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(57) ABSTRACT 

The invention relates to the field of coronaviruses and diag 
nosis, therapeutic use, and vaccines derived therefrom. The 
invention provides replicative coronaviruses and virus-like 
particles (VLPs) from which large parts of their genome are 
(at least functionally) deleted without abolishing their repli 
cative capacities. The deletion preferably results in at least a 
functional deletion in that the corresponding gene is not or is 
only partly expressed wherein the resulting gene product is 
dysfunctional or at least functionally distinct from a corre 
sponding wild-type gene product. One result seen with VLPs 
provided with deletions as provided herein is that the deleted 
VLP albeit capable of replication in vitro and in vivo, are 
generally well attenuated, in that they do not cause disease in 
the target host, making them very suitable for therapeutic use, 
Such as a delivery vehicle for genes and other cargo (wherein 
specific targeting may be provided as well when desired), and 
for use as a vaccine, being attenuated while carrying impor 
tant immunogenic determinants that help elicit an immune 
response. 

13 Claims, 55 Drawing Sheets 
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Fig. 8A 
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Fig. 9A 
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Fig. 9B 
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Fig.11 
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A CTCGAG TCGAAATTAATACGACTCACTATA GGG TTTTTAAAGTAAAGTGAGTGTA . 
Xho T7 promoter 5 FIPV 

5'702b Sac 39262bp 
B ... GTTATTGAAGGT GAGCTC TGGACTGTGTTTTGTACA' . 

W I E G E L W T W F C T 
PO1A PO1B 

C TAGTGATAC AAAAAAAAAAAAAA GCGGCCGC 
3'UTR polyA tail Woff 

Stop FIPV1B gene 
P C C S C. L. F Y F C P L W 

D GTTAATGTGCC ATG CTGTTCGTGTTTATTCTATTTTTGCCCTCTTGTT TAGGGT 
M. L. F W F F. L. P. S. . . . . . 
Start MHV S gene 

Fig. 14: Sequence details of pDRD Contructs 
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TABLE 1 

1) GAGGATTGACTATCACAGCCCCTGCAGGAAAGACAGAAAATCTAAACAATTTA 
S <- - D 4a 

2) SAGGATTGACTATCACAG.cccCATCTBATCCAAACAttag 
S <- --D M 

3) ASAAgCTAAGATGGAAAGACAGAAATCAAACAATTTA 
M <- -D 4a 

4) GATA citAATCTAAACTTAAGGAG 
E <- - DN 

5) GT CAAATAAAGCTTGCATGAGGCATAATCTAAACATG 
V K * M 

1b <-- - HD S 

6) GT CAAATAAGCGGAAAG ACAGAAAACAAACAATTTA 
V K 

1b <- -D 4a 

7) A GAAccTA AGATAG CTTGCATGAGGCATAATCTAAACATG 
R T * M 

M <- --DS 

8) GAGGATTGACTATCACAG.ccc.ccg.cgga 
S <- --D M remnant 

9) GT CAAATAAAGCTATCTAATCCAAACATTATG 
V K * M 

1b <- - -DM 

Fig. 21 
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Table 2: Primers used for SOE-PCR, location of primers relative to the DNA sequence of pBRD1 

Primer G Locati S S 

3'UTR 

5168-5185 
7567-7587 
5478-54976594-6604 
5478-5497 
7567-7586 
9995-10012 
8767-878297.03-9722 
8767-8782 
6638-6659 
8174-8193 

-- 

-- 

- 

5'GCCA TCTCATGATAAC3' 
5'GCTCTGTGAGAATCACC3' 
5'GTCATACAGGTCTTGTATGIACGTCCCTAGGGC3' 
5''CATACAAGACCGTAATGAC3' 
5'GGTGATTACTCAACAGAAGC3' 
5GCGGCCGCTTTTTTTTT3' 
5'GAGGTTACGAATAAACTGAGTTATAAGGCAAC3' 
5TAATTCGTAACCTC3' 
5''CAGGAGCCAGAAGAAGACGCTAA3' 
5'CTCAATCTAGAGGAAGACACC3' 
5'GACCAGTTTTAGACATCG3' 

Fig. 22 
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Fig. 35: Pathogenicity of the deletion 
mutants of FIPV 
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F ig 36: Neutralizing antibody titers 
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Fig.37: Survival after challenge 
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-v- recombinant nr. 1 
-- recombinant nr. 9 

O 4 8 12 16 20 24 

h post infection 

Fig.38: Growth curve FPV recombinant nr. 1 and 9. 
containing the Renilla Luciferase gene 
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Fig. 41 

TABLE 3 

RNA synthesis by recombinant MHVs 

RNA Molar 
Virus RNA species length (nt) ratio 
WT (l) ia/lb-2 a? HE-S-4-5a/E-M-N. 3., 528 OO 

2a/HE-S-4-5a/E-M-N 9, 852 0.14 
S-4-5a/E-M-N 7, 677 0.40 

4-5a/E-M-N 3, 664 2.13 
5a/E-M-N 3,281 1. 14 

M-N 2, 641. 3.72 
N 944 1.95 

WT(2) la/lb-2a/HE-S, 4-5a/E-M-N. 31,528 OO 
2a/HE-S-4-5a/E-M-N 9, 852 OS 

S-4-5a/E-MN 7, 677 O 42 
4-5a/E-M-N 3, 664 2.24 
5a/E-M-N 3,281 1. 24 

M-N 2, 641. 345 
N 1944 2.38 

A45a 1a/b-2a/HE-S-E-M-N 30,792 OO 
2a/HE-S-E-M-N 9, 116 0.29 

S-E-M-N 6,941 O59 
E-M-N 2,935 0.67 
M-N 2, 641 2O3 

N 94.4 5. A 

A2aHE a/lb-S-4-5a/B-M-N. 29,370 DO 
S-4-5a/E-M-N 7, 677 O. 

4-5a/B-M-N 3, 664 3.85 
Sa/E-M-N 3,281 1. S9 

M-N 2, 64. 5.11 
N 1944 14.03 

rain la/lb-S-E-M-N. 28, 634 OO 
S-E-M-N 6,941 0.73 

E-M-N. 2,935 0.74 
M-N 2, 64. 1. 40 

N 944 14.6 

"Radioactivity in RNA bands shown in Fig. 3 was quantitated by 
scanning with Image Quant Phosphorimager. 

All viruses are recombinant viruses. WT(1) and WT(2) refer to 
parallel infections with MHV-WT shown on the left and right side of 
Fig. 3, respectively. 

RNA length includes a polyA tail of 200 nucleotides (nt). 
"Molar ratio (g-1) is normalized with respect to moles of genomic 

RNA. 
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Fig. 42 

TABLE 4 

RNA synthesis by recombinant MHVs 

RNA 
Virus' RNA species length (nt) number 
WT la/lb-2a/HE-S-4-5a/E-M-N. 31, 528 1. 

2a/HE-S-4-5a/E-M-N 9, 852 2 
S-4-5a/E-M-N 7, 677 3 

4-5a/E-M-N. 3, 664 4. 
5a/E-M-N 3,281 5 

M-N 2 64 6 
N 944 7 

A2a EE 1a/lb-S-4-5a/E-M-N. 29,370 8 
S-4-5a/E-M-N 7, 677 3. 

4-5a/E-M-N. 3, 664 4. 
5a/E-M-N. 3, 281 5 

M-N 2, 641 6 
N 1944 7 

MSN la/lb-4-5a/E-M-SMm-N 29,500 9 
4-5a/E-M-SAm-N 7, 806 O 

5a/E-M-SAm-N 7, 423 ill. 
M-Sm-N 6,783 12 

Sn-N. S. O65 3 
N 94.4 7 

bMS 1a/lb-M-S-4-5a/E-N 29,384 14 
M-S-4-5a/EmN 7, 698 15 

S-4-5a/E-N 5, 980 6 
4-5af-N 2,967 17 

5a/E-N 2 584 18 
N 1944 7 

"All viruses are reconbinant viruses. WT(1) and WT(2) refer to 
parallel infections with MHV-WT shown on the left and right side of 
Fig. 3, respectively. 

"RNA length includes a polyA tail of 200 nucleotides (nt). 
Number corresponding with numbers in Fig. 6. 
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1. 

CORONAVIRUS-LIKE PARTICLES 
COMPRISING FUNCTIONALLY DELETED 

GENOMES 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application is a continuation of PCT International 
Patent Application No. PCT/NL/02/00318, filed on May 17, 
2002, designating the United States of America, and pub 
lished, in English, as PCT International Publication No. WO 
02/092827 A2 on Nov. 21, 2002, the contents of the entirety of 
which are incorporated herein by this reference. 

TECHNICAL FIELD 

The invention relates to the field of coronaviruses and 
diagnosis, therapeutic use and vaccines derived thereof. 

BACKGROUND 

Coronavirions have a rather simple structure. They consist 
of a nucleocapsid surrounded by a lipid membrane. The heli 
cal nucleocapsid is composed of the RNA genome packaged 
by one type of protein, the nucleocapsid protein N. The viral 
envelope generally contains 3 membrane proteins: the Spike 
protein (S), the membrane protein (M) and the envelope pro 
tein (E). Some coronaviruses have a fourth protein in their 
membrane, the hemagglutinin-esterase protein (HE). Like all 
viruses, coronaviruses encode a wide variety of different gene 
products and proteins. 
Most important among these are the proteins responsible 

for functions related to viral replication and virion structure. 
However, besides these elementary functions, viruses gener 
ally specify a diverse collection of proteins, the function of 
which is often still unknown, but which are known or 
assumed to be in some way beneficial to the virus. These 
proteins may either be essential-operationally defined as 
being required for virus replication in cell culture- or dispens 
able. Coronaviruses constitute a family of large, positive 
sense RNA viruses that usually cause respiratory and intesti 
nal infections in many different species. Based on antigenic, 
genetic and structural protein criteria they have been divided 
into three distinct groups: Group I, II and III. Actually, in view 
of the great differences between the groups, their classifica 
tion into three different genera is presently being discussed by 
the responsible ICTV Study Group. The features that all these 
viruses have in common are a characteristic set of essential 
genes encoding replication and structural functions. Inter 
spersed between and flanking these genes, sequences occur 
that differ profoundly among the groups and that are, more or 
less, specific for each group. 
Of the elementary genes, the most predominant one occu 

pies about two-thirds of the genome. Located at the 5' end, 
this so-called “polymerase gene' encodes two large precur 
sors, the many functional cleavage products of which are 
collectively held responsible for RNA replication and tran 
Scription. The other elementary genes specify the basic struc 
tural proteins N. M. E. and S. The nucleocapsid (N) protein 
packages the viral RNA forming the core of the virion. This 
RNP structure is surrounded by a lipid envelope in which the 
membrane (M) protein abundantly occurs constituting a 
dense matrix. Associated with the M protein are the small 
envelope (E) protein and the spike (S) protein, the latter 
forming the viral peplomers that are involved in virus-celland 
cell-cell fusion. The genes for these structural proteins invari 
ably occur in the viral genome in the order 5'-S-E-M-N-3'. 
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2 
In infected cells, the coronavirus nucleocapsids are 

assembled in the cytoplasm. The nucleocapsids interact with 
the viral envelope proteins which, after their synthesis in the 
endoplasmic reticulum, accumulate in the intermediate com 
partment, a membrane system localized between the endo 
plasmic reticulum (ER) and the Golgi complex. This mem 
brane system acts as the budding compartment: the 
interaction of the nucleocapsids with the viral envelope pro 
teins leads to the pinching off of virions that are then released 
from the cell by exocytosis. 
We have recently demonstrated that the assembly of coro 

naviral particles does not require the involvement of nucleo 
capsids. Particles devoid of a nucleocapsid are assembled in 
cells when the viral envelope protein genes are co-expressed. 
The minimal requirements for the formation of virus-like 
particles (VLPs) are the M and E protein: the S protein is 
dispensable but is incorporated if present through its interac 
tions with the M protein. Biochemical and electron micro 
scopical analysis revealed that the VLPs are homogeneous in 
size and have similar dimensions as authentic corona virions. 
Clearly, the M and E protein have the capacity to associate in 
the plane of cellular membranes and induce curvature leading 
to the budding of specific “vesicles' which are subsequently 
secreted from the cells. An article describing these results has 
appeared in EMBO Journal (vol. 15, pp. 2020-2028, 1996). 

In yet another article, coronavirus like particles were 
shown which were not devoid of a nucleocapsid, assembly 
here did not take place independent of a nucleocapsid (Bos et 
al., Virology 218, 52-60, 1996). Furthermore, packaging of 
RNA was not very efficient. Furthermore, neither of these two 
publications provides Sufficient targeting and delivery fea 
tures which would make the VLPs suitable as therapeutic 
carrier, for example being equipped with specific targeting 
information and/or with a genetic or nongenetic message. 

However, coronaviruses do have several distinct theoreti 
cal advantages for their use as vectors over other viral expres 
sion systems (see, also, PCT International Publication 
WO98/49195): (i) coronaviruses are single-stranded RNA 
viruses that replicate within the cytoplasm without a DNA 
intermediary, making unlikely the integration of the virus 
genome into the host cell chromosome; (ii) these viruses have 
the largest RNA genome known having, in principle, room for 
the insertion of large foreign genes; (iii) since coronaviruses 
in general infect the mucosal Surfaces, both respiratory and 
enteric, they may be used to induce a strong secretory 
immune response; (iv) the tropism of coronaviruses may be 
modified by the manipulation of the spike (S) protein allow 
ing the engineering of the tropism and virulence of the vector; 
and, (v) nonpathogenic coronavirus strains infecting most 
species of interest are available to develop expression sys 
temS. 
Two types of expression vectors have been developed 

based on coronavirus genomes. One requires two compo 
nents (helper dependent) and the other a single genome that is 
modified either by targeted recombination or by engineering 
a cDNA encoding an infectious RNA. Helper dependent 
expression systems, also called minigenomes have been 
developed using members of the three groups of coronavi 
ruses. Coronavirus derived minigenomes have a theoretical 
cloning capacity close to 25 kb, since minigenome RNAS of 
about 3 kb are efficiently amplified and packaged by the 
helper virus and the virus genome has about 30 kb. This is, in 
principle, the largest cloning capacity for a vector based on 
RNA virus genomes. Reverse genetics has been possible by 
targeted recombination between a helper virus and either 
nonreplicative or replicative coronavirus derived RNAs (9). 
Targeted recombination has been mediated by one or two 
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cross-overs. Changes were introduced within the S gene that 
modified MHV pathogenicity. The gene encoding green fluo 
rescent protein (GFP) was inserted into MHV between genes 
Sand E by targeted recombination, resulting in the creation of 
a vector with the largest known RNA viral genome (1 d). 5 
Mutations have also been created by targeted mutagenesis 
within the E and the Mgenes showing the crucial role of these 
genes in assembly. 

DISCLOSURE OF THE INVENTION 10 

The construction of a full-length genomic cDNA clone 
could considerably improve the genetic manipulation of 
coronaviruses. The construction of an infectious TGEV 
cDNA clone has recently been made possible (1c). To obtain 15 
an infectious cDNA, three strategies have been combined: (i) 
the construction of the full-length cDNA was started from a 
DI that was stably and efficiently replicated by the helper 
virus. Using this DI, the full-length genome was completed 
and the performance of the enlarged genome was checked 20 
after each step. This approach allowed for the identification of 
a cDNA fragment that was toxic to the bacterial host. This 
finding was used to advantage by reintroducing the toxic 
fragment into the viral clNA in the last cloning step; (ii) in 
order to express the long coronavirus genome, and to add the 25 
5' cap, a two-step amplification system that couples transcrip 
tion in the nucleus from the CMV promoter, with a second 
amplification in the cytoplasm, driven by the viral replicase, 
was used; and, (iii) to increase viral cDNA stability within 
bacteria, the cDNA was cloned as a bacterial artificial chro- 30 
mosome (BAC), that produces only one or two plasmid cop 
ies per cell. The full-length cDNA was divided into two 
plasmids because their fusion into one reduced the stability of 
the cDNA. One plasmid contained all virus sequences except 
for a fragment Cla I to Cla I of about 5 kb that was included 35 
within a second BAC. A fully functional infectious clNA 
clone, leading to a virulent virus able to infect both the enteric 
and respiratory tracts, was engineered by inserting the Cla I 
fragment into the rest of the TGEV cDNA sequence. 
As said, both helper-dependent expression systems, based 40 

on two components and single genomes constructed by tar 
geted recombination or by using an infectious cDNA have 
been developed. The sequences that regulate transcription 
have been characterized. Expression of high amounts of het 
erologous antigens (1 to 8 Lig/10" cells) have been achieved, 45 
and the expression levels have been maintained for around 10 
passages. These expression levels should be sufficient to elic 
ite protective immune responses. 

Single genome coronavirus vectors have been constructed 
efficiently expressing aforeign gene Such as GFP. Thus, a new 50 
avenue has been opened for coronaviruses which have unique 
properties, such as a long genome size and enteric tropism, 
that makes them of high interest as expression vectors, be it 
that for vaccine development and gene therapy also other 
conditions need be met, notably that host virulence of vector 55 
constructs, and viability of vector constructs in cell culture 
need to be within distinct limitations. One the one hand, the 
vector may not remain too virulent, but should have at least 
Some attenuated properties rendering it useful for in vivo 
replication as a gene delivery vehicle or vaccine for the host or 60 
Subject undergoing therapy. On the other hand, the vector 
should replicate well in cell-culture, at least when commer 
cial use is desired. 
The invention provides replicative coronaviruses and rep 

licative coronavirus-like particles (VLPs) from which large 65 
parts of their genome are (at least functionally) deleted and/or 
are rearranged without abolishing their replicative capacities. 

