, another reported cellular receptor for PRRSV.
In this study, we provide genetic evidence that the minor envelope proteins are the major determinant of arterivirus entry into
cultured cells. A PRRSV infectious cDNA clone was equipped with open reading frames (ORFs) encoding minor envelope and E
proteins of equine arteritis virus (EAV), the only known arterivirus displaying a broad tropism in cultured cells. Although
PRRSV and EAV are only distantly related and utilize diversified transcription-regulating sequences (TRSs), a viable chimeric
progeny virus was rescued. Strikingly, this chimeric virus (VAPRRS-EAV2ab34) acquired the broad in vitro cell tropism of EAV,
demonstrating that the minor envelope proteins play a critical role as viral attachment proteins. We believe that chimeric arteri-
viruses of this kind will be a powerful tool for further dissection of the arterivirus replicative cycle, including virus entry, sub-

genomic RNA synthesis, and virion assembly.

he Arteriviridae, which are enveloped RNA viruses with a poly-

cistronic positive-stranded genome, together with the Corona-
viridae and Roniviridae, belong to the order Nidovirales (2). The
arterivirus family consists of equine arteritis virus (EAV), porcine
reproductive and respiratory syndrome virus (PRRSV), lactate
dehydrogenase-elevating virus (LDV), and simian hemorrhagic
fever virus (SHFV) (42). PRRSV isolates segregate into European
(typeI) and North American (type IT) genotypes, which share only
about 60% sequence identity (32). In general, the host range of
arteriviruses is very restricted: EAV is only known to infect horses
and donkeys; the tropism of PRRSV is specific for swine; LDV
infects only mice; and SHFV targets several genera of monkeys, in
which it can cause either acute or persistent infections (42).
PRRSV infection, in particular, often leads to high-mortality dis-
ease outbreaks and is considered one of the greatest threats to the
swine industry worldwide (24, 33, 48, 64). Recently, a large out-
break of highly virulent PPRSV (type II) affected the Asian swine
industry, causing considerable economic losses (48, 64).

The arterivirus genome is a polyadenylated RNA molecule of
about 12 to 16 kb (see Fig. 1), comprising short 5'- and 3'-
terminal untranslated regions (UTRs) flanking a large replicase
gene (open reading frame la [ORFla] and ORF1b) and—in the
case of PRRSV, EAV, and LDV—eight known structural protein
genes (17,19, 42, 43). The SHFV genome contains four additional
ORFs, which appear to be derived from an ancient duplication of
ORFs 2a to 4 and may encode additional envelope proteins (18).
Like coronaviruses, arteriviruses employ a unique mechanism of
discontinuous RNA synthesis to produce an extensive nested set
of subgenomic (sg) mRNAs. These transcripts are 3’ coterminal
but also carry a common 5’ leader sequence that is identical to the
5’'-terminal part of the genome (37). Synthesis of sg mRNA is
thought to start with the generation of subgenome-length
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negative-stranded templates, one for each mRNA species, which
derive from a process of discontinuous negative-strand synthesis
directed by short, conserved transcription-regulating sequences
(TRSs). During discontinuous RNA synthesis, the genomic 3'-
proximal region is copied up to a so-called body TRS (TRS-B),
after which RNA synthesis is interrupted and the 3’ end of the
nascent negative strand base pairs to a complementary sequence
(leader TRS [TRS-L]) in the 5" UTR. Following the base-pairing
interaction between the negative-stranded TRS-B and the
positive-stranded TRS-L, RNA synthesis is resumed to add the
complement of the leader sequence to the subgenome-length
negative-stranded RNA, which can subsequently serve as a tem-
plate for mRNA synthesis (7, 26, 37-39, 46).

EAV and PRRSV are the most extensively studied arteriviruses.
Replicase ORFla and ORF1ab, via ribosomal frameshift-mediated
translational reprogramming, encode the nonstructural polypro-
teins ppla and pplab, which ultimately mature into the 13 or 14
nonstructural proteins (nsp’s) that direct genome replication and
sg mRNA synthesis (16, 65). The structural-protein-coding region
generates glycoprotein GP2a or GP2b (encoded by ORF2a in
PRRSV type II and by ORF2b in EAV and PRRSV type I), the
envelope protein E (encoded by ORF2b in PRRSV type II and by
ORF2a in EAV and PRRSV type I), GP3 (ORF3), GP4 (ORF4),
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GP5 (ORF5), membrane protein M (ORF6), and nucleocapsid
protein N (ORF7) (42, 44). Recently, an additional small hydro-
phobic protein, which is encoded by an ORF (ORF5a) overlapping
the GP5-coding sequence, was identified (17, 19). This ORF5a
protein was identified in PRRSV particles, and its expression was
found to be important for the efficient production of EAV prog-
eny virus, although an ORF5a knockout mutant retained a mod-
erate level of infectiousness (17, 19). Previously, the expression of
all other genes in the 3" quarter of the EAV genome (ORFs 2a to 7)
was found to be essential for the production of infectious virus
particles, although knockouts of ORFs 2a to 4 were found to pro-
duce virus-like particles containing the three major structural
proteins (GP5, M, and N) and RNA (28, 59, 63). Consequently,
the minor envelope proteins (GP2a and -b, GP3, GP4, and E),
which may form different oligomeric complexes, were postulated
to be critical determinants of arterivirus infection, e.g., by control-
ling virus attachment or entry (15, 41, 58, 60). However, thus far,
little is known about the structural properties of arterivirus pro-
teins and their functional interactions with each other and with
host factors.

