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1. ABSTRACT

The minimum sequence required for the replication and packaging of transmissible gas-
troenteritis virus (TGEV)-derived minigenomes has been determined. To this end, cDNAs en-
coding defective RNAs have been cloned and used to express heterologous spike proteins, to
determine the influence of the peplomer protein in the control of TGEV tropism.

A TGEYV defective interfering RNA of 9.7 kb (DI-C) was isolated, and a cDNA com-
plementary to DI-C RNA was cloned under the control of T7 promoter. In vitro tran-
scribed DI-C RNA was replicated in trans upon transfection of helper virus-infected cells.
A collection of DI-C deletion mutants (TGEV minigenomes) was generated and tested for
their ability to be replicated and packaged. The size of the smallest minigenome replicated
in trans was 3.3 kb. The rescue system was used to express the spike protein of an enteric
TGEYV isolate (C11) using as helper virus a TGEV strain (C8) that replicates very little in
the gut. A mixture of two pseudorecombinant viruses containing either the helper virus
genome or the minigenome was obtained. These pseudorecombinants display in the sur-
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face the S proteins from the enteric and the attenuated virus, and showed 10*-fold increase
in their gut replication levels as compared to the helper isolate (C8). In addition, the
pseudorecombinant virus increased its enteric pathogenicity as compared to the C8 isolate.

2. INTRODUCTION

TGEYV is a member of the Coronaviridae family (Lai and Cavanagh, 1997; Enjuanes
and Van der Zeijst, 1995) with a plus-stranded, polyadenylated RNA genome of 28.5 kb
(Eleouet et al., 1995). Defective RNAs, i.e. deletion mutants maintaining the cis-signals
required for replication and packaging but dependent on other viral functions that can be
supplied in trans by a helper virus, may arise in coronavirus replication cycle. To study
the molecular basis of coronavirus replication, evolution and tropism, it would be conven-
ient to have a full-length infectious cDNA clone. Since this is not available, an alternative
approach is the cloning of subgenomic-sized defective RNAs to manipulate the coro-
navirus genome. Recently, cDNAs encoding small coronavirus defective RNAs have been
successfully used to express heterologous genes (Zhang et al., 1997; Liao et al., 1995;
Liao and Lai, 1994; Lin and Lai, 1993).

In our laboratory, three TGEV defective interfering RNAs of 22, 10.6 and 9.7 kb
(DI-A, DI-B and DI-C, respectively) were isolated (Mendez et al., 1996). This chapter re-
ports the construction of a full-length cDNA clone from the smallest TGEV DI RNA, DI-
C, which is replicated and packaged upon transfection of helper virus-infected cells. The
construction and rescue of a collection of TGEV minigenomes has provided a TGEV-de-
rived expression system, in which several heterologous genes have been expressed.

In order to identify the molecular bases of TGEV enteropathogenicity, the S gene of
the virulent strain C11 of PUR46 virus, which grew to high levels in the gut, was cloned
into a minigenome and it was rescued (i.e. replicated and packaged in trans) using an at-
tenuated strain, clone C8 of PUR46, which grew poorly in the enteric tract. Pseudorecom-
binant viruses derived from the attenuated C8 clone, carrying the S protein from the
enteric strain C11, increased 10*-fold their gut replication levels, confirming data from our
laboratory (Ballesteros et al., 1997; Sanchez et al., 1992) that demonstrated that the tro-
pism of TGEV depends on the origin of the S protein. To our knowledge, this constitutes
the first report of a tropism change being engineered in a coronavirus.

3. MATERIALS AND METHODS

3.1. Cells and Viruses

Viruses were grown in swine testis (ST) cells (McClurkin and Norman, 1966).
TGEV PUR46MAD (Sanchez et al., 1990) and PUR46 C8 and C11 strains (Sanchez et al.,
1997) have been described.