4 
The deletion is preferably resulting in at least a functional 
deletion in that the corresponding gene is not, or is only partly, 
expressed wherein the resulting gene product is absent, dys 
functional or at least functionally distinct from a correspond 
ing wild-type gene product. One striking result seen with 
VLPs provided with deletions and/or rearrangements as pro 
vided herein, is that the deleted or rearranged VLP albeit 
capable of replication in vitro and in Vivo, is in general well 
attenuated, in that it does not cause disease (or causes much 
less) in the target host, making it very suitable for therapeutic 
use, for example, as a delivery vehicle for genes and other 
cargo (wherein specific targeting may be provided as well 
when desired), or for use as a vaccine, being attenuated while 
carrying important immunogenic determinants that help 
elicit an immune response. Such determinants may be derived 
from a (homologous or heterologous) coronavirus, but may 
also be derived from other pathogens. In other words, the 
invention provides the use of a replicative VLP with a partly 
deleted and/or rearranged genome as a vector. Into the vector, 
a foreign nucleic acid sequence may be introduced. This 
foreign gene sequence encodes (part of) a protein. It is this 
protein, or part thereof, encoded by the inserted sequence, 
which may serve as an immunogen or a “targeting means' 
(i.e., a ligand capable of binding to a receptor). 

In a preferred embodiment, the VLP as provided herein are 
further modified in one of various ways, genomically or in 
their protein composition, thereby exposing at their surface 
various biological or target molecules and/or carrying within 
the particles molecules with biological activity which need to 
be protected or shielded and/or containing genomes into 
which foreign genes or sequences have been incorporated. 
One of the major needs in present-day medicine is systems for 
the targeted delivery of therapeutic agents in the body. By 
consequence, the development of carriers that can direct 
cargo to specified groups of cells and introduce this cargo into 
these cells such that it can exert its biological activity, is a 
major challenge in biomedical research. Tremendous efforts 
have already been spent in the development and testing of 
systems based on liposomes, microspheres, antibodies, etc. 
for delivery of drugs, genes, peptides and proteins. Though 
many of these approaches are promising, the actual Successes 
so far are limited. The genome of a VLP as provided herein 
has been deleted and/or rearranged to Such an extent without 
abolishing replication that it serves very well as a delivery 
vehicle for the cargo. Providing the VLP with cargo or using 
the VLP as a vector is, e.g., done by inserting a foreign gene 
sequence that encodes a desired molecule Such as a ligand or 
binding molecule, whether this is an immunogen or receptor 
binding molecule or any other protein or peptide. In a pre 
ferred embodiment, the cargo comprises a nucleic acid into 
which foreign genes or sequences of interest have been incor 
porated. Foreign genes can be expressed by a VLP both by the 
additional insertion of such a gene in its genome or by using 
the genetic space created by deletion of nonessential genes. 
To further increase the safety of gene delivery therapy with 
corona-like viruses, such as with VLP as provided herein, the 
invention also provides a method for inhibiting or blocking 
infection with coronaviruses in general and with a coronavi 
rus-like particle in particular, comprising treatment of an 
organism or cells at risk for an infection or infected with Such 
a coronavirus or VLP with a so-called heptad repeat peptide 
as provided herein. All coronaviruses have herein been found 
to contain one or two characteristic heptad repeat regions in 
their S protein, which are instrumental in coronavirus entry 
into cells. Peptides derived from the membrane-proximal 
heptad repeat region (HR2; e.g., for MHV strain A59 the 
peptide composed of amino acids 1216-1254 of the S protein, 
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see also FIG. 20) are particularly potent in inhibiting infection 
as well as fusion of infected cells with Surrounding ones, as 
was determined in the detailed description, illustrating the 
advantages provided. Peptide therapy is not restricted to situ 
ations of genetherapy or delivery vehicle therapy as provided 
here, but can also be used in the prevention or treatment of 
coronaviral infections in general. 

In a further embodiment, the invention provides a replica 
tive VLP according to the invention which is also modified at 
the ectodomain and/or the endodomain of a viral protein. For 
example, by modifying the ectodomain of the spike protein, 
the VLP is provided with modified biological molecules as 
targeting means that serve to direct the VLP to interact with 
other biological molecules that mirror or can interact, with the 
target means, such as receptor proteins on cells, be it hormone 
receptors, specific immunoglobulinimmunoglobulins on 
B-cells, MHC and MHC associated molecules present on 
T-cells and other cells, transfer proteins or other receptor 
molecules known to the person skilled in the field of cell 
Surface receptors. The targeting means can also be provided 
to interact with known binding sites of selected enzymes on 
proteins or other molecules that serve as substrate for the 
selected enzyme. 

In another embodiment, replicative VLPs are provided 
exposing an immunogenic determinant, Such as a bacterial 
toxin or a heterologous viral or bacterial protein comprising a 
relevantantigenic determinant specific for a pathogen. This is 
an example where the VLPs serve as immunogen or vaccine, 
here, for example, directed against the bacterial toxin. B-lym 
phocytes carrying the corresponding immunoglobulinimmu 
noglobulin at their Surface are in this case the target cells for 
the VLPs, once recognized by the B-lymphocyte, this cell(s) 
will multiply and produce the appropriate antibody. 

Preparation of VLPs or coronaviruses with modified spikes 
can be achieved genetically by modification of the viral 
genome such that it expresses the modified S protein in 
infected cells. Here, we also provide the preparation of coro 
naviruses containing altered spikes in a different way by 
expressing modified S genes in cells which are in addition 
infected with coronavirus. The co-incorporation of the 
mutant spike provides the virus with new targeting means. In 
one embodiment, the invention provides a corona-like viral 
particle (VLP) comprising a genome from which at least a 
fragment of one of several genes or gene clusters not belong 
ing to the genes specifying the polymerase functions (ORF1a/ 
1b) or the structural proteins N. M. E. and S, are deleted 
without resulting in a total loss of replicative capacities, 
thereby providing these VLP with advantageous properties 
for therapeutic use, for example, as a vector for gene delivery 
purposes or for use as a vaccine delivering a suitable antigen 
or epitope for eliciting an immune response in the host of 
interest. In other words, the nonessentialnonessential genes 
of coronaviruses are not crucial for in vitro growth but deter 
mine viral virulence. The attenuation acquired by their dele 
tion thus provides excellent viral vaccines and therapeutic 
vectors. Gene delivery or vaccination with a coronavirus can 
now be achieved with the assuring knowledge that the virus 
like particle delivering the gene or antigen of interest is Suf 
ficiently attenuated to not cause specific coronaviral disease. 
Of course, besides a VLP being only deleted in any one or 
several of the above mentioned nonessentialnonessential 
genes, the invention also provides a VLP provided with a, 
preferably functional (in that a substantial peptide fragment 
of at least 4 of the original amino acids, preferably of at least 
40, is notexpressed), deletion in any of the genes encoding the 
structural proteins, in particular, Sucha deletionina structural 
protein leads to a VLP with modified spike protein (S) in 
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6 
which part of the nucleic acid encoding the spike is deleted 
and optionally replaced by a foreign gene sequence, thus for 
example providing the spike with something other than the 
natural ectodomain (or endodomain) of the spike protein of 
the original coronavirus. 
The viruses of group I, with the feline infectious peritonitis 

virus (FIPV) probably as the most complex member, have 
their typical genes located between genes S and E and down 
stream of the N-gene, i.e., between N-gene and 3' UTR (un 
translated region). Group II viruses, to which the mouse hepa 
titis viruses (MHV) belong, have their particular genes 
between the polymerase and S genes and between the genes 
for the S and E proteins. One of the encoded proteins charac 
teristic for this group is the hemagglutinin-esterase (HE) pro 
tein, which is incorporated into virions and of which the 
hemagglutinating and esterase activities have been demon 
strated. HE activities are not essential and their significance 
remains to be elucidated. Finally, also the group III viruses, 
with the prototype coronavirus infectious bronchitis virus 
(IBV) as the representative, have sequences between the S 
and Egenes but also between the Mand N genes. For some of 
the group-specific genes, no expression products could be 
detected in infected cells, while for others (e.g., the HE gene 
in MHV), naturally occurring viral mutants carrying dele 
tions in these genes have been observed, the possibility exists 
that for some of these genes, not the protein products but other 
gene products, such as the nucleotide sequences (DNA or 
RNA) per se, are important or essential. 

Considering that, based on their genome organization, 
three groups of coronaviruses can be distinguished, the inven 
tion provides for group I (FCoV) a recombinant VLP from 
which preferably a fragment (preferably resulting in at least a 
functional deletion in that the corresponding gene is not or is 
only partly expressed wherein the resulting gene product is 
absent, dysfunctional or at least functionally distinct from a 
corresponding wild-type gene product) from gene 3a, 3b, 3c, 
7a or 7b, or the gene as a whole has been deleted. Such a 
deleted VLP albeit capable of replication in vitro and in vivo, 
is well attenuated, in that it does essentially not cause disease 
in the target host, making it very Suitable for therapeutic use, 
for example, as a delivery vehicle for genes and other cargo 
(wherein specific targeting may be provided as well when 
desired), and for use as a vaccine, being attenuated while 
carrying important immunogenic determinants that help 
elicit an immune response. Such a deleted group I virus, 
especially a feline coronavirus, such as FIPV, from which a 
fragment corresponding to gene 3c, and/or 7b is deleted, is in 
particular immediately useful as a vaccine in that it expresses 
relevantantigenic and immunogenic determinants through its 
structural (among others, spike) proteins and is functionally 
deleted in Such a way that attenuation is achieved, leading to 
a safe and efficacious vaccine. These live attenuated viruses 
still induce the fullest spectrum of humoral and cellular 
immune responses required to protect against infection and/ 
or disease. Additionally, such a deleted VLP for the preven 
tion of feline disease can be provided with heterologous pro 
teins (or functional fragments thereon, Such as (glyco) 
proteins of feline leukemia virus, feline calicivirus, feline 
herpes virus, allowing the production of a bivalent or even 
multivalent vaccine. When desired, other immunologically or 
therapeutically important polypeptides, such as cytokines, 
are incorporated instead or as well. 

Furthermore, the invention provides for group II (MHV) a 
recombinant VLP from which preferably a fragment (prefer 
ably resulting in at least a functional deletion) from gene 2a, 
HE, 4a, 4b, or 5a, or the gene as a whole has been deleted. 
Such a deleted group II virus, especially an MHV. is provided 
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with advantageous properties for therapeutic use, for 
example, especially as a vector for delivery purposes. Such a 
deleted VLP albeit capable of replication in vitro and in vivo, 
is well attenuated, in that it does essentially not cause disease 
in the target host, making it very Suitable for therapeutic use, 
as a delivery vehicle for genes and other cargo (wherein 
specific targeting may be provided as well as when desired), 
and for use as a vaccine, being attenuated while carrying 
important immunogenic determinants that help elicit an 
immune response. 

For group III (IBV), a recombinant VLP is provided from 
which preferably a fragment (preferably resulting in at least a 
functional deletion) from gene 3a, 3b, 5a or 5b, or the gene as 
a whole has been deleted. In another embodiment, for groups 
I, II, or III, the invention provides a virus-like particle capable 
of replication, the particle derived from a coronavirus 
wherein the genes for the structural proteins do not occur in 
the order 5'-S-E-M-N-3'. Such a replicative VLP with rear 
ranged gene order has two important features. One is safety, 
resulting from the fact that homologous recombination of the 
VLP genome with that of an accidental field virus is unlikely 
to generate viable new progeny. The other is attenuation due 
to the shuffling of the genes. Such a replicative VLP with 
rearranged gene order provides well attenuated VLPs for 
vaccine or gene delivery use, and is herein provided bearing 
the deletions from the nonessential genes as well. It is shown 
herein that changes in the so-called invariable order of the 
genes specifying the polymerase functions (ORF1a/1b) and 
the structural proteins S. E. M., and N in the coronaviral 
genome is surprisingly well tolerated, for example VLPs with 
gene order S. M. E., N, or E. S. M, N are easily obtained. Also 
here, foreign genes can be inserted at different positions in the 
viral genome, either as an additional gene or replacing deleted 
nonessential genes; these genes are expressed and are stably 
maintained during passage of the virus. 

In another embodiment, the invention provides a recombi 
nant VLP where nucleic acid encoding the S-protein has been 
modified or at least partly deleted. The S protein of these 
viruses is responsible for binding to the cell receptor and for 
Subsequent fusion of viral and cellular membrane during 
entry. These two functions occur in separate regions of the 
molecule: receptor binding in the amino-terminal and fusion 
in the carboxy-terminal part. Therefore, by replacing (parts 
of) the receptor binding domain by biological molecules with 
different targeting specificities, coronaviruses can be directed 
to interact with a wide variety of target molecules that are, for 
instance, expressed on the Surface of cells. Doing so without 
affecting the fusion function of the S-protein, the VLP 
according to the invention can fuse with or penetrate into cells 
not normally injectable by the original virus. 
The invention provides virus-like particles (VLPs) derived 

from coronaviruses in which one or more copies of the viral 
membrane proteins have been modified so as to contain for 
eign protein moieties of viral (either coronaviral or noncoro 
naviral) or nonviral origin, which moieties either are replac 
ing part(s) of the VLP membrane proteins or are incorporated 
within these membrane proteins thereby constituting an inte 
gral part of them. By this, the VLP is provided with novel 
biological properties Such as new targeting means, or immu 
nological information, or proteins with specific biological 
activity contained within the virus-like particle, which bio 
logical properties are associated with the VLP next to or in 
place of the natural spike protein of the original coronavirus. 

In one embodiment, recombinant VLPs with deleted and/ 
or rearranged genome are provided in which (a part of) the 
ectodomain (i.e., the part exposed at the outside of the viral 
particle) of the spike protein has been replaced by the corre 
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8 
sponding domain (or part thereof) of the spike protein of 
another coronavirus. Hereby, the VLP has acquired another 
cell substrate specificity wherein the VLP is capable of enter 
ing cells otherwise not accessible or Susceptible to the origi 
nal coronavirus. In a further embodiment of the invention, 
VLPs are provided which are composed of the mouse hepa 
titis coronavirus (MHV) M and E proteins and which contain 
chimericchimeric spike molecules consisting of the trans 
membrane--carboxy-terminal domain of MHV S but the 
ectodomain of the spike protein offeline infectious peritonitis 
coronavirus (FIPV). These VLPs can now enter feline cells 
and deliver MHV-like particles. Particles with these chimer 
icchimeric spikes are produced by making constructs of the 
coronavirus MHV S gene in which the region encoding the 
amino-terminal domain is replaced by the corresponding 
domain of FIPV. These constructs are inserted into plasmids 
behind a bacteriophage T7 polymerase promoter. The con 
structs are then co-transfected with plasmids carrying the 
MHV M and E genes, both also behind the T7 promotor, in 
OST-7 cells which have been infected with a recombinant 
vaccina virus expressing the T7 polymerase. The resulting 
VLPs contain the chimericchimeric MHV/FIPVS protein. In 
another embodiment of the invention, the VLP is provided by 
the methods used as above with ectodomains of the spike 
protein of infectious bronchitis coronavirus (IBV), or the 
ectodomain (or part thereof) of an envelope protein of any 
enveloped virus not belonging to the coronaviruses. For 
example, MHV-based VLPs are provided by the invention 
that carry at their surface the ectodomain of the pseudorabies 
virus (PRV) glycoprotein gl) instead of the MHV spike 
ectodomain or the luminal (i.e., amino-terminal) domain (or 
part thereof) of any nonviral type I membrane protein. In this 
way, VLPs are provided that have a cell specificity for chicken 
cells, or pig cells, or cells reactive with the type I membrane 
protein. 

In yet another embodiment, replicative VLPs are produced 
with modifications that are contained within the particles. 
This is achieved by the incorporation of modified constructs 
of any of the corona viral proteins S. M. E. and HE. In 
coronavirus particles, these proteins have their carboxy-ter 
minal domain enclosed within the interior of the viral enve 
lope. Thus, foreign protein sequences incorporated within, 
appended to or replacing the carboxy-terminal domain are 
enclosed as well. In this way, VLPs can be provided that 
contain protein moieties, or fragments thereof, from another 
virus, or nonviral proteins such as hormones, such as eryth 
ropoietin. This allows the production of VLPs containing a 
biological active protein or fragments thereof, which is/are 
shielded by the viral envelope and can be released and/or 
retrieved later, when the viral membrane is degraded or fused 
with another membrane. This allows the in vitro production in 
cells, or the in Vivo production in secretory glands such as 
milk glands of biologically active Substance which are other 
wise harmful or toxic to the producing cells, or which for 
other reasons need to be produced in a shielded form. 

In another embodiment, MHV-based VLPs are provided 
carrying on their surface or inside an enzymatically active 
molecule like furin, or a cytokine, or a hormone receptor, or 
another viral or nonviral polypeptide with biological activity. 
In these examples, VLPs are provided with (additional) tar 
geting means that serve to direct the VLP to cells otherwise 
not accessible to the original coronavirus. The invention pro 
vides recombinantly obtained replicative VLPs which are 
further modified at the ectodomain and/or the ectodomain of 
any of the viral proteins. By modifying the ectodomain of the 
spike protein, the VLPs are provided with modified biological 
molecules as a targeting means that serve to direct the VLP to 
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interact with other biological molecules that mirror or can 
interact with the target means, such as receptor proteins on 
cells, be it hormone receptors, specific immunoglobulins on 
B-cells, MHC and MHC associated molecules present on 
T-cells and other cells, transfer proteins or other receptor 
molecules known to the person skilled in the field of cell 
Surface receptors. The targeting means can also be provided 
to interact with known binding sites of selected enzymes on 
proteins or other molecules that serve as substrate for the 
selected enzyme. 