Arterivirus entry relies on receptor-mediated endocytosis, but
the identities of the cellular receptor(s) and the viral attachment
protein(s) have remained controversial (3, 22, 30, 49). Although
PRRSV and EAV infect cells from the monocyte/macrophage lin-
eage in their natural hosts, they display different tropisms in cell
culture (14, 42). EAV can productively infect a wide variety of cell
lines, including baby hamster kidney (BHK-21), African green
monkey kidney (Vero and MA-104), rabbit kidney (RK-13), and
even human kidney (43) cells. On the other hand, PRRSV can
infect only MA-104 cells and cells of its derivative line, MARC-145
(20, 42). The most extensively documented PRRSV receptor is
porcine sialoadhesin (pSn) in porcine alveolar macrophages
(PAM) (5, 6, 12, 13, 51). Expression of pSn can render the non-
permissive PK-15 cell line susceptible to PRRSV entry, but the
internalized virus is not uncoated (51). The conclusion that pSn is
the (primary) PRRSV receptor was challenged on the grounds that
the protein is not expressed by MARC-145 cells, which are per-
missive to PRRSV infection (13). Through screening of a PAM
cDNA library, the membrane protein CD163 was identified as an
additional determinant of PRRSV entry (1). The CD163 molecule
can confer susceptibility to PRRSV infection on nonpermissive
cells and is expressed in MARC-145 cells. Strikingly, different po-
tential PRRSV attachment proteins have been proposed in con-
junction with the different potential receptors. The GP5-M com-
plex was identified as the likely attachment protein in view of its
capacity to bind pSn in a sialic acid-dependent manner in vitro
(50). However, another study documented that the minor enve-
lope proteins GP2 and GP4 interact with CD163 in vitro (4). Van
Breedam and coworkers proposed a model in which pSn and
CD163 would together mediate PRRSV entry, with the former
serving as the authentic receptor for adsorption and the latter
subsequently mediating penetration (49). Nevertheless, it is clear
that more genetic and biochemical information is required to clar-
ify the exact roles of the different viral and cellular proteins
claimed to be involved. Such information will also be key for the
rational design of vaccines and antivirals.

In this study, we provide genetic evidence that the minor en-
velope proteins GP2, GP3, GP4, and E together play a key role in
the entry of arteriviruses into cultured cells. Utilizing PRRSV and
EAV infectious cDNA clones (52, 62), we constructed a chimera in
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which PRRSV ORFs 2a to 4 were replaced by the corresponding
genes from EAV. Viable chimeric virus was rescued following
transfection of this cDNA clone. Moreover, this chimeric PRRSV
acquired the broad cell tropism that is typical of its minor enve-
lope protein donor, EAV. For example, besides MARC-145, the
chimeric virus could productively infect both the BHK-21 and
Vero cell lines, which are not permissive for infection with wild-
type PRRSV. This strongly suggests that the tropism and entry of
PRRSV, and likely also of other arteriviruses, are mediated by the
minor rather than the major envelope proteins. This finding en-
hances our understanding of arterivirus entry and may be of great
significance for the rational design of PRRSV vaccines and antivi-
ral compounds.

MATERIALS AND METHODS

Cells, viruses, and antibodies. The MARC-145 and Vero cell lines
(ATCC, Manassas, VA) were cultured in Eagle’s minimal essential me-
dium (EMEM) with 10% fetal bovine serum (FBS; Gibco-BRL, MD) and
were maintained in EMEM with 2% FBS. The BHK-21 cell line (ATCC)
was cultured in modified Eagle medium (MEM) with 10% FBS (Gibco-
BRL) and was maintained in MEM with 2% FBS. PAM were obtained
from a 4-week-old PRRSV-negative piglet as described previously (57)
and were cultured in RPMI 1640 (Gibco-BRL) with 10% FBS. All the cells
were cultured in an incubator at 37°C under 5% CO,. The wild-type
PRRSYV strain VAPRRS was derived from infectious cDNA clone pAPRRS
(GenBank accession no. GQ330474). The wild-type EAV strain vVEAV030
was derived from infectious cDNA clone pEAV030 (NC002532). Mono-
clonal antibodies (MAbs) specific for the PRRSV N protein (N-MAb) and
nonstructural protein 2 (nsp2-MAb) were kindly provided by Ying Fang
(South Dakota State University). A rabbit antiserum recognizing EAV
nsp2 has been described previously (45), and an anti-EAV GP2b serum
(ARV-EAV-GP2b, recognizing the MSPSRRTSSGTLPRRKIL peptide)
was obtained from Shanghai GL Biochem (Shanghai, China). The second-
ary antibodies, Alexa Fluor 568-labeled goat anti-mouse IgG and Alexa
Fluor 555-labeled goat anti-rabbit IgG, were purchased from Molecular
Probes (Invitrogen, CA).

Construction of chimeric full-length cDNA clones. To obtain a con-
venient DNA-based system in which to launch recombinant EAV and
PRRSV, the cytomegalovirus (CMV) promoter was introduced into the
respective EAV and PRRSV full-length ¢cDNA clones pEAV030 and
PAPRRSasc, into which an Ascl restriction enzyme recognition site was
inserted immediately upstream of the ORF2a start codon as described
previously (23,47, 61). To construct the chimeric full-length cDNA clone
PAPRRS-EAV2ab34, ¢cDNA fragment EAV2ab34 (representing EAV
ORF2a to ORF4) was amplified from pEAV030 using the primer pair
FE234asc—RE4-A5, and fragment APRRS56 (VAPRRS ORF5 to ORF6)
was amplified from pAPRRS using the primer pair FE4-A5-RA14780 (Ta-
ble 1). Using the purified EAV2ab34 and APRRS56 products as templates,
the hybrid fragment EAV2ab34—-APRRS56 was amplified via splicing
overlap extension (SOE) PCR with the primer pair FE234asc—RA14780
(56). This fragment was subsequently cloned into the pCR-Blunt II-
TOPO vector (Invitrogen) according to the manufacturer’s recommen-
dations in order to construct an intermediate plasmid. After digestion
with the restriction enzymes Ascl and Xbal (New England BioLabs, MA),
the hybrid fragment EAV2ab34 —~APRRS56 was transferred to pAPRRSasc
to yield the chimeric full-length cDNA clone pAPRRS-EAV2ab34. All
constructs were verified by restriction enzyme mapping and nucleotide
sequencing. The construction strategy is outlined in Fig. 1. Oligonucleo-
tide primer sequences are listed in Table 1.