3.2. Construction of cDNAs Encoding RNA Minigenomes

(i) pDI-C. Four overlapping cDNA fragments of DI-C RNA obtained by RT-PCR am-
plification (Mendez et al., 1996) were corrected for point mutations introduced by RT-PCR
procedure and they were assembled into plasmid pSL1190 (Pharmacia), under the control of
T7 promoter. A cDNA encoding HDV ribozyme and T7 terminator was cloned by PCR from
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transcription vector 2,0, kindly provided by A. Ball, University of Alabama (Pattnaik et al.,
1992), and placed immediately downstream of the cDNA complementary to DI-C RNA plus a
synthetic poly(A) tract. (ii) Plasmid pDI-C-derived deletion mutants. Sequence analysis of
pDI-C was performed and several DI-C internal deletion mutants, i.e. M54, were made by de-
leting the sequences between two restriction endonuclease sites using standard procedures
(Sambrook et al., 1989). (iii) Plasmid M54-S.,,. Five RT-PCR overlapping fragments of strain
C11 S gene were assembled into pPGEM-T (Promega), and sequenced with an Applied Biosys-
tems 373A automated DNA sequencer. The complete S gene, including its intergenic se-
quences, was then inserted into pDI-C deletion mutant M54 in ORF1b gene.

3.3. In Vitro Transcription

In vitro transcription of linearized DNA templates was performed with T7 RNA Po-
lymerase (Promega), according to the manufacturer instructions.

3.4. Electroporation of Helper Virus-Infected ST Cells

ST cells were grown to confluence and infected with helper virus with a m.o.i. of 10
PFU/cell. At 4-6 h p.i., cells were trypsinized, collected and resuspended in ice-cold PBS.
The cells were then electroporated with in vitro transcribed RNA in a Gene Pulser appara-
tus (BioRad). The electroporated cells were incubated at 37°C for 12h. Supernatants of
these cultures were used to infect fresh ST cell monolayers, and at least six passages were
performed to amplify the RNA.

3.5. RNA Analysis by Northern Hybridization and Northern Blot

Cytoplasmic RNA was extracted from helper virus infected and RNA transfected ST
cells at different passages, as described previously (Mendez et al., 1996). Northern hy-
bridization was performed as described elsewhere (Penzes et al., 1996), using a leader-
specific oligonucleotide complementary to nt 66 to 91 of TGEV genome. Northern Blot
analysis was performed using a 3’-UTR specific DNA probe, complementary to nt 28299
to 28543, and following standard procedures (Sambrook et al., 1989).

3.6. Virus Tropism Analysis

The in vivo growth of the pseudorecombinant virus was determined after oro-nasal
and intragastric inoculation of two to three days-old NIH miniswine (Lunney et al., 1986;
Sachs et al., 1976) with doses of 5x10° PFU. Piglets were sacrificed at days 1, 2, 3, and 4
post-inoculation, and the virus present in jejunum, ileum, and intestinal content was deter-
mined. Tissues were processed as previously described (Ballesteros et al., 1997).

4. RESULTS

4.1. Replication and Packaging of Synthetic DI-C RNA in
TGEV-Infected ST Cells

A ¢cDNA complementary to DI-C RNA was cloned under the control of T7 promoter.
Four overlapping fragments comprising the full length DI-C RNA where corrected to have
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the consensus virus sequence, and assembled. DI-C cDNA was cloned immediately down-
stream of T7 promoter with only two extra bases of non viral origin (GG) between the
promoter and DI-C cDNA (Figure 1A and 1B). The 3’ end of the poly(A) tail (25A) was
self-processed to give perfect 3’ ends, by inserting after the poly(A) a cDNA encoding the
hepatitis delta virus (HDV) ribozyme and a T7 transcription terminator (results not
shown).