Preparation of VLPs or coronaviruses with modified spikes 
can be achieved genetically by modification of the viral 
genome such that it expresses the modified S protein in 
infected cells. Here we also provide the preparation of coro 
naviruses containing altered spikes in a different way by 
expressing modified S genes in cells which are in addition 
infected with coronavirus. The co-incorporation of the 
mutant spike provides the virus with new targeting means. As 
an example, we demonstrate the production of MHV particles 
containing the chimericchimeric MHV/FIPV S protein. The 
chimeric S gene construct is expressed in L cells which are 
subsequently infected with wild-type MHV strain A59 
(MHV-A59) or a mutant thereof. The progeny virus released 
by the cells contains the modified S protein. To demonstrate 
the altered targeting, the virus was used to infect feline cells 
that are naturally not susceptible to MHV. The cells are now 
infected as shown by immunofluorescence and produce nor 
mal MHV. As another example, we demonstrate the produc 
tion of MHV containing chimeric Sproteins in which part of 
the Sectodomain has been replaced by the corresponding part 
(i.e., the luminal or amino-terminal domain) of the human 
CD4 molecule, as an example of a nonviral protein. These 
modified coronaviruses have acquired the property to infect 
HIV-infected cells and cells expressing HIV envelope glyco 
protein through the specific recognition of the CD4 and HIV 
gp120 complex. As a result, the HIV-infected cells will 
undergo alytic infection, effectively reducing the number of 
HIV-infected cells in the body and thereby reducing the sever 
ity of the disease or even terminating the infection. 
As another example, we demonstrate the production of a 

VLPaccording to the invention containing spike molecules of 
which the amino-terminal part has been replaced by a single 
chain-antibody fragment recognizing a specific cell Surface 
protein that is expressed on cells that can normally not be 
infected with the coronavirus laying at the basis of the VLP. 
The modified virus is able to infect these otherwise refractory 
cells. This example illustrates the principle that in this way, 
i.e., by inserting very specific targeting information into the 
viral spike, coronaviruses can be directed to selected cells or 
tissues. The single chain-antibody fragment can, for instance, 
be selected in phage-display systems, or in other clonal selec 
tion systems of single-chain antibody fragments known in the 
field. 

Another aspect of the invention relates to the use of the 
replicative VLPs or coronaviruses as gene delivery vehicles. 
This can be achieved in different ways. One way is by incor 
porating foreign genes or sequences into the viral genome 
Such that upon entry of the virus into cells these genes are 
expressed or that the inserted sequences become otherwise 
biologically active (as is the case with ribozymes orantisense 
RNAs generated by the virus within the cells). The other way 
uses VLPs to package foreign RNA into particles by making 
use of the coronaviral packaging signal(s). Incorporating for 
eign sequences into the coronaviral genome can be accom 
plished by genetic manipulation using an infectious (c-)DNA 
clone, a full-size DNA copy of the viral genome. It can also be 
achieved by RNA recombination in which case RNA repre 
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senting part of the viral genome and containing the foreign 
sequences is introduced in infected cells allowing the foreign 
sequences to be incorporated through homologous recombi 
nation. Because coronaviruses will usually kill the cells they 
infect, it is important for most purposes to attenuate them so 
that they will not kill the cells with which they interact. 
Attenuation is here accomplished by genomically altering the 
virus through deletion or rearrangement. 
As an example of the invention, attenuation is provided by 

the preparation of an MHV mutant from which an essential 
gene has been deleted by recombination. A mouse cell line is 
provided in which the MHV E gene has been chromosomally 
integrated allowing the E protein to be produced by the 
expression of the gene. MHV lacking an E gene has been 
produced in normal mouse cells by recombination using a 
synthetic RNA containing a perfect copy of the MHV 
genomic 3'-end except for the lack of an intact E gene. The 
E-defective virus is able to grow only in the cells comple 
menting the defect. The virus produced is attenuated Such that 
it can infect other mouse cells, but nonproductively: the lack 
of an E protein prevents the assembly of progeny. As an 
example of the principle of incorporating foreign genetic 
sequences into attenuated or not-attenuated VLPs or coro 
naviruses and of their expression is the following, provided 
by the invention. An MHV derived VLP is provided into 
which a reporter gene Such as Lac Z or green fluorescent 
protein has been recombined and one in which the chimeric 
MHV/FIPV S gene has been incorporated. The expression of 
the genes is shown by blue or green-fluorescent staining of 
VLP infected cells and by the acquired ability to infect feline 
cells, respectively. The other way to obtain coronavirus-based 
delivery vehicles uses VLPs comprising foreign RNA 
sequences. Incorporation of foreign RNA sequences into 
these particles requires their packaging into nucleocapsids. 
Viral RNA-packaging by nucleocapsid (N) protein molecules 
occurs by the recognition of specific sequences, packaging 
signal(s) by the N protein. In MHV the packaging signal 
includes a 69 nucleotides long region in gene 1B. Foreign 
(noncoronaviral) RNAS containing the coronavirus packag 
ing signal(s), or defective coronaviral genomes in which these 
signal(s) have been retained but into which foreign sequences 
have been incorporated, are assembled into VLPs when intro 
duced into cells expressing the N, M and E (ES) genes. The 
VLP can introduce into a target cell a defined RNA that may 
have one of several functions. An example provided by the 
invention is a RNA acting as mRNA and specifying a particu 
lar protein Such as a toxin or an inducer of apoptosis or an 
antibody fragment. Another example is an antisense RNA or 
an RNA with ribozyme activity. For most purposes it is essen 
tial to acquire multiple copies of the RNA in each cell to 
obtain the desired effect. This may not be feasible with VLPs 
which will only carry one or a few pseudo-NC. The invention 
thus provides the RNAs with amplification signals such that 
they will be multiplied in the target cell. To achieve this goal, 
Semliki Forest virus (SFV) replication sequences are used as 
the basis of the RNA construct. SFV-derived mRNA further 
comprising the coronavirus encapsidation sequences and 
specifying a reporter protein are assembled into VLPs. The 
SFV-driven amplification allows synthesis of the reporter 
protein in cells; in animals the appearance of antibodies to the 
reporter protein testifies to the productive delivery of the 
VLPs content. The invention also provides a VLP which is an 
antigen or epitope delivery vehicle meant for the induction of 
specific immune responses, cellular and/or humoral, sys 
temic and/or local, including the induction and production of 
specific antibodies against proteins, to achieve protection 
against infection by pathogens, of viral and nonviral origin. 
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As an example, the invention provides the induction of anti 
bodies against the reporter protein derived from SFV-derived 
mRNA further comprising the coronavirus encapsidation 
sequences and specifying a reporter protein, as described 
above. As another example, the induction of antibodies is 
demonstrated in mice to the FIPV spike and to PRV gD by 
immunization with the VLPs, also described hereinabove. 
Thus, immune responses can be elicited both against proteins 
which are encoded by the altered genome of the VLP and/or 
against proteins which have been incorporated as targeting 
means in the VLP, thereby partly or wholly replacing the 
original spike protein. The examples illustrate the applicabil 
ity of the approach for the induction of immune responses 
against proteins as diverse as, for instance, viral, bacterial, 
parasitic, cellular and hormonal origins. 
The invention also provides VLPs which have fully main 

tained the original spike protein, but which are altered 
genomically to attenuate the VLP and/or to encode nucleotide 
sequences that need to be delivered at the cells to which the 
original coronavirus was targeted. For example, in this way, 
intestinal epithelial cells, or respiratory epithelial cells, that 
are normally infected by TGEV, or PRCV, respectively, can 
now interact with VLPs derived from TGEV or PRCV, or 
other cell-specific coronaviruses if needed, to express pro 
teins normally not expressed by the viruses. In this way, 
respiratory epithelial cells of cystic fibrosis patients can, for 
instance, be induced to express lung Surfactant molecules that 
are encoded by the altered genome of the VLP. To further 
demonstrate the invention, various examples are provided in 
the detailed description which is not limiting the invention. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

FIG. 1: A. The top part shows the principle of the RNA 
recombination technology. Feline cells are infected with 
fMHV (the MHV-derivative carrying a chimeric S protein 
with an ectodomain from the FIPV S protein allowing the 
virus to grow in feline cells) and transfected with synthetic 
donor RNA that carries, among others, the intact MHV S 
gene. Proper RNA recombination leads to viruses that have 
regained the ability to grow in murine cells by the acquisition 
of the cognate spikes. The lower part shows, on the left, the 
schematic representation of the relevant parts of the plasmid 
constructs from which donor RNAs were generated. On the 
right, the genomic organization of the recombinant viruses 
generated with these donor RNAs are depicted. 

B. The nucleotide sequences are shown of the new junc 
tions created in the plasmid constructs (and the resulting 
viruses), the positions and numbers of which are indicated in 
part A (left side). The first sequences is SEQID NO:33. The 
second sequence is SEQ ID NO:34. The third sequence is 
SEQID NO:35. 

FIG. 2: RT-PCR analysis of recombinant viruses with 
genetic deletions. Genomic RNA was isolated from cloned 
virus, cDNA was prepared by RT with proper primers (1092 
and 1127) and PCR was done with primers 1261+990 or with 
primers 1173+1260 to analyze the region of genes 4a/b/5a or 
of genes 2a+HE, respectively. The outline of the analyses is 
shown at the right, the results of the agarose gel analyses of 
the PCR products is shown at the left. The viruses analyzed 
are shown above the gel. In the right lane marker DNAs were 
U. 

FIG. 3: Viral RNAs synthesized in infected cells by the 
different MHV deletion mutants were analyzed by extraction 
of total cytoplasmic RNA, metabolically labeled with {P 
orthophosphate in the presence of actinomycin D, followed 
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by electrophoresis in 1% agarose gel. The genetic make-up of 
the deletion viruses is shown at the top while the subgenomic 
RNA species are designated at the right also according to their 
genetic composition. 

FIG. 4: One-step growth curves of the recombinant dele 
tion viruses. After high-m.o. i. infection of LR7 cells with the 
deletion viruses and MHV-WT samples were taken from each 
culture medium at different times and the infectivity in these 
samples was analyzed by titration. 

FIG. 5: As in FIG. 1 the construction of viruses with rear 
ranged gene order is depicted. On the left are the relevant 
parts of plasmid constructs: the genome organization of their 
MHV clNA sequences and the designations of the plasmids. 
On the right are the respective viruses with their genome 
structure and their names. 

FIG. 6: One-step growth curves of the recombinant viruses 
with rearranged genome. After high-m.o. i. infection of LR7 
cells with the viruses MHV-A2aHE (A2aHE), MHV-1 bMS, 
MHV-MSmN, or MHV-WT samples were taken from each 
culture medium at different times and the infectivity in these 
samples was analyzed by titration. 

FIG. 7: A. As in FIG. 1 the construction of viruses with 
foreign gene insertions is depicted. At the left the various 
plasmid (vector) constructs, with their names, are depicted. 
At the right, the genetic make-up of viruses obtained with 
these plasmids by RNA recombination in feline cells are 
shown together with their names. Below: the primer 
sequences (and numbers) used for the introduction of an 
intergenic promoter sequence (IGS) in front of the renilla 
(RL) and firefly luciferase (FL) gene. Primer 1286 is SEQID 
NO:16, and Primer 1287 is SEQ ID NO:36. 

B. RT-PCR analysis of recombinant viruses carrying the 
RL gene. cDNA was prepared using primer 1412 by RT on 
viral RNA; for each virus two independently derived viruses 
(designated by the extensions A1A and B1A; A2 and B1; A7A 
and B2D) were analyzed in parallel. Subsequently, PCR was 
carried out on the resulting cDNA as well as on the plasmids 
used to generate the viruses (see FIG. 7A) with the primer 
pairs indicated at the bottom of the figure. For each set, a 
negative control sample (H2O) was also included. The agar 
ose gel analysis of the PCR fragments together with DNA 
markers (flanking lanes) are shown and the sizes of the prod 
ucts are indicated at the right. 

FIG. 8: One-step growth curves of the recombinant viruses 
carrying foreign genes. After high-m.o. i. infection of LR7 
cells with viruses, samples were taken from each culture 
medium at different times and the infectivity in these samples 
was analyzed by titration. 

A. Growth curves of different viruses having the renilla 
luciferase gene as compared to MHV-WT. 

B. The growth of two independently obtained clones of 
MHV-EFLM virus carrying the firefly luciferase gene is 
shown as compared to MHV-WT. 

FIG. 9: Expression of luciferase by recombinant viruses. 
LR7 cells were infected with viruses expressing the renilla 
(A) or firefly (B) luciferase and with MHV-WT, and the 
luciferase activity generated in the cells was monitored over 
time. In B the two independently obtained clones of MHV 
EFLM virus (see FIG. 8B) are compared to MHV-WT. 

FIG. 10: Stability of viruses carrying foreign genes. The 
recombinant viruses MHV-ERLM and MHV-EFLM (two 
independently obtained clones in each case) were passaged 8 
times, over LR7 cells at low m.o.i. After each passage, the 
viral infectivity (TCID50) in the harvested culture medium 
was determined. The collection of viruses thus obtained was 
inoculated in parallel into LR7 cells at m.o. i. of 5 and the 
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luciferase expression in the cells at 8 hours post-infection was 
quantified. Results are plotted as a function of passage num 
ber. 

FIG. 11: Inhibition of MHV infection by the HR2 peptide. 
LR7 cells were inoculated with the virus MHV-EFLM in the 
presence of different concentrations of HR2 peptide or, as a 
control, a peptide corresponding to amino acids 1003-1048 of 
the viral S protein. After one hour of inoculation, cells were 
washed and incubated further in the absence of peptide. To 
evaluate the Success of the infection, cells were analyzed at 4 
hours post-infection for luciferase expression. In the figure 
luciferase activity is plotted against the different peptide con 
centrations used. 

FIG. 12: Inhibition of cell-cell fusion by HR2 peptide. 
After inoculation of parallel cultures of LR7, cells with MHV 
A59 cells were overlaid with agar medium containing differ 
ent concentrations of HR2 peptide and plaques were counted 
the following day. 

FIG. 13: A. The genetic structure of the primary plasmid 
vector pBRDI1 as compared to that of the parental virus from 
which it was derived. The top part shows the genome organi 
zation of FIPV strain 79-1146. The dotted parts (i.e., the very 
5'-most 702 bases and the 3'-derived 9,262 bases) were 
assembled into the cDNA construct of pBRDI1; in this plas 
mid the viral clNA is preceded by a phage T7 promoter 
sequence and the insert is flanked by XhoI (5') and NotI (3') 
restriction sites. 

B. Plasmid pBRDI2 is a derivative of pBRDI1 in which the 
FIPV S gene has been replaced by a chimeric S gene (desig 
nated mS) which encodes the MHV-A59 Sectodomain while 
having retained the sequences for the FIPV S protein trans 
membrane and endodomain. Plasmid pBRDI2 was obtained 
by substituting in pRRDI1 the SacI-AflII segment by the 
corresponding fragment of pTMFS1. The latter plasmid is a 
derivative of plasmid pTMFS (12) which contains the chi 
meric gene sequence and into which a SacI-Stu fragment was 
cloned to extend the MHV S sequence at its 5' end with 
sequences corresponding to the FIPV pol1B 3' end. 

FIG. 14: Sequence details of the pBRDI constructs. 
A. The nucleotide sequence of pHRDI1 and pPRDI2 

around the very 5' end of the FIPV genome sequence: the 
XhoI site and the phage T7 sequence are followed by a G-trip 
let and subsequently by the FIPV sequence. The entire 
sequence is SEQID NO:37. 

B. The sequence at the pol1A/poll B junction. The codon 
sequence is SEQID NO:38. The amino acid sequence is SEQ 
ID NO:39. 

C. The nucleotide sequence at the very 3' end of the cDNA 
construct. The 3' untranslated region (3' UTR) is followed by 
a stretch of adenine nucleotides and a NotI sequence. The 
entire sequence is SEQID NO:40. 

D. Nucleotide sequence at the FIPV pol1B-MHV S tran 
sition in pTMFS1 and p3RDI2. The codon sequence is SEQ 
ID NO:41. The top amino acid sequence is SEQID NO:42, 
and the bottom amino acid sequence is SEQID NO:43. 

FIG. 15: Schematic picture of the generation of mFIPV by 
the recombination of FIPV genomic RNA and pBRDI2 
derived synthetic RNA in feline cells. The genetic organiza 
tion in each RNA is indicated as well as the selection for 
recombinant (i.e., chimeric mS containing) virus by growth 
on murine cells. 

FIG.16: Analysis of the mFIPV structural proteins. Murine 
LR7 cells were infected with mFIPV and, for comparison, 
with MHV-A59; feline FCWF cells were infected with FIPV 
strain 79-1146. Infected cells were labeled with S-amino 
acids from 5-7 hours post-infection cell lysates were prepared 
and immunoprecipitations were carried out with different 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

14 
antibodies: polyclonal antibodies against FIPV (lanes 1, 6, 
and 10) and MHV (lanes 3, 4, 8 and 12) and monoclonal 
antibodies against the feline S protein (S. lanes 2, 7, and 11) 
and the murine S protein (S: lanes 5,9, and 13). The proteins 
were analyzed by electrophoresis in SDS-12% polyacryla 
mide gel. The position in the gel of the MHV and FIPV 
proteins are indicated at the left and right side, respectively. 
The mFIPV S protein is precipitated by the MHV S specific 
sera, not by those precipitating the FIPV S protein, and its 
migration in gel is similar to that of the MHV S protein. 