DNA transfection and rescue of virus. All experiments with live chi-
meric viruses and their parents were performed in a biosafety level 2
biocontainment laboratory. Full-length plasmid DNAs were isolated us-
ing the QIAprep Spin Miniprep kit (Qiagen, Hilden, Germany), verified
by agarose gel (1%) electrophoresis, and quantified using a photospec-
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TABLE 1 Primers used in this study

Minor Envelope Proteins Determine Arterivirus Tropism

Primer? Sequence (5'-3")" Application

FAl2asc GAGGCGCGCCAATGAAATGGGGTCCATGC Generation of pAPRRSasc

RA12asc TTGGCGCGCCTCAATTCAGGCCTAAAGTTG

FE234asc TGAGGCGCGCCATGGGCTTAGTGTGGTCACTG Generation of pAPRRS-EAV234

RE4-A5 TCCCCAACATACTTAAACATTCATAGATAACATCGTTGAG

FE4-A5 CTCAACGATGTTATCTATGAATGTTTAAGTATGTTGGGGA

RA14780 GCATCTAGAGGTGATGAACCTCCAAGTTTCTATGG

FA12066 CAATGATGCGTTTCGTGCGCGCC Identification of the chimeric genome by RT-PCR
RE10766 AAGTGCACCAACAACAAGGCAAACCAAC

RAT GAGTGACGAGGACTCGAGCGCATGCTTTTTTTTTTTTTT

FA14413 CTGATCGACCTCAAAAGAGTTGTGCTTG Detection of PRRSV ORF7 by RT-PCR

RA15497 CAATTAAATCTTACCCCCACACGGTCG

FA6 GTATAGGTGTTGGCTCTATGCCTTG RT-PCR amplification for sg mRNAs 2 to 5 of the APRRS sequence
RA12661 TTTACAGGTCTCGGCTTC

RA13077 CCCTAGCTCGTCGTGATCGT

RA13804 CGCACATGATCGACCAC

RA14234 GCGTAGATGCTACTCAGGACATACC

FEI1 TGTATGGTGCCATATACGGCTCACCACC RT-PCR amplification for sg mRNAs 2 to 5 of the EAV sequence
RE10474 GGAAGTGCGACGGGAAGGTGACATTAGCC

RE10766 AAGTGCACCAACAACAAGGCAAACCAAC

RE11153 GATAACATCGTTGAGCCCAACGTACCAGTCG

RE11883 CCTCACAAGGTTGACTTTGCTGCCGTAG

@ Primer names are organized in groups. Prefixes: F, forward PCR primer; R, reverse PCR primer; A, sequence from pAPRRS (GenBank accession no. GQ330474); E, sequence from

pEAV030 (GenBank accession no. NC002532).
b Restriction sites introduced by PCR are underlined.

trometer. Fresh MARC-145 cells in a six-well plate at approximately 60 to
80% confluence were transfected with 2 ug of plasmid per well using
FuGene HD transfection reagent (Roche, Germany), followed by incuba-
tion at 37°C under 5% CO,. The transfected cells were monitored daily.
When about 80% of transfected cells displayed cytopathic effect (CPE),
cell culture supernatants were harvested and were designated passage zero
(PO) virus.

Indirect immunofluorescence analysis (IFA). At 48 h after inocula-
tion at a low multiplicity of infection (MOI) of 0.01 or after transfection
with full-length cDNA clones, infected or transfected cells were washed
twice with phosphate-buffered saline (PBS) and were fixed in cold meth-
anol for 15 min. After washing with PBS, the fixed cells were blocked in 1%
bovine serum albumin (BSA; Sigma) at room temperature for 30 min.
The cell monolayers were washed with PBS and were incubated with
specific primary antibodies at 37°C for 2 h. After extensive washing
with PBS, the cells were incubated with Alexa 568-labeled anti-mouse
or Alexa-555-labeled anti-rabbit secondary antibodies for 1 h at room
temperature. Finally, fluorescent signals were visualized using an
Olympus inverted fluorescence microscope fitted with a charge-
coupled device (CCD) camera.

Viral plaque assay and growth kinetics. MARC-145 or BHK-21 cells
in six-well plates were inoculated with 10-fold serial dilutions of passage 3
(P3) virus. After adsorption for 1 h, the inoculum was replaced with an
overlay of 1% low-melting-point agarose (Cambrex, ME) in EMEM con-
taining 2% FBS. When the agarose overlay had solidified, the plate was
inverted and placed (bottom up) in an incubator at 37°C for 3 (BHK-21)
or 4 (MARC-145) days. The resulting plaques were fixed in 4% (vol/vol)
formaldehyde in distilled water for 1 h and were then stained with crystal
violet (5% [wt/vol] in 20% ethanol).

To examine the growth properties of chimeric viruses in MARC-145
and BHK-21 cells, a multiple-step growth curve analysis was conducted as
described previously (61). Briefly, MARC-145 or BHK-21 cells were in-
fected with P3 chimeric and parental viruses atan MOI of 0.01. At the time
points indicated in Fig. 6 (12, 24, 36, 48, 60, 72, 84, and 96 h postinocula-
tion [p.i.]), 200 pl of each culture supernatant was collected, and the
supernatant was replenished with the same volume of fresh medium. Vi-
rus titrations were performed in 96-well plates with fresh cells that were
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incubated with 10-fold serial virus dilutions (4 replicates per dilution; 100
pul/well) for 1 h, after which the cells were washed with PBS twice and were
then incubated in EMEM or MEM (for BHK-21 cells) with 2% FBS in a
humidified CO, incubator. CPE was read at 7 or 5 (for BHK-21 cells) days
p.1. Viral titers were calculated using the Reed-Muench method and were
expressed as the 50% tissue culture infectious dose (TCID5,)) per milliliter.
Three independent experiments were carried for each virus.

RT-PCR and nucleotide sequencing. Viral genomic RNA was isolated
from the supernatant of the cultured cells, which had been infected with
viruses using a QIAprep viral RNA minikit (Qiagen), as instructed by the
manufacturer. The complete viral genomes were amplified by reverse
transcription-PCR (RT-PCR) in eight segments (primer sequences are
available upon request) using avian myeloblastosis virus reverse trans-
criptase (TaKaRa) and pfuUltra 11 Fusion HS DNA polymerase (Strat-
agene), and the RT-PCR products were purified, followed by nucleotide
sequence determination as described previously (25).