A Poly(A) T79

_TGEV DI-C cDNA

B
= o= Transcription
] 2 start
T7 Promoter
j T

GCGCGCGGCCGCTAATACGACTCACTATAGGGCCTTTTAAAGTAAAGTGAGTGTAGCGTGGCTATA

CGCGCGCCGGCGATTATGCTGAGTGATATCCCGGAAAATTTCATTTCACTCACATCGCACCGATAT

TGEV nt 1-14 DI-C fragment a

c RESCUE
DI-C R P B T +
M21 | — ] =
Me2 [T [T +
M33 ]  +
Maz [T ] ]  +
I+
+

GENE

[] DELETED REGION

Figure 1. Rescue of TGEV minigenomes. (A) General structure of the plasmid-encoding DI-C RNA. A cDNA
complementary to DI-C RNA was assembled downstream of T7 promoter. At DI-C 3’ end, a synthetic poly(A)
tract was added. HDV Rz, Hepatitis delta virus ribozyme; T70, T7 transcription terminator. (B) Sequence of DI-C
cDNA 5’ end. Two restriction endonuclease sites, T7 Promoter and TGEV nucleotides 1—14 were placed upstream
of DI-C fragment a, which started at TGEV nt 15 (Mendez et al., 1996). TGEV nt 1-14 and DI-C fragment a 20-
first nucleotides are underlined. (C) The structure of DI-C deletion mutants and their ability to be rescued by
PUR46MAD helper virus is shown. Cytoplasmic RNAs were analyzed by Northern hybridization using a oligonu-
cleotide complementary to nt 66 to 91 of TGEV genome. The presence of bands with the expected size for each of
the minigenomes is indicated (+), while the absence of the band was interpreted as the absence of rescue by the
helper virus (-). Grey boxes, sequence of the minigenomes. Empty boxes, deleted fragments.
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TGEV PUR46MAD-infected ST cells were electroporated with in vitro transcribed
RNA from linearized pDI-C. Supernatants of these cultures were passed six times onto fresh
ST cell monolayers and total intracellular RNA was extracted. In Northern hybridization
analysis, synthetic DI-C RNA was clearly detected and remained stable in RNA transfected
cultures at least from passage 3 to 6, but not in the non-transfected ones (results not shown).

4.2. Effects of Internal Deletions on the Replication and Packaging of
DI-C

A collection of TGEV minigenomes was generated and their ability to be replicated
and packaged using PUR46MAD as helper virus was tested (Figure 1C). Minigenomes are
named by a number that indicates their size in hundreds of nucleotides. All minigenomes
but one were rescued, some of them to higher levels than the naturally selected DI-C
RNA. The non-rescued RNA (M21) of 2.1 kb, was the smallest RNA generated. The
smallest that was rescued (M33) had 3.3 kb. By comparing the structure of the non-res-
cued RNA with those of the rescued minigenomes, it was concluded that at least one of
the two ORF1 fragments of 4.1 and 1.3 kb present in M62 and M33 but not in M21 was
required for rescue, but none of these fragments was essential. Whether these fragments
are required for replication or packaging is being investigated.

4.3. Expression of S.,, Heterologous Protein in M54 TGEV
Minigenome

The rescue system was used to generate pseudorecombinant viruses expressing the
spike protein from two viruses, with low and high replication level in the enteric tract
(clones C8 and C11 of TGEYV, respectively). Using clone C8 as helper virus, a recombi-
nant M54 minigenome expressing the spike gene of C11 strain was rescued (Figure 2A).
Northern blot analysis of cytoplasmic RNA of helper virus infected ST cells showed the
standard set of viral mRNAs (Figure 2B, left panel). Analysis of the RNAs from ST cells
infected with the helper virus and transfected with M54 RNA (with no heterologous in-
sert) showed the standard RNA pattern plus an RNA with the size expected for the
minigenome, which was rescued to high levels. Finally, when RNAs from cells infected
with the helper virus and transfected with the M54-S_,, minigenome were analyzed, the
mRNA with the expected size for the RNA encoding the C11 spike protein was observed.
Interestingly, the C11 spike gene was transcribed to levels similar to those of the mRNA
encoding the S protein of the helper virus.