FIG. 17: One-step growth curves of mFIPV as compared to 
MHV. After high-m.o. i. infection of LR7 cells with the two 
viruses, samples were taken from each culture medium at 
different times and the infectivity in these samples was ana 
lyzed by titration. 

FIG. 18: Generation of FIPV deletion mutants. At the top 
the principle of the method is shown: recombination of the 
mFIPV RNA with synthetic pBRDI derived donor RNA car 
rying the intact FIPV S gene. Below this are depicted the 
genetic make-up of the constructed pBRDI1 plasmids (left) 
and of the generated viruses (right). Arrows indicate the posi 
tion (and number) of the primers used, open triangles indicate 
deletions. At the right, numbers of base pairs (bp) indicate the 
sizes of PCR fragments predicted to be obtained with the 
indicated primer pairs. 

FIG. 19: Genetic analysis of the recombinant FIPV dele 
tion viruses. Genomic RNA was isolated from the deletion 
viruses as well as from recombinant wild-type FIPV. RT and 
PCR reactions were carried out using the primers 1 and 9 for 
the analysis of the genes 3ABC region (panel A) and primers 
10 and 11 for the genes 7AB (panel B). The positions of the 
DNA fragments in the agarose gels are indicated alongside 
the gel together with their predicted size (c.f. FIG. 18, right). 
The viral RNAs analyzed in the different lanes are indicated 
at the right. 

FIG. 20: Heptad repeat (HR) regions and their amino acid 
sequences in coronavirus spike proteins. In the HR1 region, 
MHV is SEQ ID NO:44, HCV-OC43 is SEQ ID NO:45, 
HCV-229E is SEQID NO:46, FIPV is SEQ ID NO:47, and 
IBV is SEQ ID NO:48. Peptide HR1 is SEQ ID NO:49. 
Peptide HR1a is SEQ ID NO:50. Peptide HR1b is SEQ ID 
NO:51. Peptide HR1c is SEQID NO:52. In the HR2 region, 
MHV is SEQ ID NO:53, HCV-OC43 is SEQ ID NO:54, 
HCV-229E is SEQID NO:55, FIPV is SEQ ID NO:56, and 
IBV is SEQID NO:57. Peptide HR2 is SEQID NO:58. 

A. Schematic representation of the coronavirus MHV-A59 
spike structure. The spike (S) glycoprotein contains an N-ter 
minal signal sequence (SS) and a transmembrane domain 
(TM) close to its C-terminus. S is proteolytically cleaved 
(arrow) in an S1 and S2 subunit, which are noncovalently 
linked. S2 contains two conserved heptad repeat regions, 
HR1 and HR2, as indicated. 

B. Sequence alignment of HR1 and HR2 domains of MHV 
A59, HCV-OC43 (human coronavirus strain OC43), HCV 
229E (human coronavirus strain 229E), FIPV and IBV (infec 
tious bronchitis virus strain Beaudette). The alignment shows 
a remarkable insertion of exactly 2 heptad repeats (14 aa) in 
both HR1 and HR2 of HCV-229E and FIPV, which is present 
in Sproteins of all group I viruses. The predicted hydrophobic 
heptad repeat a and d residues are indicated above the 
sequence. The frame shift of predicted heptad repeats in HR1 
is caused by a stutter. Asteriks denote conserved residues. The 
amino acid sequences of the peptides HR1, HR1a, HR1b. 
HR1c and HR2 used in this study are presented in italics 
below the alignments. N-terminal residues derived from pro 
teolytic cleavage site of the GST-fusion protein are between 
brackets. 
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FIG.21=Table 1: The sequences are shown of the junctions 
that were generated in the plasmids depicted in FIG. 5 and in 
the viruses obtained with these plasmids. The numbers cor 
respond to the numbering of the junctions as indicated by 
arrowheads in the plasmids (FIG. 5, left). The first sequence 
is SEQ ID NO:59. The second sequence is SEQ ID NO:60. 
The third sequence is SEQID NO:61. The fourth sequence is 
SEQ ID NO:62. The fifth sequence is SEQ ID NO:63. The 
sixth sequence is SEQ ID NO:64. The seventh sequence is 
SEQID NO:65. The eighth sequence is SEQID NO:66. The 
ninth sequence is SEQID NO:67. 

FIG.22=Table 2: Primers used for splicing overlap exten 
sion (SOE)-PCR and for RT-PCR in the construction and 
analysis of recombinant FIPVs. For their position on the 
FIPV genome: see FIG. 18, in which their numbers and sense 
are indicated by arrows. The numbering of the primers refers 
to that in the pBRDI1 sequence. Primer 1 is SEQID NO:68. 
Primer 2 is SEQ ID NO:69. Primer 3 is SEQ ID NO:70. 
Primer 4 is SEQ ID NO:71. Primer 2 is SEQ ID NO:72. 
Primer 6 is SEQ ID NO:73. Primer 7 is SEQ ID NO:74. 
Primer 8 is SEQ ID NO:75. Primer 9 is SEQ ID NO:76. 
Primer 10 is SEQID NO:77. Primer 11 is SEQID NO:78. 

FIG. 23-Addendum 1: Nucleotide sequence of plasmid 
pBRDI1 (SEQID NO:79). The sequence starts with the XhoI 
site (ctcgag) followed by the phage T7 polymerase promoter 
sequence and the triple G sequence, after which it proceeds 
with the 5' FIPV cDNA sequence. 

FIG. 24=Addendum 2: Nucleotide sequence of plasmid 
pBRDI2 (SEQID NO:80). The sequence starts with the XhoI 
site (ctcgag) followed by the phage T7 polymerase promoter 
sequence and the triple G sequence, after which it proceeds 
with the 5' FIPV cDNA sequence. 

FIG. 25: Survival of C57B 1/6 mice infected with MHV 
recombinants. Four-week-old mice were inoculated intracra 
nially with various dilutions of recombinant wild type and 
deletion viruses (n=5 per virus) and survival was monitored. 
The data for mice infected with 2.5x10 PFU are shown. 
While the animals infected with MHV-WT had all Suc 
cumbed by day 7 post-infection, all mice inoculated with the 
deletion mutant viruses Survived until 21 days post-infection. 

FIG.26A: Infected 17C11 cells were metabolically labeled 
with Porthophosphate in the presence of actinomycin D 
essentially as described (4,10). Samples of total cytoplasmic 
RNA, purified using Ultraspec reagent (Biotecx), were dena 
tured with formaldehyde and formamide, separated by elec 
trophoresis through 1% agarose containing formaldehyde, 
and visualized by fluorography. The different RNA species 
are indicated by numbers corresponding with Table 4 (=FIG. 
42). 

FIG. 26B: Mice inoculated intraperitoneally with 
1x10'TCID of each MHV recombinant were euthanized at 
day 4 post-infection and the viral replication in the liver was 
determined by quantitative plaque assays. 

FIG. 27: RT-PCR analysis of recombinant viruses MHV 
EFLM and MHV-minFL.cDNA was prepared using primer 
1475 by RT on viral RNA; for each virus two independently 
derived viruses (designated by the extensions A1A and B1A, 
A6F and B4A) were analyzed in parallel. Subsequently, PCR 
was carried out on the resulting cDNA as well as on the 
plasmids used to generate the viruses (see, FIG. 7A) with the 
primer pair 935 and 1474. The agarose gel analysis of the 
PCR fragments together with a DNA marker is shown. 

FIG. 28: RT-PCR analysis of recombinant viruses MHV 
EFLM and MHVminFL. cDNA was prepared using primer 
1412 by RT on viral RNA; for each virus two independently 
derived viruses (designated by the extensions A2E and B4D) 
were analyzed in parallel. Subsequently, PCR was carried out 
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on the resulting cDNA as well as on the plasmids used to 
generate the viruses (see, FIG. 7A) with the primer pairs 
indicated at the bottom of the figure. The agarose gel analysis 
of the PCR fragments together with a DNA marker is shown. 

FIGS. 29-31; RNA synthesis by recombinant MHVs. The 
genomes of the recombinant viruses are depicted at the top, 
their observed RNA expression patterns are shown below. 
Infected 17C11 cells were metabolically labeled with Pl 
orthophosphate in the presence of actinomycin D essentially 
as described (4, 10). Samples of total cytoplasmic RNA, 
purified using Ultraspec reagent (BiotecX), were denatured 
with formaldehyde and formamide, separated by electro 
phoresis through 1% agarose containing formaldehyde, and 
visualized by fluorography. Note that the subgenomic RNA 
species in this figure are designated by their composition, 
rather than as RNA2 through RNA7, since the numerical 
designations would be ambiguous for the mutants. 

FIG. 29: MHV-WT, MHV-ERLM and MHV-EFLM 
FIG. 30: MHV-EFLM and MHV-minPL 

FIG. 31: MHV-MRLN, MHV-ERLM, MHV-2aRLS, 
MHV-MSmNRL, and MHV-MSmN 

FIG. 32: In vitro replication of the recombinant viruses 
carrying foreign genes. After high-m.o. i. infection of LR7 
cells with viruses (top: MHV-MRLN, MHV-ERLM, MHV 
2aRLS; middle: MHV-EFLM, MHV-minFL; bottom, MHV 
ERLM, MHV-MSmNRL), samples were taken from each 
culture medium at 9 hours post-infection and the infectivity in 
these samples was analyzed by titration. 

FIG.33: Expression of luciferase by recombinant viruses. 
Intracellular expression of firefly and renilla luciferase of 
several recombinant viruses was determined according to the 
manufacturers instructions (Promega) at 9 hours post-infec 
tion. Top: MHV-EFLM and MHV-minFL; bottom: MHV 
ERLM and MHV-MSmNRL. 

FIG. 34: Expression of firefly luciferase in vivo. Eight 
week-old, MHV-negative, female BALB/c mice were used in 
the experiment. Mice were inoculated intranasally with 
MHV-EFLM. Four animals perdose (10 TCID) were used. 
Mice were sacrificed and the livers and brains were removed 
at day 4 post-infection. Organs were quick-frozen in liquid 
nitrogen and homogenized in Cell Culture Lysis Reagent 
provided with the Luciferase Assay System (Promega). FL 
activity was measured according to the manufacturers 
instructions using a luminometer (Lumac Biocounter 
M2500). 

FIG. 35: Survival rates following inoculation of cats with 
various deletion mutants: FIPW 79-1146; r-wtEIPV: 
FIPVA3abc; FIPVA7a; and FIPVA3abc--7ab (100 pfu). 

FIG. 36: FIPV neutralizing antibody titers raised at differ 
ent time points after infection of cats with FIPV deletion 
variants. 

FIG. 37: Survival rates following challenge of cats with 
FIPV 79-1146 (100 pfu). Cats (N=4) not previously vacci 
nated (D); cats (N=5) previously vaccinated with FIPVA3abc 
(0); cats (N=5) previously vaccinated with FIPVA7ab (D): 
and cats (N=5) previously vaccinated with FIPVA3abc--7ab 
(D). 

FIG.38: One-step growth curves of the recombinant FIPV 
viruses carrying foreign genes. After high-m.o. i. infection of 
FCWF cells with viruses, samples were taken from each 
culture medium at different times and the infectivity in these 
samples was analyzed by titration. Recombinant nr. 1 (D) and 
nr. 9 (0). 

FIG. 39: Expression of luciferase by recombinant viruses. 
FCWF cells were infected with viruses expressing the renilla 
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luciferase (nr. 1); and nr. 90) and with wt-rFIPV (D), and 
the luciferase activity generated in the cells was monitored 
over time. 

FIG. 40: One-step growth curves of the recombinant FIPV 
viruses with deletion of nonessential genes. After high-m.o.i. 
infection of FCWF cells with viruses, samples were taken 
from each culture medium at different times and the infectiv 
ity in these samples was analyzed by titration. 

FIG. 41=Table 3 Quantifications of RNA synthesis by 
recombinant MHVs carrying deletions of nonessential genes. 

FIG. 42=Table 4 Quantifications of RNA synthesis by 
recombinant MHVs with rearranged genomes. 

FIG. 43–Table 5 Scoring table for clinical signs following 
vaccination and challenge. 

FIG. 44-Table 6 Total clinical score following initial vac 
cination with different mutants of FIPV79-1146. 

FIG. 45–Table 7 Total clinical score following challenge 
With FIPV 79-1146. 

FIG. 46A: Replication of the recombinant virus carrying 2 
foreign genes. After high-m.o. i. infection of LR7 cells with 
viruses (MHV-RLFL, MHV-2aRLS, and MHV-EFLM) 
samples were taken from each culture medium at 9 hours 
post-infection and the infectivity in these samples was ana 
lyzed by titration. 

FIG. 46B: Expression of luciferase by recombinant 
viruses. Intracellular expression of firefly and renilla 
luciferase of several recombinant viruses was determined 
according to the manufacturers instructions (Promega) at 9 
hours post-infection (MHV-RLFL, MHV-2aRLS, and MHV 
EFLM). 

Experimental data related to the patent: 
I. Mouse Hepatitis Virus (MHV), strain A59 (MHV-A59) 

1. Generation of live attenuated viruses 
a. Construction of recombinant MHV's lacking genes 
b. Confirmation of the recombinant genotypes 
c. RNA synthesis by MHV deletion mutants 
d.Tissue culture growth phenotype 
e.Virulence of recombinant viruses in mice 
2. Generation of recombinant viruses with rearranged gene 

order 
a. Construction of recombinant viruses with rearranged 

gene order 
b. RNA synthesis by MHV mutants with rearranged gene 

order 
c. Tissue culture growth phenotype 
d. Replication of recombinant viruses in mice 
3. Generation of recombinant viruses expressing foreign 

genes 
a. Construction of recombinant viruses carrying reporter 

genes 
b. RNA synthesis by recombinant viruses 
c. Replication of viruses expressing renilla or firefly 

luciferase 
d. Expression of renilla and firefly luciferase in cell culture 
e. Maintenance of foreign genes during viral passage 
f. Expression of firefly luciferase in mice 
g. Generation of MHV expressing two foreign genes from 

One genome 
h. Generation of MHV expressing a chimeric Spike-GFP 

gene 
4. Inhibition of infection and of cell fusion by spike protein 

derived peptide 
II. Feline Infectious Peritonitis Virus (FIPV), strain 79-1146 

1. Generation of mFIPV, a feline coronavirus growing on 
murine cells 

a. Construction of a synthetic RNA transcription vector 
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b. Generation of mFIPV by RNA recombination 
c. mEIPV protein analysis 
d. mFIPV growth characteristics 
2. Generation of live attenuated FIPV vaccine by gene 

deletions 
a. Construction of synthetic RNA transcription vectors 
b. Generation of recombinant FIPVs lacking genes 
c. Genetic analysis of recombinant FIPVs lacking genes 
d. Growth characteristics of FIPVs lacking genes 
e.Virulence of recombinant viruses in cats 
f. Immune-response induced by recombinant viruses 

. FIPV deletion viruses serve as attenuated, live vaccines 

. Insertion and expression of foreign genes 
Construction of recombinant viruses carrying reporter 
genes 

. One-step growth of viruses 
Expression of renilla luciferase 

. Generation of multivalent FIPV-based vaccines 
Construction of a multivalent Feline leukemia virus 
(FeLV) vaccine based on FIPV vector 

. Construction of a multivalent Feline immunodeficiency 
virus (FIV) vaccine based on a FIPV vector 

c. Construction of a multivalent Feline calicivirus (FCV) 
vaccine based on a FIPV vector 

d. Construction of a multivalent Feline panleucopenia 
virus (FPV) vaccine based on a FIPV vector 

e. Construction of a multivalent Feline herpesvirus (FHV) 
vaccine based on an FIPV vector 

f. Construction of a multivalent FIPV serotype I and II 
vaccine based on an FIPV serotype II vector 

5. Generation of recombinant viruses with rearranged gene 
order 

6. Generation of FIPV based vaccines against canine 
pathogens 

a. Generation of FIPV based vaccine against canine dis 
temper 

b. Generation of FIPV based vaccine against canine parvo 
disease 

c. Generation of FIPV based vaccine against infectious 
canine hepatitis 

d. Generation of FIPV based vaccine against hemorrhagic 
disease of pups 

III. Transmissible gastro-enteritis virus (TGEV) 
1. Generation of a live attenuated vaccine against TGEV 
2. Generation of multivalent TGEV-based vaccines 
a. Construction of a multivalent Porcine Parvovirus (PPV) 

vaccine based on a TGEV vector 
b. Construction of a multivalent swine influenza virus vac 

cine based on a TGEV vector 
c. Construction of a multivalent African Swine fever virus 

vaccine based on a TGEV vector 
d. Construction of a multivalent Porcine circovirus type 2 

vaccine based on a TGEV vector 
e. Construction of a multivalent Porcine respiratory and 

reproductive syndrome virus vaccine based on a TGEV 
Vector 

3. Generation of recombinant viruses with rearranged gene 
order 

IV. Avian Infectious Bronchitis Virus (IBV) 
1. Generation of a live vaccine based on attenuated IBV. 
2. Generation of multivalent IBV-based vaccines 
aI. Construction of a multivalent vaccine based on an IBV. 

vector that protects against more than one IBV serotype. 
aII. Construction of a multivalent vaccine based on an IBV. 

vector that protects against Newcastle Disease. 
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b. Construction of a multivalent vaccine based on an IBV. 
vector that protects against Avian Influenza. 

c. Construction of a multivalent vaccine based on an IBV. 
vector that protects against Chicken Anemia Virus 
(CAV) disease. 

d. Construction of a multivalent vaccine based on an IBV. 
vector that protects against Avian reovirus disease. 

e. Construction of a multivalent vaccine based on an IBV. 
vector that protects against Infectious Bursal Disease. 

f. Construction of a multivalent vaccine based on an IBV. 
vector that protects against Marek’s disease. 

g. Construction of a multivalent vaccine based on an IBV 
vector that protects against Infectious laryngotracheitis. 