Total intracellular RNA was isolated by using TRIzol reagent (Invitro-
gen), according to the manufacturer’s instructions. The sg mRNAs of
chimeric and parental viruses were amplified by RT-PCR with specific
primer pairs (Table 1), as described previously (7, 47). The forward prim-
ers FA6 and FEAV11 were designed to bind upstream of the 5" UTRs of
vAPRRS and vEAV030, respectively, and the reverse primers were in the
3'-terminal parts of the individual ORFs 2 to 5, such that the specific
leader-body junction motif of every sg mRNA could be amplified. The
RT-PCR products were cloned into the pGEM-T vector (Promega, Mad-
ison, WI) and were subjected to nucleotide sequencing.

Hybridization analysis of intracellular RNA. For a first-cycle analysis
of intracellular RNA synthesis, full-length cDNA clones with a T7 RNA
polymerase promoter were used. Full-length capped RNA was transcribed
and introduced into BHK-21 cells by electroporation, essentially as de-
scribed previously (31). Intracellular RNA was isolated at 18 h posttrans-
fection by using a lysis buffer containing 5% lithium dodecyl sulfate, acid-
phenol extraction, and isopropanol precipitation, essentially as described
by van Marle and coworkers (54). Denaturing formaldehyde agarose gel
electrophoresis (1.5% gel) and hybridization of dried agarose gels were
performed as described previously (7). PRRSV-specific mRNAs were de-
tected with a **P-labeled oligonucleotide probe complementary to nucle-
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FIG 1 Schematic organization of parental and chimeric PRRSV and EAV genomes. The genomic organizations of the parental viruses, VEAV030 and vAPRRS,
are represented using filled and open rectangles, respectively. The intermediate construct vVAPRRSasc was generated by inserting an Ascl restriction enzyme
recognition sequence (ggcgcgec) between the ORF1b stop codon and the ORF2a start codon. Next, the minor envelope protein-coding region of vVAPRRSasc,
ORF2a to ORF4, was replaced with the corresponding gene set of VEAV030, and the resultant chimeric virus was designated vAPRRS-EAV2ab34. The nucleotide
sequences flanking the swapped ORFs of the chimera are shown within dashed boxes (with vAPRRS sequences in lowercase and vVEAV030 sequences in

uppercase).

otides (nt) 15468 to 15488 in the 3" UTR of the viral genome sequence.
Gels were exposed to phosphorimager screens, which were subsequently
scanned using a Typhoon variable-mode imager (GE Healthcare). Image
analysis was performed with ImageQuant TL software (GE Healthcare).

RESULTS
Generation of a viable chimeric arterivirus. Based on biochemi-
cal experiments, different PRRSV attachment proteins and corre-
sponding cellular receptors have been proposed (4, 50). Here we
addressed this issue by a genetic approach based on the exchange
of the genes encoding four minor envelope proteins (E, GP2a,
GP2b, GP3, GP4) of two distantly related arteriviruses displaying
very different tropisms in cell culture. Because PRRSV infects only
MARC-145 cells and EAV has a much broader in vitro tropism, a
full-length chimeric cDNA clone, pAPRRS-EAV2ab34, in which
the minor envelope protein genes of PRRSV (ORFs 2a to 4) were
replaced by the corresponding EAV gene set was constructed (Fig.
1). Upon transfection of full-length cDNA clones into MARC-145
cells, CPE was observed on days 4 to 6 posttransfection in cells
transfected with pAPRRS, pEAV030, or pAPRRS-EAVE2ab34,
but not in mock-transfected control cells (data not shown). This
suggested the production of viable progeny viruses from all three
constructs. The supernatants harvested from these cells (PO virus)
were used for inoculation of fresh MARC-145 cells, and again
vAPRRS-EAV2ab34, as well as both its parental viruses, induced
CPE within 2 to 3 days.

The transfected cell monolayers were also fixed at 48 h p.i. for
IFA with MAbs specific for PRRSV and EAV nonstructural and
structural proteins. As shown in Fig. 2 (left), pAPRRS-EAV2ab34-
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and pAPRRS-transfected cells stained positive for both PRRSV
nsp2 and N proteins, while pEAV030-transfected cells were nega-
tive, indicating that the CPE induced by pAPRRS-EAV2ab34
transfection was indeed PRRSV specific. As expected, EAV nsp2-
specific staining was observed only in pEAV030-transfected cells,
but EAV GP2b-specific staining was observed in both pEAV030-
and pAPRRS-EAV2ab34-transfected cells (Fig. 2, right), ruling
out the possibility that the pAPRRS-EAV2ab34 wells had been
contaminated with either of the parental viruses. In conclusion,
the protein expression patterns were in agreement with the chi-
meric nature and composition of the vVAPRRS-EAV2ab34 ge-
nome.

To further confirm that the rescued viruses originated from the
transfected cDNA clones, genomic RNA was extracted from P1
virus and was used for RT-PCR amplification with a pair of prim-
ers that would confirm its chimeric nature: FA12066 (located in
ORF1b of vAPRRS) and RE10766 (targeting vVEAV030 ORF3).
Only when using the vVAPRRS-EAV2ab34 genome could we am-
plify an RT-PCR product of the correct size (Fig. 3A). Subse-
quently, complete genome sequencing confirmed that the
vAPRRS-EAV2ab34 genome indeed contained EAV ORFs 2a to 4
in the vAPRRS backbone, as originally engineered at the level of
the full-length cDNA clone. The sequences of both PRRSV-EAV
junctions (upstream of ORF2a and downstream of ORF4) were
found to be identical to the originally engineered cDNA sequences
(Fig. 3B).