4.4. Pseudorecombinant Virus Tropism

Three groups of 4 piglets were infected either with TGEV strains C8, C11, or with
the pseudorecombinant virus (Figure 2B, right panel). One piglet of each group was sacri-
ficed at different days post-inoculation, and the titer of the virus recovered from intestinal
homogenates was determined. The pseudorecombinant virus grew up to titers of 10°
PFU/g of tissue, in contrast to the C8 isolate, that grew to a limited extent (10 PFU/g of
tissue). In addition, all the animals infected with the pseudorecombinant virus presented
enteritis 2 days post-infection, a pathology not observed in the animals infected with strain
C8. These results indicate that the pseudorecombinant virus, carrying the spike proteins
from clones C8 and C11, increased 10.000-fold its replication level in the gut.
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S. DISCUSSION

The rescue of synthetic TGEV derived minigenomes has been shown. The minimum
size of the minigenomes that have been rescued is 3.3 kb. This minigenome requires for
replication and packaging a 1.3 kb fragment, not present in a 2.1 kb minigenome that is
not rescued with the same helper virus (M21). Alternatively it may require a 4.1 kb frag-
ment present in M62 but not in M21. Both fragments are required for rescue, although
none of these fragments is essential, since defective minigenomes with either one or the
other fragment could be replicated and passaged at least six times in ST cells. Whether
these fragments are required for replication or packaging is not known at present.

The synthetic minigenomes with the helper virus were useful to express a heterolo-
gous antigen in large amounts. In fact, pseudorecombinant viruses expressing the S protein
from the helper virus plus the S protein of a virus clone that replicates to high levels in the
enteric tract increased ten thousand-fold their replication in the enteric tissues. This result
strongly suggests two important conclusions: (i) The S protein of the enteric virus provided
in trans was sufficient to increase the enteric tropism of the helper virus, and (ii) the expres-
sion levels of the enteric virus spike protein were probably as high as those coming from the
helper virus S protein expression, in order to form pseudorecombinants with a significantly
increased enteric tropism. This conclusion is also supported by the high levels of the mRNA
corresponding to the S protein of the enteric virus, encoded by the minigenome.

The possibility of modifying the proteins assembled into coronaviruses by engineer-
ing coronavirus derived minigenomes opens important avenues to study the role of the dif-
ferent structural proteins of this virus family.
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Figure 2. Generation of pseudorecombinant viruses with increased enteric tropism. (A). Scheme of pseudorecom-
binant virus generation. The role of S protein in tropism was studied by constructing pseudorecombinant viruses
based on the helper virus C8, with a reduced enteric tropism, carrying the S protein from the highly enteric isolate
Cl11. The S, gene was cloned into M54 minigenome. /n vitro transcription with T7 RNA polymerase led to the
synthesis of a minigenome RNA that was transfected into ST cells previously infected with helper virus C8. A
mixture of pseudorecombinant viruses containing either the helper virus genome or the minigenome was obtained.
Dark and empty peplomers represent C8 and C11 spike proteins, respectively. (B). Analysis of the pseudorecombi-
nant virus RNA replication and infectivity in the enteric tract. Left panel: supernatants from ST cells infected with
isolate C8 and transfected with different minigenome RNAs were amplified by virus passage on ST cell monolay-
ers. Cytoplasmic RNAs were analyzed by Northern Blot using an anti-3’UTR *P-labeled probe. Numbers on the
left indicate the viral nRNAs. Arrows on the right show the position of the transfected M54-S..,, and M54 RNAs,
as well as the mRNA transcribed from M54-S_,,. UK, unknown RNAs. Right panel: three groups of 4 piglets each
were infected with PUR46 strains C8, C11 and with the indicated pseudorecombinant virus. One piglet of each
group was sacrificed at days 1, 2, 3, and 4 post-inoculation, and the titer of the virus recovered from intestinal ho-
mogenates (jejunum, ileum, and intestinal content) was determined.
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