3. Generation of recombinant viruses with rearranged gene 
order 

V. Human Coronavirus (HCoV) strain 229E (HCoV-229E) 
1. Generation of a live vaccine based on attenuated HCoV 

229E 
2. Generation of a live attenuated vaccine against HCoV 

Strain OC43 
3. Generation of multivalent HCoV-based vaccines 
a. Construction of a multivalent vaccine based on an HCoV 

vector that protects against Respiratory Syncytial Virus 
(RSV) 

b. Construction of a multivalent vaccine based on an HCoV 
vector that protects against rotavirus 

c. Construction of a multivalent vaccine based on an HCoV 
vector that protects against Norwalk-like viruses 

d. Construction of a multivalent vaccine based on an HCoV 
vector that protects against influenza virus 

4. Generation of recombinant viruses with rearranged gene 
order 

DETAILED DESCRIPTION OF THE INVENTION 

I. Mouse Hepatitis Virus (MHV), Strain A59 (MHV-A59): 
I.1 Generation of Live Attenuated Viruses: 

Generalaim: establish whether deletion from the coronavi 
ral (i.e. MHV-A59) genome of genes or gene clusters not 
belonging to the genes specifying the polymerase functions 
(ORF1a/1b) or the structural proteins N. M. E. and S, is 
tolerated and yields viable viruses even if these gene 
sequences are removed altogether, establish whether Such 
deletions have an attenuating effect on the virus when inocu 
lated into mice. 

I.1.a. Construction of Recombinant MHVs Lacking Genes: 
Specific aim: generate MHV-A59 deletion mutants lacking 

genes 2a+HE (MHV-DA2aHE) genes 4a+4b+5a (MHV 
A45a), and genes 2a+HE+4a+4b+5a (MHV-min). 
Approach: targeted RNA recombination (3, 9, 10) using 

fMHV, the MHV-A59 derivative infecting feline (FCWF) 
cells not murine (LR7) cells (7), and synthetic donor RNAs 
carrying the intended deletions (FIG. 1A, top). 

Procedure: Transcription vectors for the production of syn 
thetic donor RNAs were constructed from the plasmid 
pMH54 (7), which encodes a run-off transcript consisting of 
the 5' end of the MHV-A59 genome (467 nt) fused to codon 28 
of the HE gene and running to the 3' end of the genome (FIG. 
1). Plasmid pMH54 was used to reconstruct the recombinant 
WT-MHV, an fMHV derivative again infecting murine cells. 
Transcription vector pXHDA45a lacks the ORFs 4a, 4b, and 
5a. For the construction of this plasmid, a PCR product was 
obtained from plasmid pB59 (2) by using primer 1089 (5'- 
ACCTGCAGGACTAATCTAAACTTTAT 
TCTTTTTAGGGCCACGA-3) (SEQ ID NO: 1), which 
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encodes a PstI/Sse8387I restriction site, an intergenic 
sequence (IGS) and which is complementary to the sequence 
just upstream of the E or 5b gene, and primer 1092 (5'- 
CCTTAAGGAATTGAACTGC-3') (SEQID NO:2) which is 
complementary to the 5' end of the M protein coding region. 
The PCR product was cloned into pGEM-T Easy (Promega) 
according to the manufacturers instructions, yielding 
pXHO803. The PCR product was subsequently excised with 
PstI and EcoRV and cloned into pMH54 treated with 
Sse8387I and EcoRV, resulting in pXHDA45a. Transcription 
vector pXHDA2aHE lacks ORFs 2a and HE and contains 
approximately 1200 bp of the 3' end of the polymerase gene 
fused to the S gene. To construct this plasmid a PCR product 
was obtained by splicing overlap extension PCR. One PCR 
product was obtained from plasmidp96 (1) using primer 1128 
(5'-ACGGTCCGACTGCGCGCTTGAACACGTTG-3') 
(SEQID NO:3) which encodes a Rsr|I restriction site and is 
complementary to the region 1200 bp upstream of the ORF1b 
stop codon, and primer 1130 (5'-CATGCAAGCTT 
TATTTGACATTTACTAGGCT-3") (SEQID NO:4) which is 
complementary to the 3' end of the polymerase coding region 
and the IGS region upstream of the S gene. The other PCR 
product was obtained from pMH54 using primer 1129 (5'- 
GTCAAATAAAGCTTGCATGAGGCATAATCTAAAC-3) 
(SEQID NO:5) which is complementary to primer 1130, and 
primer 1127 (5'-CCAGTAAGCAATAATGTGG-3) (SEQ ID 
NO:6) which is complementary to the 5' end of the S gene. 
The PCR products were purified and mixed and then ampli 
fied with primers 1128 and 1127. The PCR product obtained 
in the second round of PCR was cloned into pGEM-T Easy, 
yielding pXH1802. The PCR product was excised with Rsri I 
and Avril and cloned into pMH54 treated with the same 
enzymes, resulting in pXHAD2aHE. Transcription vector 
pXHmin has the ORF1b 3' end fused to the S gene and the 
deletion of ORF4a, 4b and 5a. This vector was constructed by 
cloning the fragment excised with PstI and EcoRV from 
pXHO803 into pXH2aHE treated with Sse&387I and 
EcoRV. The composition of all PCR-generated segments was 
confirmed by DNA sequencing. 
To generate the deletion mutant viruses, donor RNAs were 

transcribed from the (PacI-linearized) pMH54-derived plas 
mids and transfected by electroporation into feline FCWF 
cells that had been infected with fMHV. These infected and 
transfected cells were then plated onto a monolayer of mouse 
LR7 (7) cells. After 24 hours of incubation at 37°C., progeny 
viruses were harvested by taking off the cell culture superna 
tant and candidate recombinants were selected by two rounds 
of plaque purification on LR7 cells. 

Result: With each of the synthetic donor RNAs used, clear 
plaques were obtained. 

Conclusion: Recombinant viruses had been obtained that 
had regained the ability to grow on murine cells. 

I.1.b. Confirmation of the Recombinant Genotypes: 
Aim: Confirming by RT-PCR, the genetic make-up of the 

recombinant viruses obtained. 
Procedure and Results: Cloned recombinant viruses, one 

from each recombination experiment, were produced on LR7 
cells, viral RNA was isolated and RT-PCR was done using 
standard methods on genomic RNA as shown in FIG. 2. To 
confirm the deletion of the ORFs 4 and 5a, the RT step was 
performed with primer 1092 (5'-CCTTAAGGAAT 
TGAACTGC-3') (SEQIDNO:2), which is complementary to 
the 5' end of the M gene, while the PCR was performed with 
primer 1261 (5'-GCTGCTTACTCCTATCATAC-3) (SEQID 
NO:7) and primer 990 (5'-CCTGATTTATCTCTCGATTTC 
3) (SEQID NO:8) which are complementary with the 3' end 
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of the E and S gene, respectively. In the case of the recombi 
nant MHV-WT, an RT-PCR product corresponding in size 
with the expected 1328 bp was observed (FIG. 2, top). As 
expected, a PCR product of the same length was observed for 
MHV-A2aHE. In contrast, both for MHV-DA45a and 
MHV-min much smaller RT-PCR products were detected. 
The smaller size of the RT-PCR products corresponded with 
the deletion of 736 bp. The deletion of ORFs 2a and HE was 
analyzed in a similar way. The RT step was performed with 
primer 1127 (5'-CCAGTAAGCAATAATGTGG-3) (SEQ ID 
NO:6) which is complementary to the 5' end of the S gene. 
The PCR was performed with primer 1173 (5'-GACT 
TAGTCCTCTCCTTGA-3) (SEQID NO:9) and primer 1260 
(5'-CTTCAACGGTCTCAGTGC-3) (SEQ ID NO:10), 
which are complementary to the 3' end of the 1b gene and the 
5' end of the S gene, respectively. Both for MHV-WT and 
MHV-DA45a PCR products were detected, which were much 
bigger than the PCR products detected for MHV-A2aHE and 
MHV-min (FIG. 2, bottom). The difference in size corre 
sponded with the deletion of 2164 bp. Finally, the newly 
generated junctions, present in the genomes of the deletion 
mutant viruses (FIGS. 1A triangles and 1B sequence), 
were analyzed by sequencing of the RT-PCR products. To this 
end the PCR products were cloned into the pGEM-T easy 
vector (Promega). The sequences obtained were in perfect 
agreement with the predictions. 

Conclusion: The constructed viral mutants had the 
intended genetic deletions. 

I.1.c. RNA Synthesis by MHV Deletion Mutants: 
Aim: Confirming the patterns of RNAs synthesized in cells 

infected by the mutant viruses. 
Procedure: Infected 17Cl1 cells were metabolically 

labeled with Porthophosphate in the presence of actino 
mycin D essentially as described (4, 10). Samples of total 
cytoplasmic RNA, purified using Ultraspec reagent (Bio 
tecx), were denatured with formaldehyde and formamide, 
separated by electrophoresis through 1% agarose containing 
formaldehyde, and visualized by fluorography (FIG. 3; note 
that the Subgenomic RNA species in this figure are designated 
by their composition, rather than as RNA2 through RNA7. 
since the numerical designations would be ambiguous for the 
deletion mutants). 

Result: For the recombinant MHV-WT, the RNA pattern 
and the relative molar amounts of the six Subgenomic (sg) 
RNA species and the genomic (g) RNA were very similar to 
those reported previously for MHV (10)(4)(5)(8), with one 
notable exception. The 4-5a/E-M-NsgRNA, which is usually 
denoted RNA4, was far more abundant than previously 
observed for this species in wild-type MHV (10)(4)(5)(8). 
This was presumably due to the three nucleotide changes at 
positions 13, 15, and 18 upstream of the consensus transcrip 
tion regulatory signal, (5'-AAUCUAAAC3-) (SEQ ID 
NO:11) that precedes gene 4 (FIG. 1) which were introduced 
into the transcription vector pMH54 to create the Sse3387I 
site downstream of the S gene (7). For the deletion mutants, 
all variant sgRNAs had mobilities that corresponded to their 
predicted sizes (FIG.3 and Table 3), and no prominent extra 
species were observed. The relative molar amounts of the 
mutant sgRNA species were quite similar to those of their 
wild-type counterparts originating from the corresponding 
transcription regulatory signals. 

Conclusion: The results confirm the genotypes of the 
recombinant viruses and demonstrate their expected pheno 
types at the RNA level. 
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I.1.d. Tissue Culture Growth Phenotype: 
Aim: Comparing the in vitro growth phenotypes. 
Procedure and Results: Confluent LR7 cell monolayers 

grown in 35-mm dishes were infected with each recombinant 
virus (8 PFU/cell) and viral infectivity in culture media at 
different times post-infection (p.i.) was determined by titra 
tion on LR7 cells. TCID (50% tissue culture infective 
doses) values were calculated and plotted (FIG. 4). The 
recombinant viruses did not differ appreciably with respect to 
the induction of extensive syncytia or cytopathic effects or in 
their plaque size. However, MHV-DA45a and MHV-min dif 
fered from MHV-WT and MHV-DA2aHE in their one-step 
growth kinetics (FIG. 4). The two viruses displayed approxi 
mately 10-fold lower titers at all time points. 

Conclusion: All deletion viruses multiply well in vitro 
although the deletion of genes 4 and 5a had a slightly negative 
effect. 

I.1.e. Virulence of Recombinant Viruses in Mice: 
Aim: Establishing whether the genetic deletions affect 

viral virulence. 
Procedure and Results: The recombinant viruses were 

characterized in their natural host, the mouse. As a first step, 
we determined the virulence of the recombinant viruses. An 
LD' (50% lethal dose) assay was carried out by inoculating 
MHV-negative, C57B1/6 mice mice intracranially with four 
10-fold serial dilutions (5x105x10) of recombinant 
viruses. Viruses were diluted using PBS containing 0.75% 
bovine serum albumin. A volume of 25ul was used for injec 
tion into the left cerebral hemisphere. Five animals per dilu 
tion per virus were analyzed. LD values were calculated by 
the Reed-Muench method based on death by 21 days post 
infection. Clearly, deletion mutant viruses were attenuated 
when compared to the recombinant MHV-WT. While the 
MHV-WT virus had an LD of 1.8x10" no LD could be 
derived for the deletion mutants. Although the animals inocu 
lated with the higher doses showed some signs of illness, none 
of the animals infected with any of the deletion mutant viruses 
died up to input of 50,000 PFU/mouse. This implies that the 
LDs for these viruses exceeds a value of 50,000 and may well 
be above 100,000. 

FIG.25 illustrates the kinetics of mortality of mice infected 
with the highest inoculation dose, 2.5x10 plaque forming 
units (PFU), of WT and deletion viruses. While all the ani 
mals inoculated with wild type virus had died by seven days 
post infection, the deletion viruses were highly attenuated, 
displaying no death and less severe clinical symptoms. 
Despite the observation of no mortality, all mice infected with 
the D45a and D2aHE viruses showed clinical signs of 
hunched posture, disheveled appearance and waddling gait 
during the first weekpost-infection; these symptoms were less 
severe and observed in fewer mice infected with MHV-min. 

Conclusion: Viruses with deletions of the sequences speci 
fying the genes 2a+HE or genes 4a--4b--5a or of the combi 
nation of all these genes exhibit a significantly attenuated 
phenotype in mice. In other words, the nonessential genes of 
coronaviruses are not crucial for invitro growth but determine 
viral virulence. The attenuation acquired by their deletion 
thus provides excellent viral vaccines and therapeutic vectors. 
I.2. Generation of Recombinant Viruses with Rearranged 
Gene Order: 

General aim: establish whether the invariable order of the 
genes specifying the polymerase functions (ORF1a/1b) and 
the structural proteins S. E. M., and N in the coronaviral 
genome is essential for the viability of these viruses or 
whether rearrangement of this order is tolerated. 
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I.2.a. Construction of Recombinant Viruses with Rearranged 
Gene Order: 

Specific aim: generate MHV-A59 mutants in which the 
relative positions of structural protein genes in the MHV-A59 
genome are changed by moving the Mand/or E gene. 

Approach: targeted RNA recombination using fMHV and 
synthetic donor RNAS carrying the intended rearrangements 
(FIG. 5, top). 

Procedure: Transcription vectors for the production of 
donor RNA for targeted recombination were constructed 
from plasmids pMH54 and pXHD2aHE (described above). 
In order to generate transcription vector pXHSM45N (FIG. 5, 
lower left part), a PCR product was generated by splicing 
overlap extension (SOE)-PCR that contained the 3' end of the 
M gene and the 5'end of the N gene and in which a EcoRV 
restriction site was introduced between the M gene and IGS 
just upstream of the N gene. To generate this PCR fragment, 
outside primer 1C (5'-GTGTATAGATATGAAAGGTAC 
CGTG-3") (SEQ ID NO:12) corresponding to the region of 
the M gene that contains the unique Kipni site, and outside 
primer 1097 (5'-CGAACCAGATCGGCTAGCAG-3') (SEQ 
ID NO:13), corresponding to the region of the N gene that 
contains the unique Nhe site, were used. Primer 1095 (5'- 
AGATTAGATATCTTAGGTTCTCAACAATGCGG-3) 
(SEQ ID NO:14) and primer 1096 (5'-GAACCTAA 
GATATCTAATCTAAACTTTAAGGATG-3) (SEQ ID 
NO:15) were used as inside primers. They correspond to the 
sequence between the M and the N gene and introduce the 
EcoRV restriction site. The resulting PCR product was cloned 
into pGEM-T easy (Promega) yielding vectorpXHO302. As a 
next step in the construction of pXHSM45N, pMH54 was 
treated with the restriction enzymes Sse&387I and EcoRV and 
the resulting fragment was cloned into the EcoRV site of 
pXHO302 after being blunted by T4 DNA polymerase treat 
ment, yielding vector pXHO902. After excision of the 
Sse8387I-EcoRV fragment of pMH54, the remaining vector 
was also blunted by T4 DNA polymerase treatment and reli 
gated resulting in plasmid pXH1401. Finally, plasmid 
pXHO902 was treated with restriction enzymes NheI and 
BssHII and the resulting fragment was cloned into pXH1401 
treated with the same enzymes, yielding pXHSM45N. 

For the construction of pXHMSmN, first the ORFs 4,5 and 
M were removed from pMH54 by restriction of this vector 
with enzymes Sse3387I and BssHII, followed by treatment 
with T4 DNA polymerase and religation of the remaining 
vector, which yielded pXHD45M5". Next, the fragment 
resulting from treatment of pXHO302 with enzymes Nheland 
BssHII was cloned into pMH54 treated with the same 
enzymes, resulting in pXHMeN. Subsequently, the fragment 
obtained after restriction of pXHMeN with EcoRV was 
cloned into pXH1802 (described above), which was digested 
with HindIII and treated with Klenow fragment of DNA 
polymerase I, yielding pXHO305B. The fragment obtained by 
restriction of pMH54 with enzymes Mlul and EcoRV was 
cloned into pB59 (2) treated with the same enzymes, which 
resulted in vector pXH2801. Next, the fragment resulting 
from the treatment of pXH2801 with restriction enzymes 
KpnI and PstI was treated with T4 DNA polymerase and 
cloned into pXH1802 treated with restriction enzyme HindIII 
and with Klenow fragment of DNA polymerase I, yielding 
pXHO806. Subsequently, the fragment obtained by digestion 
of pXHO305B with Spel and AflII was cloned into pXHO806 
treated with the same enzymes, resulting in pXH1506. 
Finally, pXHSmN was obtained by cloning the fragment 
resulting from restriction of pXH1506 with Rsr|I and Avril 
into pXHD45M5' treated with the same enzymes. 
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For the construction of transcription vector pXH1bMS, 

vector pXHMeN was restricted with EcoRV. The resulting 
fragment was removed and the vector was religated yielding 
pXHOM. Next, the fragment obtained by digestion of 
pXHO305B with Rsri I and Avril was cloned into pXHOM 
treated with the same enzymes, yielding pXH1bMS. 