Chimeric vAPRRS-EAV2ab34 displays an extended tropism
in cell culture. To further assess the impact of the quadruple mi-
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pEAV030

pPAPRRS-EAV2ab34

Minor Envelope Proteins Determine Arterivirus Tropism

anti-EAV

nsp2 GP2

FIG 2 Expression of virus-specific markers in transfected MARC-145 cells. MARC-145 monolayers were transfected with plasmid DNAs carrying
full-length EAV or PRRSV cDNAs under the control of a CMV promoter. At 48 h posttransfection, the cells were fixed and immunolabeled for PRRSV
nsp2 and N, or for EAV nsp2 and GP2b, to investigate the expression of PRRSV- and EAV-specific nonstructural and structural proteins. The chimeric
nature of VAPRRS-EAV2ab34 was confirmed by the fact that it expressed PRRSV nsp2 and N, as well as EAV GP2b. Bar, 100 uwm.

nor envelope protein substitution, we studied the in vitro tropism
of VAPRRS-EAV2ab34. It is well established that EAV can infect
the MARC-145, BHK-21, and Vero cell lines and many others,
while PRRSV can infect only MARC-145 cells. First, we inoculated
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genome. The PO viruses harvested from transfected MARC-145 cells were used to
inoculate fresh MARC-145, BHK-21, or Vero cells. At 48 h p.i,, viral RNA was
isolated from the culture supernatants and was used for RT-PCR amplification.
(A) Confirmation of the chimeric nature of the VAPRRS-EAV2ab34 genome. RT-
PCR was performed with the chimeric primer pair FA12066 (located in vVAPRRS
ORF1b)-RE10766 (in vVEAV030 ORF3) to amplify a 1,139-bp product that is spe-
cific for the vAPRRS-EAV2ab34 chimera. The parental viruses were included as
negative controls. (B) Sequence analysis of the junction sites in the VAPRRS-
EAV2ab34 genome between PRRSV ORF1b and EAV ORF2a and between EAV
ORF4 and PRRSV ORF5a. The nucleotide sequences and sequencing traces de-
rived from these upstream and downstream fusion points are shown; the Ascl
restriction site and inserted EAV sequences are indicated.

GAATTGAGGC GCGCCATGGGCTT
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fresh BHK-21 cells with vAPRRS-EAV2ab34, along with vAPRRS
and vEAV030 as controls. CPE was observed for both vAPRRS-
EAV2ab34 and vEAV030, but not for vAPRRS. As shown in Fig.
4A, BHK-21 cells began to round up and ultimately detached from
the culture dish at 2 days p.i. IFA (Fig. 4B) confirmed that vAPPRS
had failed to infect BHK-21 cells, whereas the same cells were
clearly permissive for VEAV030, resulting in pronounced CPE but
a lack of PRRSV-specific staining. However, when infection was
performed with the chimeric virus vVAPRRS-EAV2ab34, both the
MARC-145 and BHK-21 cell lines were strongly labeled for
PRRSV nsp2 as well as N protein. This confirmed that this chimera
can efficiently infect BHK-21 cells, a property specific for the virus
whose minor envelope protein genes had been transferred to the
PRRSV backbone. Essentially similar results were obtained on
Vero cells, a second cell line that is normally permissive to EAV
but not to PRRSV (Fig. 4C).

To further confirm the chimeric nature of vAPRRS-EAV2ab34
progeny from BHK-21 and Vero cells, RT-PCR was performed
using primer pair FA12066-RE10766. Only the vAPRRS-
EAV2ab34 sample produced the anticipated amplicon (Fig. 3A).
These results demonstrated that the rescued vAPRRS-EAV2ab34
chimera has an extended tropism in cell culture and that this tro-
pism matches that of the minor envelope protein donor, EAV.
Therefore, these proteins are concluded to play a key role in ar-
terivirus attachment and entry in vitro, and we speculate that the
same is likely also true in vivo.

Chimeric vAPRRS-EAV2ab34 has lost the ability to infect
porcine alveolar macrophages. PRRSV and EAV can only infect
cells from the monocyte/macrophage lineages of their respective
natural hosts. We therefore tested whether the vAPRRS-
EAV2ab34 chimera was able to infect PAM. These primary cells
were inoculated with dilutions of chimeric and parental viruses,
and IFA was conducted about 48 h later. The IFA results (Fig. 5A)
showed that only cells infected with wild-type vVAPRRS were la-
beled for PRRSV nsp2 and N, while cells inoculated with the chi-
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FIG 4 Productive infection of MARC-145, BHK-21, and Vero cell lines with the vVAPRRS-EAV2ab34 chimera. PO viruses harvested from transfected MARC-145
cells (the chimera and parental viruses) were used to inoculate fresh cells at an MOI of 0.01. (A) At 2 to 3 days p.i., CPE was observed in MARC-145 and BHK-21
cellsbut not in Vero cells. Bar, 400 wm. (B and C) Immunolabeling of BHK-21 (B) or Vero (C) cells infected with PO virus, fixed at 48 h p.i., and stained for PRRSV

nsp2 and N. Bars, 100 wm.

meric virus VAPRRS-EAV2ab34 or the parental virus vEAV030
remained negative. This indicated that vAPRRS-EAV2ab34 parti-
cles cannot productively infect PAM, which was also confirmed by
RT-PCR (Fig. 5B) showing the absence of the viral genome from
cells inoculated with APRRS-EAV2ab34. The observations de-
scribed above demonstrated that, due to the substitution of its
minor envelope proteins, the VAPRRS-EAV2ab34 chimera had
lost its ability to infect PAM, which are readily infected by wild-
type PRRSV particles.

Characterization of chimeric vVAPRRS-EAV2ab34 propaga-
tion in MARC-145 and BHK-21cells. We next investigated the
virological characteristics of the VAPRRS-EAV2ab34 chimera, us-
ing P3 viruses harvested from MARC-145 cells. Cells were infected
with the chimeric and parental viruses at an MOI of 0.01. The viral
titers in supernatants collected at regular intervals (12 to 96 h p.i.)

VAPRRS

VEAV030

were determined, and viral growth kinetics were evaluated. As
shown in Fig. 6A, the chimera appeared to display somewhat ac-
celerated growth in MARC-145 cells compared with that of the
parental virus vAPRRS. Specifically, vAPRRS-EAV2ab34 reached
its peak titer (2.5 X 10’ TCID5,/ml) around 72 h p.i., and this titer
was similar to that of VAPRRS (1.6 X 10”7 TCIDs,/ml). This indi-
cated that the chimeric virus replicated well in MARC-145 cells. In
BHK-21 cells, which are nonpermissive for vAPRRS, the vAPRRS-
EAV2ab34 chimera produced an even higher virus titer, with a
peak of 2.5 X 10® TCID5,/ml, 10 times higher than that in MARC-
145 cells. These results suggested that vVAPRRS-EAV2ab34 repli-
cated better in BHK-21 than in MARC-145 cells, although—not
unexpectedly—vEAV030 reached the highest peak titer in both
MARC-145 and BHK-21 cultures (Fig. 6A).

The plaque morphologies of chimeric and parental viruses

<
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FIG5 The vAPRRS-EAV2ab34 chimera is unable to infect PAM. (A) Fresh PAM were incubated with 100-fold-diluted chimeric and parental viruses. After about
48 h, the cell monolayers were immunolabeled for PRRSV marker proteins. Bar, 100 wm. (B) Total intracellular RNA was extracted from infected cells, and the
PRRSV genomic sequence was amplified by RT-PCR with primer pair FA14413/RA15497, designed to amplify vVAPRRS nucleotides 14413 to 15497.
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FIG 6 Virological characteristics of the vAPRRS-EAV2ab34 chimera. (A) Growth kinetics in MARC-145 and BHK-21 cells, infected at an MOI of 0.01 with P3
chimeric and parental viruses (derived from passaging in MARC-145 cells). The viral titers of each sample were determined as described in Materials and
Methods. (B) Plaque morphology on MARC-145 and BHK-21 cells infected with chimeric or parental viruses as described above and overlaid with EMEM
containing 2% FBS and 1% low-melting-point agarose. At 3 (for BHK-21) or 4 (for MARC-145) days p.i., plaques were visualized by crystal violet staining.

were assessed using MARC-145 cells fixed at 4 days p.i. The
vAPRRS-EAV2ab34 plaques appeared similar to those of the
vEAV030 donor virus, while a little smaller than those of the pa-
rental virus VAPRRS (Fig. 6B). No plaques were obtained when
BHK-21 cells were infected with vAPRRS, whereas vAPRRS-
EAV2ab34 produced plaques at 3 days p.i., 24 h earlier than in
MARC-145 cells. However, the vAPRRS-EAV2ab34 plaques
in BHK-21 cells were substantially smaller than those of VEAV030,
in line with the higher titer produced by vVEAV030 (Fig. 6A), but in
contrast with the observation in MARC-145 cells, in which quite
similar plaque sizes were seen for VEAV030 and vAPRRS-
EAV2ab34.

Taken together, our results demonstrated that the replacement
of the four PRRSV minor envelope proteins with their EAV coun-
terparts resulted in a viable chimera with comparable growth ki-
netics in MARC-145 cells, and clearly increased virus yields in
BHK-21 cells, which normally are resistant to PRRSV infection.

The transcriptional profile of the chimeric virus. Discontin-
uous minus-strand RNA synthesis is presumed to produce a
nested set of subgenome-length templates for arterivirus sg
mRNA synthesis (37, 39, 46). Base pairing between the comple-
ment of a TRS-B sequence in the nascent minus strand and the
TRS-L is believed to play a critical role in determining the effi-
ciency and precise site of leader-to-body joining (37). However,
the EAV and PRRSV consensus TRS motifs are different
(UCAACU and UUAACC, respectively), and in the vAPRRS-
EAV2ab34 chimera, EAV-derived antisense TRS-B sequences
would have to base pair with the PRRSV TRS-L sequence to pro-
duce the templates for the synthesis of sg mRNAs 3, 4, and 5 (Fig.
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1). Clearly, these RNA interactions are critical for virus viability,
given the fact that each of the encoded proteins is known to be
crucial for the production of arterivirus progeny (29). On the
other hand, it is not very clear at which level each of the sg mRNAs
needs to be produced in order to obtain viable arterivirus progeny.
Interestingly, the presence and use of alternative TRS-B sequences
directing the synthesis of alternative versions of the same sg
mRNA species have been documented, particularly for EAV
mRNAs 3, 4, and 5, which are important here in the context of the
vAPRRS-EAV2ab34 chimera (36).

The complement of the UCAACU consensus TRS-B motif of
EAV would normally base pair with the identical EAV TRS-L se-
quence (38). In the VAPRRS-EAV2ab34 chimera, the TRS-L motif
is the PRRSV-derived UUAACC sequence, which, in terms of TRS
base pairing, essentially comes down to the loss of a base pair at
position 6 and the replacement of the G-C at position 2 with G-U.
Using an oligonucleotide probe complementary to the 3" UTR
of PRRSV, we investigated the synthesis of sg mRNAs by the
vAPRRS-EAV2ab34 chimera in a gel hybridization analysis. As
shown in Fig. 7A, the vAPRRSasc mutant virus, into which we
inserted an Ascl site downstream of ORF1b to create an insertion
point for EAV ORFs 2a to 4 (Fig. 1), produced an sg mRNA pat-
tern identical to that of the parental virus vAPRRS. As expected
(Fig. 7A), the pattern of the chimera vAPRRS-EAV2ab34 was un-
changed for the two sg mRNAs encoded downstream of this in-
sertion site, mRNAs 6 and 7. Also, the synthesis of mRNA2, con-
trolled by an autologous PRRSV TRS-B located in the 3’ end of
ORF1b, was efficient, and as expected on the basis of the smaller
size of the ORF2a-to-ORF4 gene set in EAV than in PRRSV, the
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resulting mRNA2 was about 300 nucleotides shorter than the cor-
responding transcript of the parental virus.

The interpretation of our findings for the three mRNAs con-
trolled by EAV-derived TRS-B motifs was less straightforward. sg
mRNA3, predicted to be about 130 nucleotides smaller than its
equivalent from its vVAPRRSasc parent, appeared as a diffuse
smear, potentially consisting of multiple RNA species. A double
band was observed at the predicted position of mRNA4 (~2,350
nt), and in particular, the smaller of these two mRNAs appeared to
be efficiently produced. RNA5 was observed as a band of an inten-
sity about equal to that of the parental virus, but slightly larger, as
predicted from the sequence of the chimeric virus, assuming that
EAV TRS5.1 (36) would be used to produce this transcript.