All constructs were confirmed by restriction and/or 
sequence analysis. They are depicted schematically in FIG.5 
(left). All new junctions generated, including the introduction 
of the Sses.387I site downstream of the S gene inpMH54 (7), 
are indicated with arrowheads, while their sequences are 
shown in Table 1. Recombinant viruses were generated by 
RNA-RNA recombination between transcription vector run 
off transcripts and the fMHV genome as described above. 
After 2 rounds of plaque purification on LR7 cells the viruses 
were analyzed by reverse transcriptase-PCR on genomic 
RNA and found to contain the genomes with the expected 
organization. 

Conclusion: The strict gene order of the coronaviruses is 
not an essential prerequisite for viability. 
I.2.b. RNA Synthesis by MHV Mutants with Rearranged 
Gene Order: 
Aim: Confirming the patterns of RNAS synthesized in cells 

infected by the mutant viruses. 
Procedure: Infected 17Cl1 cells were metabolically 

labeled with Porthophosphate in the presence of actino 
mycin D essentially as described (4, 10). Samples of total 
cytoplasmic RNA, purified using Ultraspec reagent (Bio 
tecx), were denatured with formaldehyde and formamide, 
separated by electrophoresis through 1% agarose containing 
formaldehyde, and visualized by fluorography (FIG. 26A). 

Result: Coronaviruses express their genome via the gen 
eration of a 3' co-terminal nested set of sg RNAs. Recombi 
nant viruses with arearranged genome organization are there 
fore predicted to synthesize patterns of viral RNAs that are 
distinctly different from that of the parent virus. For the 
reconstructed wild-type virus (MHV-WT) and for MHV 
2aHE, the RNA patterns and the amounts of the genomic 

(g) and sg RNA species appeared to be similar to those 
observed previously (FIG. 3). Note that MHV-2aHE as 
well as its derivatives MHV-MSmN and MHV-1 bMS does 
not synthesize the sg RNA species encoding the 2a protein. 
For the MHV mutants with the rearranged genomes, all vari 
ant sg RNAs had mobilities that corresponded to their pre 
dicted sizes (FIG. 26A and Table 4), and no obvious addi 
tional species were observed. MHV-SM45N grew very 
poorly, and was therefore labeled only weakly. All sg RNAs 
could be detected except the one from which the M protein 
should be translated. The low abundance of this sg. RNA, the 
reason of which is unknown, is likely to be the cause of the 
impaired growth of this virus. Overall, the patterns of viral 
RNAs synthesized by the cells infected with the recombinant 
viruses nicely reflect the changes made to the coronavirus 
genome organization. 

Conclusion: The results confirm the genotypes of the 
recombinant viruses and demonstrate their expected pheno 
types at the RNA level. 
I.2.c. Tissue Culture Growth Phenotype: 
Aim: Comparing the in vitro growth phenotypes of the 

mutant viruses. 
Procedure and Results: Confluent LR7 cell monolayers 

grown in 35-mm dishes were infected with each recombinant 
virus (8 PFU/cell) and viral infectivity in culture media at 
different times post-infection was determined by titration on 
LR7 cells. TCID values were calculated and plotted (FIG. 
6). All viruses except the mutant MHV-SM45N were ana 
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lyzed in this way. The infectious titer of this latter virus was 
too low (approximately 1000 times lower than the WT recom 
binant MHV) to perform a one-step growth curve. Although 
MHV-1 bMs appeared to induce syncytia somewhat slower 
than the WT recombinant, all viruses replicated approxi 
mately to the same extent in the one-step growth curve. 

Conclusion: Except for mutant virus MHV-SM45N, the 
gene rearrangement had no dramatic effect on their in vitro 
growth characteristics. 
I.2.d. Replication of Recombinant Viruses in Mice: 
Aim: Establishing whether viruses with rearranged gene 

order are able to replicate in mice. 
Procedure and Results: Eight week old, MHV-negative, 

female BALB/c mice were used in the experiment. Viruses 
were diluted in PBS and a total volume 100 ul (10 TCID) 
was used for injection in the peritoneal cavity. Four animals 
per virus were inoculated. Mice were sacrificed and the livers 
were removed at day 4 post-infection. The livers were placed 
in 1.5 ml DMEM, weighed and then frozen at -80° C. until 
tittered for virus. Virus titers were determined by plaque 
assay on LR7 cell monolayers following homogenization of 
the organs. The replication of MHV-WT, MHV-2aHE and 
MHV-MSmN was studied in their natural host, the mouse. 
While the 50% lethal dose of MHV-WT in mice was previ 
ously determined at 2.7x10" PFU, MHV-12aHE was not 
virulent enough for a 50% lethal dose value determination 
(section I.1.e.). Therefore, we now decided to analyze the in 
vivo replication of the recombinant viruses. Mice inoculated 
intraperitoneally with 1x10° TCID were euthanized at day 
4 post-infection and the viral replication in the liver was 
determined. The results are shown in FIG. 26B. MHV 
U2aHE and MHV-MSmN replicated in the liver to a similar 
extent albeit much lower than MHV-WT. Deletion of ORFs 
2a and HE generated a recombinant virus (MHV-D2aHE) 
that was attenuated in the natural host, as shown in section 
I.1.e., while additional rearrangement of the coronavirus gene 
order (MHV-MSmN) did not result in a more attenuated 
phenotype in this assay. 

Conclusion: Viruses with a rearranged gene order, which 
lack the typical coronavirus genome organization, and 
viruses that lack ORFs 2a and HE are able to replicate in their 
natural host, the mouse. 

I.3. Generation of Recombinant Viruses Expressing Foreign 
Genes: 

Aim: Establish whether foreign genes can be inserted at 
different positions in the viral genome, either as an additional 
gene or replacing deleted nonessential genes or in combina 
tion with a rearranged gene order; establish whether these 
genes are expressed and whether they are stably maintained 
during in vitro passage of the virus. 
I.3.a. Construction of Recombinant Viruses Carrying 
Reporter Genes: 
Aim: Generate MHV-A59 viruses with foreign gene inser 

tions. 
Procedure: Several viruses were constructed containing a 

foreign reporter gene in their genome at different positions 
(see FIG. 7A). Two reporter genes were used, encoding 
renilla luciferase (RL) and firefly luciferase (FL). For both 
genes, a plasmid was constructed in which the gene was 
preceded by the MHV intergenic sequence (IGS). From this 
construct the expression cassette (gene plus IGS) could then 
be transferred into the different transcription vectors. 
As a first step, the MHV IGS was cloned in front of the RL 

gene. To this end, primer 1286 (5'-GGATAC 
TAATCTAAACTTTAG-3") (SEQ ID NO:16) and 1287 (5'- 
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CTAGCTAAAGTTTAGATTAGATATCCTGCA-3) (SEQ 
ID NO:17) were annealed to each other and cloned into pRL 
null (Promega) treated with NheI and PstI, resulting in 
pXH1909. For the construction of the transcription vector 
containing the RL gene between genes 2a and S 
(pXH22aRLS), the following steps were taken. Vectorp' (1) 
was restricted with HindIII and Mlul and the resulting frag 
ment was cloned into pXH1802 (described above) treated 
with HindIII and BssHII, yielding pXH2103. Next, the RL 
expression cassette was removed from pXH1909 by restric 
tion with EcoRV and Xbal, treated with Klenow fragment of 
DNA polymerase I and cloned into pXH2103 digested with 
HindIII and treated with Klenow fragment, resulting in 
pXH2509A. Finally, pXH22aRLS was constructed by clon 
ing the fragment resulting from digestion of pXH2509A with 
Rsr|I and Avril into pMH54 treated with the same enzymes. 

For the construction of pXH2ERLM the same expression 
cassette that was used to make pXH2509A, was cloned into 
pMH54 digested with EcoRV. 

This same expression cassette was also cloned into pXH 
MeN (described above) treated with EcoRV, yielding 
pXH2ERLN. Subsequently, pXH2MRLN was constructed 
by cloning the fragment resulting from restriction of pXH 
MeN with EcoRV into pXH2ERLN treated with the same 
enzyme. pXHMSmNRL was constructed by cloning the 
renilla expression cassette into pXHMSmN (described 
above) treated with EcoRV. 

For the construction of pXHEFLM, the FL gene was first 
cloned behind the same IGS as was used for the RL expres 
sion cassette. To this end, the luciferase gene was removed 
from pSP-Luc-- (Promega) by restriction with Avril and Xbal 
and cloned into pXH1909 treated with Nhel and Xbal, yield 
ing pXH2711. Subsequently, the FL expression cassette was 
cut out of pXH2711 by restriction with EcoRV and Xbal, 
treated with Klenow fragment of DNA polymerase I, and 
cloned into pMH54 restricted by EcoRV, resulting in pXHE 
FILM. 

Plasmid pXHminFL was constructed by cloning the FL 
expression cassette into pXHmin (described above) digested 
with EcoRV. This plasmid lacks ORFs 2a/HE/4a/4b/5a and 
contains the FL gene between genes E and M. 

After confirmation of all constructs by restriction and 
sequence analysis, recombinant viruses were generated by 
RNA-RNA recombination between transcription vector run 
off transcripts and the fMHV genome as described above. The 
resulting viruses were genetically confirmed by RT-PCR 
analysis. 

Results of recombinant viruses containing the RL gene are 
shown in FIGS. 7B and 27. To confirm the insertion of this 
genean RT step was performed on genomic RNA with primer 
1412 (5'-CTGCGGACCAGTTATCATC-3) (SEQ ID 
NO:18) which is complementary to the 5' end of the RL gene. 
Subsequently, a PCR was performed with primer 1091 (5'- 
GTTACAAACCTGAATCTCATCTTAATTCTGGTCG-3') 
(SEQ ID NO:19) and primer 1413 (5'-CATCCGTTTC 
CTTTGTTCTGG-3) (SEQ ID NO:20) for MHV-ERLM and 
MHV-MRLN or with primer 1173 (5'-GACTTAGTC 
CTCTCCTTGATTG-3) (SEQ ID NO:21) and primer 1413 
for MHV-2aRLS. 

Primer 1091 and primer 1173 correspond with the 3' end of 
gene 4b and gene 1b, respectively, while primer 1413 corre 
sponds with the 5' end of the RL gene. As positive controls, 
the appropriate transcription vectors were taken along. In all 
cases, PCR fragments were obtained of the same size as the 
positive controls, while the water control was negative. The 
observed (and predicted) fragment sizes were approx. 1,000 
bp for MHV-2aRLS, approx. 670 bp for MBV-ERLM, and 
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approx. 1,300 bp for MHV-MRLN (7B). For MHV-MSm 
NRL a PCR was performed with primer 1091 and primer 
1413 and with primer 1173 and primer 1413. As positive 
controls, the appropriate transcription vector was taken 
along. In all cases, PCR fragments were obtained of the same 
size as the positive controls. The observed (and predicted) 
fragment sizes were approx. 670 bp for the PCR reaction with 
primers 1091 and 1413, and approx. 1,200 bp for the PCR 
reaction with primers 1173 and 1413 (7B) (note that in FIGS. 
7B and 27 for each type of virus 2 independently obtained, 
viral clones were analyzed and included). The results con 
firmed the insertion of the RL gene into the MHV genome at 
the correct position. 

Results of recombinant viruses containing the FL gene are 
shown in FIG. 28. To confirm the insertion of this genean RT 
step was performed on genomic RNA with primer 1475 (5'- 
GCCTAATGCAGTTGCTCTCC-3) (SEQID NO:22) which 
is complementary to the 5' end of the FL gene. Subsequently, 
a PCR was performed with primer 935 (5'-GTTTTAGCA 
CAGGGTGTGGCTCATG-3) (SEQ ID NO:23), which cor 
responds with the 3' end of the S gene, and primer 1474 
(5'-CCATCTTCCAGCGGATAG-3) (SEQID NO:24), which 
corresponds with the 5' end of the FL gene. As positive con 
trols, the appropriate transcription vectors were taken along. 
In all cases, PCR fragments were obtained of the same size as 
the positive controls, while the water control was negative. 
The observed (and predicted) fragment sizes were approx. 
1,200 bp for MHV-EFLM, and approx. 500 bp for MHV 
minFL (note that in FIG. 28 for each type of virus 2 indepen 
dently obtained, viral clones were analyzed and included). 

Conclusion: Insertion of genetic modules into the coro 
naviral genome is tolerated at all positions tested; all the 
intended viruses were viable. 

I.3.b. RNA Synthesis by Recombinant Viruses: 
Aim: Confirming the patterns of RNAs synthesized in cells 

infected by the mutant viruses. 
Procedure: Infected 17Cl1 cells were metabolically 

labeled with Porthophosphate in the presence of actino 
mycin D essentially as described (4, 10). Samples of total 
cytoplasmic RNA, purified using Ultraspec reagent (Bio 
tecx), were denatured with formaldehyde and formamide, 
separated by electrophoresis through 1% agarose containing 
formaldehyde, and visualized by fluorography (FIGS. 29-31; 
note that the Subgenomic RNA species in this figure are 
designated by their composition, rather than as RNA2 
through RNA7, since the numerical designations would be 
ambiguous for the mutants). 

Result: For all the MHV mutants with the luciferase genes, 
all variant sg RNAs had mobilities that corresponded to their 
predicted sizes (FIGS. 29-31). For the viruses containing the 
renilla luciferase gene no obvious additional species were 
observed. 

For the viruses containing the firefly luciferase gene two 
additional RNA species were observed, which correspond in 
size with transcription of SgRNAS from sequences in the 
firefly luciferase gene that are similar to the MHV IGS. Over 
all, the patterns of viral RNAs synthesized by the cells 
infected with the recombinant viruses nicely reflect the inser 
tion of the luciferase expression cassettes into the coronavirus 
genome. 

Conclusion: The results confirm the genotypes of the 
recombinant viruses and demonstrate their expected pheno 
types at the RNA level. 
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I.3.c. Replication of Viruses Expressing Renilla or Firefly 
Luciferase: 
Aim: Compare the growth characteristics of the viruses 

with wild-type virus and with each other. 
Procedure and Results: After two rounds of plaque purifi 

cation virus Stocks were prepared, titrated and used for high 
m.o.i (m.o. i. of 8) infection of LR7 cells after which the viral 
infectivities in the culture media were monitored. The results 
are represented by the growth curves shown in FIGS. 8A and 
8B, and by the results shown in FIG.32. Of MHV-EFLM two 
viral clones, independently obtained from the recombination 
experiment described under I.3.a, were analyzed. In FIG. 32. 
the TCID' values obtained at 8-9 hours post-infection are 
shown. Obviously, the growth characteristics of the recombi 
nant viruses shown in FIGS. 8A and 8B are essentially indis 
tinguishable; all viruses grew to titers that were comparable to 
that of recombinant wild-type virus. MHV-MSmNRL 
reached somewhat lower titers (FIG. 32). 

Conclusion: The inserted expression cassettes hardly 
affected the in vitro growth characteristics of the recombinant 
viruses. 

I.3.d. Expression of Renilla and Firefly Luciferase in Cell 
Culture: 
Aim: Establish whether the inserted expression cassettes 

were functional. 
Procedure and Results: Confluent monolayer cultures of 

LR7 cells were infected at an m.o. i. of 8 and the production of 
luciferase activity in the cells was monitored over time. RL 
expression in cells was measured by using the Dual-Lu 
ciferase Reporter Assay System (Promega) according to the 
manufacturers instructions. Similarly, FL expression was 
measured by using the Luciferase Assay System (Promega) 
according to the manufacturers instructions. RL and FL 
activity was measured in relative light units (RLU) using a 
luminometer (Lumac Biocounter M2500 or Turner Designs 
Model TD-20/20). 
The results are shown graphically in FIGS.9A,9B and 33. 

All recombinant viruses except for the recombinant wild-type 
virus expressed high levels of luciferase, indicating that both 
the renilla and the firefly luciferase gene cassettes were func 
tional at each genomic position tested. For most viruses, the 
highest expression level was reached at 9 hours post-infec 
tion. The expression level of firefly luciferase at this time 
point was determined at 1.6 ug/10° cells. MHV-minFL 
expressed levels of luciferase activity that were comparable to 
those produced by the other recombinant viruses containing 
the FL gene, while expression of the renilla luciferase gene in 
cells infected with MHV-MSmNRL was approx. 10-fold 
lower than in cells infected with MHV-ERLM. This differ 
ence corresponds with the difference found in replication 
between MHV-MSmNRL and MHV-ERLM. 