Although we consider an extensive analysis of the synthesis of
mRNAs by the chimeric virus to be beyond the scope of this study,
we characterized the sg mRNAs expressing the EAV-derived
structural protein genes in some more detail. To this end, the
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leader-body junction sites of sg mRNAs 2, 3, 4, and 5 of the chi-
meric virus were amplified by RT-PCR and cloned for nucleotide
sequence analysis (Fig. 7B and C). This showed that, as expected
from its position inside PRRSV ORF1b (Fig. 1), the TRS-B used to
produce mRNA2 had not changed in the chimeric virus. For
mRNA3 of the chimeric virus (Fig. 7B and C), the use of the two
previously documented dominant TRS-B sequences (TRS3.1 and
TRS3.2) was observed (7, 36), but various alternative junction
sites (designated TRS3.a, -3.b, and -3.c) also appeared to be used.
In our opinion, the mixture of sg mRNA3 species identified, and
their individual low abundances, adequately explains the lack of a
prominent RNA3 band in Fig. 7A. The results for mRNA4 re-
mained somewhat puzzling, since two novel TRS-B-like motifs
(TRS4.a and -4.b) with only a moderate match with the PRRSV
TRS-L were found to be used, whereas the original EAV TRS-B4.1
and TRS-B4.2 appeared to remain silent. In the case of mRNAS5,
the dominant EAV TRS-B (TRS5.1) (36) was found in 6 out of 12
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clones, but TRS5.2 and a novel junction site located between
TRS5.1 and TRS5.2 were also used (TRS5.a [Fig. 7B]). Further-
more, the translation of the various mRNAS5 species raised a num-
ber of questions, both mechanistically and in terms of the encoded
polypeptides, which are discussed below.

In general, the conclusion that the requirements for TRS base
pairing and translation of ORFs 3, 4, and 5 or 5a in VAPRRS-
EAV2ab34 must be relatively relaxed seems justified. While toler-
ating mismatches in TRS base pairing, the PRRSV leader sequence
could be attached to both known EAV TRS-B motifs and to novel
sequences. The latter resembled the UUAACC TRS-L motif of
PRRSV to various extents, but none of them was a perfect match
(Fig. 7C). Still, the population of at least 10 different sg mRNAs
produced to express ORFs 3 to 5 apparently sufficed to ensure the
viability of the vAPRRS-EAV2ab34 chimera documented in this
study.

Genetic stability of the vAPRRS-EAV2ab34 chimeric virus.
There is very limited overall sequence similarity between EAV and
PRRSV, and the structural-protein-coding ORFs differ in length.
Additionally, the interactions between the various envelope pro-
teins, and between the N protein and RNA, are essential for EAV
and PRRSV assembly and infectivity. Consequently, we antici-
pated that the chimeric virus might evolve during passaging and
could acquire adaptive mutations that would further improve its
replicative potential. We therefore assessed the stability of the
vAPRRS-EAV2ab34 chimera by performing eight consecutive
passages in fresh MARC-145 cells, each time inoculating with a
1,000-fold dilution of the supernatant of the previous passage.
Ultimately, the P8 viral RNA was extracted, amplified in its en-
tirety by RT-PCR, and subjected to nucleotide sequencing, which
revealed three nonsynonymous replicase point mutations (Glu-
2512 — Asp in nsp9, Arg-3881 — Pro and Lys-3902 — Thr in
nsp12) and one synonymous point mutation (U — C) at nucleo-
tide 198 in the inserted EAV ORF3. In particular, nucleotide se-
quencing demonstrated that the heterologous ORF2a-to-ORF4
region had remained genetically stable for eight passages, and no
nonsynonymous mutations were detected in any of the structural-
protein-coding sequences (data not shown).

DISCUSSION

Arteriviruses can cause various clinical symptoms ranging from
lethal to asymptomatic persistent infection in susceptible host an-
imals (42). Of the four family members, EAV and PRRSV stand
out for economic reasons, and the latter virus has rapidly become
one of the most economically important swine pathogens world-
wide. Furthermore, EAV and PRRSV have attracted attention due
to a variety of molecular biological features and have been devel-
oped into important models for basic research on arteriviruses
and nidoviruses at large. Entry is the first step of the viral replica-
tive cycle, and dissection of this process will be of great significance
for controlling arterivirus infection. However, the molecular in-
teractions involved in arterivirus attachment and entry have re-
mained poorly understood and “controversial,” to say the least. It
is generally accepted that PRRSV enters host cells via receptor-
mediated endocytosis (22, 49). Several cellular molecules have
been proposed as potential cellular receptors, including heparan
sulfate, pSn, CD151, CD163, and vimentin (1, 13, 21, 40, 51). Of
these cellular molecules, pSn has been most extensively studied,
but its role was challenged by the discovery of another potential
receptor, CD163, a macrophage-specific protein in the scavenger

April 2012 Volume 86 Number 7

Minor Envelope Proteins Determine Arterivirus Tropism

receptor cysteine-rich (SRCS) superfamily (1). Van Breedam et al.
proposed that pSn is the authentic receptor for virus internaliza-
tion, while CD163 may function as a downstream mediator of
entry, e.g., during genome uncoating (49, 53). While both puta-
tive receptors could be utilized for PRRSV entry, e.g., acting as the
receptor and coreceptor, as described for human immunodefi-
ciency virus (8), it remains difficult to reconcile this model with
the absence of pSn in MARC-145 cells, the sole cell line supporting
PRRSV propagation in vitro (13). Compared to the studies on
(putative) cellular receptors, there are only a few publications
about the arterivirus attachment protein(s). PRRSV GP5 was long
believed to be the attachment protein, against which most of the
neutralizing antibodies are targeted (35). However, previous stud-
ies with chimeric arteriviruses suggested that the ectodomains of
GP5 and/or M do not mediate attachment (11, 55). Van Breedam
et al. reported that the GP5/M complex, but not the minor enve-
lope proteins, strongly interacts with pSn in a sialic acid-
dependent manner (50). However, Das and colleagues found that
the minor envelope proteins GP4 and GP2a interacted specifically
with in vitro-expressed CD163, with which GP5 interacted only
weakly (4). Both groups provided solid biochemical evidence, but
definitive genetic or virological support for their findings was
lacking and is required in order to clarify this controversy regard-
ing arterivirus entry.