Conclusion: Foreign genes can be expressed by coronavi 
ruses both by the additional insertion of Such a gene, by using 
the genetic space created by deletion of nonessential genes, or 
in combination with a rearranged genome organization. 
I.3.e. Maintenance of Foreign Genes During Viral Passage: 
Aim: Evaluate the stability of the inserted luciferase genes 

during viral passage. 
Procedure and Results: The recombinant viruses MHV 

ERLM and MHV-EFLM were passaged 8 times over LR7 
cells at low m.o. i. (<0.05). After each passage, the viral infec 
tivity (TCID) in the culture medium at 9 hours post-infec 
tion was determined. Subsequently, the firefly and renilla 
luciferase activity was determined in a parallel expression 
experiment (m.o.i.5) at 8 hours post-infection (FIG. 10). 
Both of MHV-ERLM and of MHV-EFLM two independently 
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obtained clones A and B were analyzed. While the renilla 
luciferase expression was consistently stable for at least 8 
passages, that of the firefly luciferase was stable only for 5 
passages. After passage 5 of MHV-EFLM, the expression 
level clearly decreased for both independent clones. After 8 
passages, 10 viral clones were isolated by plaque assay both 
of MHV-ERLM and of MHV-EFLM and tested for luciferase 
expression. While for MHV-ERLM all 10 clones were posi 
tive, 9 of the MHV-EFLM clones no longer showed clearly 
detectable luciferase expression. 

Conclusion: A foreign gene can be stably maintained in the 
coronaviral genome for at least 8 passages in vitro. 
I.3.f. Expression of Firefly Luciferase in Mice: 
Aim: Establish whether the inserted luciferase gene is 

expressed in the natural host, the mouse. 
Procedure and Results: Eight weeks old, MHV-negative, 

female BALB/c mice were used in the experiment. Mice were 
inoculated intranasally with 10 TCID" MHV-EFLM. Four 
animals per virus were used. Mice were sacrificed and the 
livers and brains were removed at day 4 post-infection. 
Organs were quick-frozen in liquid nitrogen and homog 
enized in Cell Culture Lysis Reagent provided with the 
Luciferase Assay System (Promega). FL activity was mea 
Sured according to the manufacturers instructions using a 
luminometer (Lumac Biocounter M2500). Clearly, as shown 
in FIG. 34, luciferase activity could be detected both in liver 
and brain. As an alternative way to evaluate whether the 
foreign gene was also expressed in vivo, i.e., in animals, a 
mouse was inoculated intraperitoneally with 10 TCID 
MHV-EFLM. Four days later the mouse was sedated and 
luciferain was administered subcutaneously. The luciferase 
expression was evaluated 5 minutes later by real time record 
ing of the emission of light from the body of the sedated 
mouse using a sensitive screen coupled to a CCD camera. 
Light emanating from the liver area of the mouse was clearly 
observed. 

Conclusion: A foreign gene can be expressed by coronavi 
ruses in their natural host. 

I.3.g. Generation of MHV Expressing Two Foreign Genes 
from One Genome: 

Aim: Establish whether two foreign genes can be 
expressed from a single genome. 

Procedure and Results: pXH2aRLSEFLM was generated 
by cloning the FL expression cassette into pXH2aRLS 
digested with EcoRV. After confirmation of the construct by 
restriction and sequence analysis, recombinant viruses were 
generated by RNA-RNA recombination between transcrip 
tion vector run-off transcripts and the fMHV genome as 
described above. The resulting virus, MHV-RLFL, was 
genetically confirmed by RT-PCR analysis. Both renilla 
luciferase activity and firefly luciferase activity could be 
detected in individual plaques. After generation of a high titer 
stock, confluent monolayer cultures of LR7 cells were 
infected at an m.o. i. of 8 and the production of luciferase 
activity in the cells was monitored over time. RL expression 
in cells was measured by using the Renilla Assay System 
(Promega) according to the manufacturers instructions. 
Similarly, FL expression was measured by using the 
Luciferase Assay System (Promega) according to the manu 
facturers instructions at 8 hours post-infection. RL and FL 
activity was measured in relative light units (RLU) using a 
luminometer (Lumac Biocounter M2500). The results show 
that MHV-RLFL replicated to the same extent as MHV 
2aRLS and MHVEFLM (FIG. 46A). MHV-RLFL expressed 
both renilla luciferase and firefly luciferase, MHV-2aRLS 
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expressed renilla luciferase only, while MHV-EFLM 
expressed firefly luciferase only (FIG. 46B). 

Conclusion: Two foreign genes can be expressed from a 
single coronavirus genome: 
I.3.h. Generation of MHV Expressing a Chimeric Spike-GFP 
Gene: 
Aim: Establish whether recombinant MHV can be gener 

ated that expresses and incorporates chimeric spike-GFP pro 
teins. 

Procedure and Results: The GFP gene was cloned in frame 
with the S gene inpMH54. After confirmation of the construct 
by restriction and sequence analysis, recombinant viruses 
were generated by RNA-RNA recombination between tran 
scription vector run-off transcripts and the fMHV genome as 
described above. The resulting virus, MHV-SGFP, was 
genetically confirmed by RT-PCR analysis. Plaques were 
microscopically analyzed and showed expressing of GFP as 
evidenced by the green fluorescence. Immunoprecipitation 
analysis indicated that hybrid proteins were generated that 
could be precipitated with specific antibodies to MHV-S and 
GFP. 

Conclusion: MHV can be generated that expresses a chi 
meric S-GFP gene instead of a wild-type S gene. This mutant 
virus is viable and could be propagated in cell culture indi 
cating that these hybrid proteins are incorporated into the 
viral particle. 
I.4. Inhibition of Infection and of Cell Fusion by Spike Pro 
tein Derived Peptide: 

General aim: inhibit coronaviral infection and the spread of 
an ongoing infection by interfering with membrane fusion 
using peptides. 

Specific aim: produce a peptide constituting a sequence 
derived from the membrane-proximal heptad repeat region 
(HR2) of the MHV-A59 Sprotein and demonstrate its inhibi 
tory effect on MHV-A59 entry into LR7 cells and on cell-cell 
fusion in an infected culture of these cells. 

Procedures: a. Plasmid Constructions: 
A PCR fragment from a template plasmid pTUMS (13) 

containing the MHV-A59 spike gene was obtained, corre 
sponding to amino acid residues 1216-1254 (HR2) of the S 
protein (FIG. 20). The forward primer used was: 5'-GCG 
GATCCATCGAAGGTCGTGATTTATCTCTCGATTTC-3' 
(SEQ ID NO:25). This primer introduced an upstream 
BamHI site and a sequence encoding a factor Xa cleavage site 
immediately downstream of the BamHI site into the amplified 
fragment. The reverse primer (5'-CGAATTCATTCCT 
TGAGGTTGATGTAG-3') (SEQ ID NO:26) contained a 
downstream EcoRI site as well as a stop codon preceding the 
EcoRI site. The PCR fragment was cloned into the BamHI 
EcoRI site of the pGEX-2T bacterial expression vector. 

b. Bacterial Protein Expression and Purification: 
Freshly transformed BL21 cells (NOVAGEN) were grown 

in 2YT medium to log phase (ODoo of 1.0) and Subsequently 
expression was induced by adding IPTG (GibcoBRL) to a 
final concentration of 0.4 mM. Two hours after the start of 
induction the cells were pelleted, resuspended in 1/25 of 
culture volume 10 mM Tris pH (8.0), 10 mM EDTA, 1 mM 
PMSF and sonicated on ice (5 times for 2 min with 1-min 
intervals). Cell lysates were centrifuged at 20,000xg for 60 
minutes at 4°C. Then, 2 ml glutathione-sepharose 4B (50% 
V/v in PBS) was added per 50 ml of supernatant and the 
suspension was incubated overnight (O/N) at 4° C. under 
rotation. Beads were washed three times with 50 ml PBS and 
resuspended in a final volume of 1 ml PBS. Peptides were 
cleaved from the GST moiety on the beads using 20 U of 
thrombin by incubation for 4 hours at room temperature (RT). 
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Peptides in the supernatant were HPLC purified on a Phenyl 
column with a linear gradient of acetonitrile containing 0.1% 
trifluoroacetic acid. Peptide containing fractions were 
vacuum-dried O/N and dissolved in water. Peptide concen 
tration was determined by measuring the absorbance at Aso 
nm or by BCA protein analysis (Micro BCATM Assay Kit, 
PIERCE). 

c. Virus-Cell Entry and Cell-Cell Fusion Inhibition Assays: 
The potency of the HR2 peptide in inhibiting viral infection 

was determined using the recombinant MHV-EFLMexpress 
ing the firefly luciferase. Confluent monolayers of LR7 cells 
in 96-well plates were inoculated at 37° C. in DMEM at a 
multiplicity of infection of 5 for 1 hour in the presence of 
varying concentrations of peptide ranging from 0.4-50 uM. 
After 1 hour, cells were washed with DMEM and medium 
was replaced by peptide-free DMEM. At 5 hours post-infec 
tion cells were lysed for 15 minutes at RT in 50 ul Lysis buffer, 
according to the manufacturer's protocol (Luciferase Assay 
System, Promega). Upon mixing of 10 ulcell lysate with 40 
ul Substrate, luciferase activity was measured immediately 
using a Wallace Betaluminometer. The 50% effective inhibi 
tory concentration (ECso value) was calculated by fitting the 
inhibition data to an equilibrium binding equation: % 
luciferase activity=100/(1+(C/ECs). The ability of the pep 
tide HR2 to inhibit spike mediated cell-cell fusion was deter 
mined using a plaque assay. Monolayers of LR7 cells in 
6-well plates were inoculated with 50 PFU of MHV-A59 in 
DMEM at 37° C. After one hour, the cells were washed with 
DMEM and an agar overlay was added containing the HR2 
peptide at 50, 10, 2, 0.4 and 0.08 LM concentrations. Plaques 
were counted at 48 hours post-infection, after staining and 
fixing with 0.9% formaldehyde/0.75% crystal violet. 

Results: The potency of the HR2 peptide to inhibit virus 
entry was tested using a virus expressing a luciferase reporter 
gene as this allows extremely sensitive detection of infection. 
Inoculations of cells with the virus were carried out in the 
presence of different concentrations of HR2 peptide. After 1 
hour of inoculation, cells were washed and incubated further 
in culture medium in the absence of peptide. At 4 hours 
post-infection, before syncytium formation normally takes 
place, cells were lysed and tested for luciferase activity (FIG. 
11). In this figure the normalized luciferase activity, repre 
senting the Success of infection, was plotted against the pep 
tide concentration present during inoculation. The HR2 pep 
tide blocked viral entry very efficiently, infection being 
inhibited virtually completely at the concentration of 50 uM. 
The effective concentration (ECs) at which 50% of viral 
infection was inhibited was 0.15 uM. The ability of the HR2 
peptide to inhibit cell-cell fusion mediated by the spike pro 
tein was examined by using a plaque assay. After inoculation 
of (parallel cultures of) cells in the absence of peptide, an 
overlay was applied containing different concentrations of 
HR2 peptide. The formation of plaques appeared to be com 
pletely abolished in the presence of HR2 peptide concentra 
tions of up to 0.4 uM (FIG. 12). At 0.08 uM of the HR2 
peptide only tiny plaques could be observed. 
The specificity of the inhibition was demonstrated in all 

these assays by testing in parallel the effect of other peptides 
(FIG. 20) prepared identically and used at the same concen 
trations, including, for instance, the peptide corresponding to 
amino acids 1003-1048 of the MHV-A59 Sprotein (shown as 
“control peptide' in FIG. 11). Only the HR2 peptide was 
effective. 

Conclusion: The HR2 peptide is a potent inhibitor both of 
virus entry into cells and of MHV-A59 spike mediated cell 
cell fusion. 
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II. Feline Infectious Peritonitis Virus (FIPV), Strain 79-1146: 
II.1. Generation of mFIPV, a Feline Coronavirus Growing on 
Murine Cells: 

General aim: To set up a targeted RNA recombination 
system for feline coronavirus FIPV 79-1146 similar to the one 
described above for the genetic manipulation of the murine 
coronavirus MHV-A59. 

Specific aim: Generate mFIPV, an FIPV derivative in 
which the spike protein ectodomain has been replaced geneti 
cally by that of the MHV-A59 S protein, thereby shifting the 
tropism of the chimeric virus to murine instead offeline cells. 
I.1.a. Construction of a Synthetic RNA Transcription Vector: 
Aim: Prepare a plasmid construct from which synthetic 

donor RNA can be transcribed for targeted RNA recombina 
tion and which consists of sequences derived from the 5' end 
of the FIPV genome fused to sequences derived from the 3' 
part of the viral genome, i.e., all sequences downstream of 
(and including) the 3'-terminal end of the ORF1B. Also: 
prepare a derivative of this plasmid in which the sequence 
encoding the spike ectodomain has been replaced by that 
encoding the corresponding domain of the MHV-A59 spike 
protein. 

Procedure and Results: Using standard DNA cloning tech 
niques the vector pBRDI1 was constructed which contains a 
cDNA copy of the 5'-most 702 bases ligated to the 3'-most 
9.262 bases of the FIPV 79-1146 genome (FIG. 13A). The 
ligation was done in such away that the ORF1A (pol 1A) gene 
fragment was fused in frame at its 3'-end to the 5'-end of the 
ORF1B (pol 1B) gene fragment (FIG. 14B). Furthermore, at 
this point a unique SacI restriction site was introduced (FIG. 
14B). The feline coronavirus sequence was placed under the 
control of a bacteriophage T7 polymerase promoter sequence 
followed by a triple G (FIG. 14A) to drive efficient in vitro 
RNA transcription using the T7 polymerase. At the 3'-end, the 
sequence was terminated by a polyA tail of 15 A's followed 
by a unique NotI restriction site (FIG. 14C) to facilitate run 
off transcription. The T7 promoter sequence is preceded by a 
unique XhoI restriction site (FIG. 14A) such that the feline 
coronavirus cDNA could be cloned as a XhoI-Notrestriction 
fragment of 10.015bp into the backbone vector pBRXN (11) 
resulting in pBRDI1 (FIG. 13A). 

Plasmid pBRDI1 was subsequently used to prepare 
pBRDI2 in which the FIPV Sgene was replaced by a chimeric 
spike gene (mS) composed of a part encoding the ectodomain 
of the MHV spike protein and a part encoding the transmem 
brane and endodomain of the FIPV spike protein. To intro 
duce this hybrid gene into pBRDI1, first the 3' end of the 
feline pol1B gene was fused to the 5' end of the murine spike 
gene (see FIG. 14D for sequence at junctions). This fusion 
product was cloned into pTMFS (12) as a SacI-StuI fragment, 
resulting in pTMFS1 (FIG. 13B). The hybrid gene was then 
isolated from pTMFS1 as a SacI-AlfTI fragment and used to 
replace the FIPV spike gene from plBRDI1 resulting in 
pBRDI2 (FIG. 13B). The sequences of pBRDI1 and pBRDI2 
are shown in addendum 1 and 2, respectively. 
II.1.b. Generation of mFIPV by RNA Recombination: 
Aim: Generate mFIPV, an FIPV derivative targeted to 

murine cells. 
Procedure and Results: Capped, run-off donor RNA tran 

scripts were synthesized from NotI-linearized pBRDI2 using 
a T7 RNA polymerase kit (Ambion) according to the instruc 
tions of the manufacturer. The transcripts were introduced 
into feline FCWF cells (80 cm culture flask) that had been 
infected before with FIPV 79-1146 (m.o. i. of 1), by elec 
troporation (Gene pulser electroporation apparatus, Biorad, 2 
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consecutive pulses; 0.3 kV/960 microF). The electroporated 
cells were cocultured in a 25 cm flask with murine LR7 cells 
(50% confluency) to allow recombination of the synthetic and 
genomic RNA (FIG. 15). After 24 hours of incubation at 37° 
C., massive syncytia could be observed of both murine LR7 
cells and feline FCWF cells. Candidate mRIPV recombinants 
were selected by taking off the culture Supernatant and pas 
saging the virus by three consecutive end-point dilutions on 
LR7 cells. The resulting virus was unable to infect and cause 
cytopathic effect on FCWF cells. 

Conclusion: A virus with the intended murine cell tropism 
was obtained. 

II.1.c. mFIPV Protein Analysis: 
Aim: Confirm the identity of mFIPV at the level of viral 

protein synthesis. 
Procedure and Results: Murine LR7 cells were infected 

with mFIPV and the proteins were labeled with S-labeled 
amino acids for 2 hours starting at 5 hours post-infection AS 
controls, we infected LR7 and FCWF cells with MHV and 
FIPV, respectively, and labeled them similarly from 5-7 hours 
post-infection. After the labeling, cell lysates were prepared 
and immunoprecipitations were carried out in the presence of 
detergent as described (12). The following antibodies were 
used (for references, see 12): G73 (CFIPV), an ascitis fluid 
obtained from an FIPV-infected cat (provided by H. Ven 
nema); K134 (CMHV), a rabbit serum raised against purified 
MHV-A59; WA3.10 (O.S.), a Mab against an epitope present 
in the MHV-A59 Sectodomain; 23F4.5 (CS), a Mab against 
an epitope in the FIPV Sectodomain. The immunoprecipi 
tated proteins were taken up in electrophoresis sample buffer 
and heated for 2 minutes at 95°C. except for one protein 
sample (lane 4 in FIG. 16) which was kept at room tempera 
ture to prevent aggregation of the MHV M protein. The pro 
teins were analyzed by electrophoresis in SDS-12.5% poly 
acrylamide gel. The electrophoretic patterns are shown in 
FIG. 16. As expected, the anti-FIPV antibodies precipitated 
the FIPV proteins S. M and N from the lysate of FIPV 
infected cells (lane 10), but none of the MHV proteins from 
lysate of MHV-infected cells (lane 1). The 23F4.5 Mab pre 
cipitated the feline S of FIPV (lane 11) but not the murine S of 
MHV (lane 2), as expected. Also, the anti-MHV serum pre 
cipitated the MHV proteins S. Nand M (lane 3 and 4) but not 
the FIPV proteins (lane 12), and the WA3.10 Mab precipi 
tated the MHV S protein (lane 5) but not the FIPV S protein 
(lane 13). When looking at the proteins precipitated from the 
mFIPV-infected cell lysates, it is clear that the anti-FIPV 
serum G73 precipitated the M and N proteins, but not the S 
protein (lane 6). S protein was also not precipitated by the 
23F4.5 Mab (lane 7). The mFIPV S protein was, however, 
precipitated by the anti-MHV serum (lane 8) as well as by the 
Mab WA3.10 (lane 9). 