Full-length infectious ¢cDNA clones of arteriviruses have
greatly facilitated the molecular dissection of virus replication (9,
27, 34,52, 62). EAV and PRRSV display very different tropisms in
cell culture. We hypothesized that chimeric arteriviruses carrying
different combinations of envelope proteins could aid in identify-
ing the viral attachment protein (42). By using an EAV infectious
c¢DNA clone as a backbone, chimeras in which the GP5 ectodo-
main was replaced by comparable sequences of related and unre-
lated RNA viruses had been developed previously, and two viable
chimeric viruses containing the GP5 ectodomains of PRRSV and
LDV were obtained (11). However, these EAV chimeras retained
the capacity to infect BHK-21 cells, suggesting that the GP5
ectodomain did not play a significant role in determining EAV
tropism. Similar conclusions were drawn for the ectodomain of
the M protein (55). These results implied that the minor rather
than the major envelope protein(s) might mediate arterivirus at-
tachment.

In our present study, we completely replaced PRRSV ORFs 2a
to 4 with their EAV counterparts, and a viable chimeric virus was
rescued. To our knowledge, this is the first successful cross-species
exchange of complete arterivirus genes. More importantly, the
chimeric virus displayed an extended in vitro tropism compared to
that of its PRRSV parent, a tropism that is characteristic of EAV,
the donor of its minor envelope proteins. Moreover, the chimera
lost the capacity to infect the natural PRRSV target cell (PAM),
demonstrating that the exchanged proteins must play a key role in
arterivirus attachment and/or entry in cell culture. As a follow-up,
it would be interesting to explore the exchange of individual mem-
bers of the ORF2a-to-ORF4 gene set, but unfortunately, the ar-
terivirus genome is organized in a compact manner (Fig. 1), and
ORFs 2a to 4 share long overlapping sequences with their neigh-
bors, rendering the exchange of single intact ORFs technically
challenging (61).

Our results create new possibilities for the functional charac-
terization of arterivirus minor envelope proteins, which are
poorly understood compared to the major envelope proteins. It
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was first demonstrated for EAV that all of the minor envelope
proteins are crucial for infectivity, since a deficiency in any one
of them abolished the production of infectious progeny, even
though they were found to be dispensable for the assembly of a
(noninfectious) core particle (59). Similar observations were sub-
sequently made for PRRSV (60). Here we provide the first genetic
and virological evidence demonstrating that one of the minor en-
velope proteins, or (more likely) a combination of several of these
proteins, plays key roles in viral attachment and entry.

Although not the primary topic of our study, the properties of
the chimeric virus also provided additional insights into arterivi-
rus sg mRNA synthesis. TRS base-pairing possibilities, flanking
sequences of TRS motifs, and local RNA structure have all been
postulated to influence the use of specific TRS-B motifs (37, 39,
46). Each of these parameters can be affected by mutations like
those triggered here by the construction of the chimeric virus,
which may trigger or enhance the generation of sg RNAs from
noncanonical TRS-B motifs, as also observed in previous studies
when regular TRS-B motifs of EAV were inactivated by targeted
mutagenesis or when foreign sequences were inserted into the
EAV genome (10, 36, 38). For several EAV mRNAs (mRNAs 3, 4,
and 5), the natural existence of multiple “subspecies” has been
documented previously, although their individual contributions
to the expression of the respective structural proteins have not
been studied. Likewise, in this study, the importance of each of the
mRNA subspecies detected (mRNAs 3, 4, and 5) is difficult to
assess, if only because the analysis of 12 clones per mRNA is not
sufficient to obtain a reliable measurement of their relative abun-
dances. In-depth analysis of vVAPRRS-EAV2ab34 mRNA synthesis
is clearly beyond the scope of this study, which focuses on viral
structural proteins and tropism, but is certainly an interesting
topic for follow-up studies.

Whereas the expression of ORFs 3 and 4 from their respective
alternative sg mRNAs seems straightforward, the same cannot be
said about ORF5a and ORF5 (Fig. 7B). Arterivirus ORF5a was
identified only recently (17, 19), and its existence was unknown at
the time of vVAPRRS-EAV2ab34 design. PRRSV ORF5a and ORF5
are both intact (Fig. 1 and 7B) and can in principle be translated
from the sg mRNA produced from TRS5.2, although two other
AUG codons (from the EAV insert) precede their initiation
codons in this mRNA (including the EAV ORF5 start codon). For
the transcripts derived from TRS5.1 and TRS5.a (Fig. 7B), the
situation is even more complex, since these are now known to
contain the 5" part of EAV ORF5a, which became fused in frame
to the downstream PRRSV ORF5 (Fig. 7B), encoding an
N-terminally extended PRRSV GP5 that may not be functional,
since its signal sequence is no longer positioned at the N terminus
of the polypeptide. A detailed analysis of the relative abundances
and translation efficiencies of the various VAPRRS-EAV2ab34
mRNAS5 subspecies will be required in order to begin to under-
stand how the chimeric virus is able to produce sufficient amounts
of the ORF5a and GP5 proteins.

Despite the questions remaining on VAPRRS-EAV2ab34 sg
mRNA synthesis and translation, we believe that our findings may
open new avenues for PRRSV vaccine improvement, since the
current modified live vaccine (MLV) can be amplified only in
MARC-145 cells, which yield low virus titers. The chimeric virus
described here can productively infect BHK-21 cells, and better
yet, a peak titer of 2.5 X 10® TCIDs,/ml, 10 times higher than that
of its VAPRRS parent, was measured in the MARC-145 cell line. In
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addition, the chimeric nature of this recombinant virus could pro-
vide a blueprint for the rational design of vaccines that can be used
to differentiate between infected and vaccinated animals, which is
thought to be pivotal for the eradication of PRRSV in swine herds.
We note that the in vivo tropism of the VAPRRS-EAV2ab34 chi-
mera described in this paper likely differs from that of its PRRSV
parent. The fact that the chimeric virus is unable to infect PAM,
the natural target cell of PRRSV, suggests that it is not likely able to
productively infect swine. Whether horses or other hosts are sus-
ceptible to infection with the chimeric virus is uncertain at this
time and will depend on the requirements for host cell factors in
addition to the receptor recognized by the EAV minor envelope
proteins, which remains to be identified. Before any further use of
this kind of chimeric virus in vaccine studies is considered, the
susceptibility of a broader spectrum of host cells from a variety of
animal hosts, including primary cells, should be investigated. Sub-
sequently, also from a biosafety perspective, small-scale animal
experiments may be required in order to fully understand the in
vivo properties of the vVAPRRS-EAV2ab34 chimera. Such studies
would be permissible in biosafety level 2 biocontainment facilities.
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