Conclusion: Cells infected by mFIPV express the pre 
dicted viral proteins, particularly the hybrid Sprotein with the 
MHV-derived ectodomain. 

II.1.d. mRIPV Growth Characteristics: 
Aim: Compare titers obtained for mEIPV with those for 

FIPV and MHV-A59. 
Procedure and Results: Infection and titration experiments 

revealed that the recombinant virus mFIPV was no longer 
able to infect feline FCWF cells but did grow efficiently in 
murine LR7 cells showing similar growth characteristics as 
MHV-A59. This is demonstrated, for instance, by a compari 
Son of their one-step growth curves in these cells shown in 
FIG. 17. In this experiment, cells were infected with mFIPV 
and MHV-A59 (m.o. i. of 5 each) after which samples from 
the culture fluid were taken at various time points and titrated 
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on LR7 cells by end-point dilution. Also, mFIPV induced 
extensive syncytia and cytopathic effects upon infection of 
these cells. Stocks of the recombinant mFIPV grown in LR7 
cells reached titers of the same order of magnitude as FIPV 
did in FCWF cells (5.107 PFU/ml). This was, however, an 
order of magnitude lower than was observed for MHV-A59 in 
LR7 cells. 

Conclusion: The replacement of the spike protein 
ectodomain has resulted in a recombinant mFIPV that repli 
cates well in its “new” host cells and has apparently not lost 
much of its biological fitness. 

II.2. Generation of Live Attenuated FIPV Vaccine by Gene 
Deletions: 

General aim: Delete gene sequences from the FIPV 
genome that are nonessential for viral replication in vitro to 
obtain deletion viruses that are attenuated in feline animals 
and are therefore viral (vector) vaccine candidates. 
II.2.a. Construction of Synthetic RNA Transcription Vectors: 
Aim: Construct the plasmids for the synthesis of donor 

RNA transcripts lacking the genes 3ABC and/or 7AB for 
targeted recombination with mFIPV RNA (FIG. 18, top part). 

Procedure and Results: Deletions of genes 3ABC and 7AB 
were introduced into the plasmid p3RDI1 using SOE-PCR. 
For the primers used, see Table 2 and FIG. 18, left side. 
To delete the 3ABC cluster, combinations of primers 1 and 

4 and of 2 and 3 were used to generate fragments of 375bp (A) 
and 1012 bp (B), respectively (FIG. 18, left side). Fragments 
A and B were fused using the overlap between both fragments 
through primers 3 and 4, and amplified using primers 1 and 2 
resulting in a 1366 bp fragment (C). Fragment C was digested 
with Afl and SnaBI and cloned into Afl and SnaBI-di 
gested pBRDI1, resulting in pBRDI1A3ABC (FIG. 18). 
To delete the 7AB genes, combinations of primers 5 and 8 

and of primers 6 and 7 were used to generate fragments of 
1215 bp (D) and of 324 bp (E), respectively (FIG. 18). Frag 
ments D and E were fused using the overlap between both 
fragments through primers 7 and 8, and amplified using prim 
ers 5 and 6 resulting in a 1524 bp fragment (F). Fragment F 
was digested with Mlul and NotI and cloned into Mlul and 
NotI-digested pBRDI1, resulting in pBRDI1A7AB (FIG. 18). 
The correctness of the sequences of fragments C and F was 
confirmed by DNA sequencing. 
To construct pBRDI1A3ABC+A7AB, the 1524 bp Mlul/ 

NotI fragment of pBRDI1A7AB was introduced into Mlul/ 
NotI-digested pBRDI1A3ABC (FIG. 18). 

Conclusion: The pBRDI1-derived donor RNA constructs 
lacking the gene clusters 3ABC and/or 7AB were obtained. 

II.2.b. Generations of Recombinant FIPVs Lacking Genes: 
Aim: Generate the recombinant FIPVs that lack the 

sequences for the 3ABC genes, for the 7AB genes, and for 
both these gene clusters. 

Procedure and Results: Capped, run-off donor transcripts 
were synthesized from NotI-linearized pBRDI1, 
pBRDI1A3ABC, pBRDI1A7AB and pBRDI1A3ABC+ 
A7AB, respectively, using a T7 RNA polymerase kit (Am 
bion) as specified by the manufacturer. The donor transcripts 
were introduced into murine LR7 cells (80 cm flask), that 
had been infected before with mFIPV (m.o. i. of 0.4), by 
electroporation (Gene pulser electroporation apparatus, Bio 
rad, 2 consecutive pulses; 0.85 kV/50 microF). The electropo 
rated cells were cocultured in a 25 cm culture flask with 
feline FCWF cells (50% confluency). After 24 hours incuba 
tion at 37° C. massive syncytia could be detected in both the 
murine LR7 cells and the feline FCWF cells. Candidate dele 
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tion viruses released into the mixed cell culture Supernatant 
were purified by two rounds of plaque purification on FCWF 
cells. 

Conclusion: Viruses that had acquired the ability to grow in 
feline FCWF cells had been obtained from the recombination 
experiment with mFIPV. 
II.2.c. Genetic Analysis of Recombinant FIPVs Lacking 
Genes: 

Aim: Confirm the genetic make-up of the putative deletion 
viruses. 

Procedure and Results: To evaluate whether the intended 
deletions indeed occurred in the various FIPV deletion 
mutants, RT-PCR on the genomic viral RNAs was performed 
focusing on the 3ABC and the 7AB region. The primers used 
and DNA sizes expected are indicated in Table 2 and FIG. 18 
(right side). The results of the RT-PCR analyses are shown in 
FIG. 19. FIG. 19A reveals that the recombinant wild-type 
virus (r-wtfIPV) and FIPVA7AB are each carrying the 3ABC 
region whereas this region is lacking in the viruses 
FIPVA3ABC and FIPVA3ABC+A7AB, as judged by the 
sizes of the amplified fragments. FIG. 19B demonstrates that 
r-wtEIPV and FIPVA3ABC are still carrying the 7AB region 
whereas the viruses FIPVA7AB and FIPVA3ABC+A7AB are 
lacking this region. The 397 bp and 646 bp fragments, indica 
tive of a 3ABC and 7AB deletion, respectively, were cloned 
and sequenced which confirmed the expected DNA 
Sequences. 

Conclusion: The deletion viruses had precisely the 
intended genomic deletions. 
II.2.d. Growth Characteristics of FIPVs Lacking Genes 
Aim: Check cell tropism of the deletion viruses and evalu 

ate their in vitro growth. 
Results: All 4 recombinant viruses were inoculated onto 

mouse LR7 cells but failed to produce any cytopathic effects. 
They did, however, grow efficiently in feline FCWF cells, as 
expected. The viruses r-wtEIPV, FIPVA3ABC and 
FIPVA7AB reached titers that were similar to those obtained 
with the parent FIPV strain 79-1146 on these cells. The titers 
were all in the order of 5.107 PFU/ml (FIG.40). However, the 
double mutant FIPVA3ABC+A7AB grew less efficient; titers 
obtained with this virus were generally 1 to 2 log units lower 
(FIG. 40). 

Conclusion: The sequences comprising the gene clusters 
3ABC and 7AB are not essential for the viability of FIPV. 
Apparently, neither the nucleotide sequences nor the proteins 
encoded by the genes are essential for the replication of the 
W1US. 

II.2.e. Virulence of Recombinant Viruses in Cats: 
Aim: Establishing whether the genetic deletions affect 

virulence. 
Procedure and Results: The recombinant deletion viruses 

were characterized in their natural host, the cat. To this pur 
pose, 24 SPF cats (5 months old) were placed into 5 groups 
and inoculated oronasally (100 pfu) with FIPV strain 79-1146 
(n=4), r-wtEIPV (n=5), FIPVA3ABC (n=5), FIPVA7AB 
(n=5) and FIPVA3ABC+A7AB (n=), respectively, and fol 
lowed for (at least) 3 months. Clinical disease signs were 
scored as shown in Table 5. Inoculation of the cats with the 
deletion variants did not induce clinical signs of disease. 
Rather, all cats remained totally healthy throughout the 
experiment (Table 6 and FIG. 35). In contrast, infection with 
the wildtype controls FIPV 79-1146 and r-wtfIPV induced a 
rapid onset of clinical disease characterized by depression, 
anorexia, jaundice, weight loss and leukopenia (Table 6). 
Three out of four and five out of five cats inoculated with 
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FIPV 79-1146 and r-wtEIPV, respectively, had to be eutha 
nized due to advanced symptoms of FIP between day 14 and 
day 42 after infection (FIG. 35). 

Conclusions: 1) FIPV 79-1146 and its wild type recombi 
nant equivalent r-wtFIPV are equally virulent; and 2) Viruses 
with deletions of the sequences specifying the genes 3abc or 
7ab or of the combination of some or all these genes exhibit a 
significantly attenuated phenotype in cats. 
II.2.f. Immune Response Induced by Recombinant Viruses: 
Aim: Determining the FIPV-neutralizing activity in cat 

Sea. 

Procedure and Results: FIPV-specific antibody responses 
of the cats inoculated with the deletion viruses were charac 
terized. To this purpose, blood samples were obtained at days 
0, 21 and 90 post-infection, and heat-inactivated sera were 
prepared and incubated with FIPV 79-1146 (10.000 PFU) 
after which the FIPV-neutralizing activity was determined 
using FCWF cells in a 96-well microplate assay. Titers were 
expressed as the reciprocal of the lowest dilution that no 
longer inhibited viral cytopathic effects. As expected, at day 0 
none of the cat sera showed a significant FIPV-neutralizing 
activity. At day 21, all cats had sero-converted and showed 
high titers of neutralizing antibodies. The titers observed in 
cats inoculated with FIPV 79-1146, r-wtFIPV, FIPVA3ABC 
and FIPVA7AB were comparable whereas the titers observed 
in FIPVA3ABC+A7AB infected cats were approximately 50 
fold lower (FIG. 36). Overall, the titers remained high for at 
least 90 days (end of experiment). 

Conclusion: Despite the absence of clinical disease signs, 
high titers of neutralizing antibodies are observed in cats that 
had been inoculated with FIPV deletion variants. This 
strongly suggests that the deletion viruses are viable and 
replicate in the cat leading to a strong immune response in the 
form of an antibody response. 
II.2.g. FIPV Deletion Viruses Serve as Attenuated, Live Vac 
cines: 
Aim: To study whether previous inoculation with the 

attenuated deletion variants protects the cats against a FIPV 
79-1146 challenge. 

Procedure and Results: The cats previously inoculated with 
the attenuated deletion variants were challenged oranasally 
with FIPV 79-1146 (100 pfu) at day 90. As a control group, 4 
untreated cats of similar age were challenged identically. The 
control group showed a rapid onset of clinical disease char 
acterized by depression, anorexia, jaundice, weight loss and 
leukopenia (day 7). A similar rapid onset of symptoms was 
observed with 3 out 5 cats previously inoculated with 
FIPVA3ABC+A7AB, whereas all cats previously infected 
with FIPVA3ABC or FIPVA7AB remained generally healthy 
and without typical FIP symptoms throughout the experiment 
(Table 7), although 2 out 5 cats previously inoculated with 
FIPVA3ABC showed temporary weight loss. 
Due to advanced symptoms of FIP, one cat out of the 

control group had to be euthanized at day 32, whereas the 
other cats in the control group recovered from their initial FIP 
symptoms. A lethality score of 25% is lower than observed in 
the previous experiments. This is Supposedly due to the 
advanced age of the cats which is known to lead to reduced 
susceptibility for FIPV. The three FIPVA3ABC+A7AB vac 
cinated cats with initial symptoms remained ill and were 
euthanized between days 11 and 56 (FIG.37). Apparently, the 
combined deletion of the two gene clusters 3ABC and 7AB 
which we found to reduce the fitness of FIPVA3ABC+ 
A7AB as judged by its decreased in vitro growth also 
affects the replication rate of the virus in the cats, as testified 
by the lower levels of neutralizing antibodies induced. Thus, 
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the virus is over-attenuated and only capable of partially 
protecting against a FIPV challenge. Full protection would 
require a higher or repeated dose. 

Conclusion: Prior vaccination with FIPVA3ABC or 
FIPVA7AB protects cats against disease caused by a FIPV 
challenge. 
II.3. Insertion and Expression of Foreign Genes: 
Aim: Establish whether foreign genes can be inserted at 

different positions in the viral genome, either as an additional 
gene or replacing deleted nonessential genes; and establish 
whether these genes are expressed and whether they are sta 
bly maintained during in vitro passage of the virus. 
II.3.a. Construction of Recombinant Viruses Carrying 
Reporter Genes: 
Aim: Generate FIPV 79-1146 viruses with foreign gene 

insertions. 
Procedure: A virus was constructed containing a foreign 

reporter gene in its genome at the position of the 3abc genes. 
The reporter gene, renilla luciferase (RL), was placed under 
the transcriptional control of the IGS proceeding gene 3a. To 
delete the 3abc cluster and introduce the RL gene into the 
plasmid pPRDI1, combinations of primers 1244 (5'-GCCAT 
TCTCATTGATAAC-3) (SEQ ID NO:27) and 1514 (5'-CT 
GAGTCTAGAGTA 
GCTAGCTAATGACTAATAAGTTTAG-3") (SEQ ID 
NO:28) and of 1245 (5'-GCTTCTGTTGAGTAATCACC-3) 
(SEQ ID NO:29) and 1513 (5'- 
GCTAGCTACTCTAGACTCAGGCGGTTCTAAAC-3) 
(SEQID NO:30) were used to generate fragments of 336 bp 
(A) and 1068 bp (B) via PCR, respectively. In primer 1513 
and 1514, the underlined and bold sequences representa Nhe 
and Xbal restriction site, respectively. Fragments A and B 
were fused using the overlap between both fragments through 
primers 1514 and 1513 and amplified using primers 1244 and 
1245, using SOE-PCR, resulting in a 1384 bp fragment (C). 
Fragment C was cloned into the pGEM-T Easy vector 
(Promega), resulting in pGEM-C. The RL gene derived from 
pRL-null (Promega) was introduced as a Nhe/Xbal fragment 
into NheI and Xbal digested pCEM-C, resulting in pGEM 
C+luc. Fragment C+luc was introduced as a AflII/SnaBI frag 
ment into AflII and SnaBI-digested p3RDI1, resulting in 
pBRDI1A3ABC+luc. 

After confirmation of all constructs by restriction and 
sequence analysis, recombinant viruses were generated by 
RNA-RNA recombination between transcription vector run 
off transcripts and the mFIPV genome as described above. 
The resulting viruses were genetically confirmed by RT-PCR 
analysis. 

Conclusion: The foreign reporter gene renilla luciferase 
can be placed into the genome of the type I coronavirus FIPV. 
The intended recombinant viruses are viable. 

II.3.b. One-Step Growth of Viruses: 
Aim: Compare the growth characteristics of the viruses 

with wild-type virus. 
Procedure and Results: After two rounds of plaque purifi 

cation, virus stocks of 2 independently obtained recombi 
nants under II.3.a were prepared, titrated and used for high 
m.o.i (m.o. i. of 8) infection of FCWF cells after which the 
viral infectivities in the culture media were monitored. The 
results are represented by the growth curves shown in FIG. 
38. Both independently obtained recombinants grew to a 1 to 
2 log lowertiteras compared to that of recombinant wild-type 
virus. 

Conclusion: The recombinant viruses with inserted expres 
sion cassette grew normally in vitro but their yields were 
affected. 
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II.3.c. Expression of Renilla Luciferase: 
Aim: Establish whether the inserted expression cassette 

was functional. 
Procedure and Results: Confluent monolayer cultures of 

FCWF cells were infected at an m.o.i of 8 and the production 
ofluciferase activity in the cells was monitored over time. RL 
expression in cells was measured by using the Dual-Lu 
ciferase Reporter Assay System (Promega) according to the 
manufacturers instructions. RL was measured in relative 
light units (RLU) using a luminometer (Lumac Biocounter 
M2500 or Turner Designs Model TD-20/20). 
The results are shown graphically in FIG. 39. In contrast to 

the recombinant wild-type virus, the two recombinant 
luciferase gene containing viruses expressed high levels of 
luciferase activity, indicating that the renilla luciferase gene is 
functional. Expression started as early as 2 hours post-infec 
tion. The highest expression level was reached at 9 hours 
post-infection. 

Conclusion: Foreign genes can be expressed by coronavi 
ruses by using the genetic space created by deletion of non 
essential genes. 
II.4 Generation of Multivalent FIPV-Based Vaccines: 
Aim: Development of multivalent vaccines based on a live 

attenuated FIPV strain as a vector. 
Approach: Genes (or gene fragments) from other feline 

and canine pathogens encoding antigens known to induce 
protective immunity against these pathogens were selected. 
Expression cassettes of these genes were introduced into the 
FIPV genome in combination with attenuating deletions of 
nonessential genes. The expression cassettes contain the 
FIPVTRS in front of (parts of) the gene to be expressed. 
II.4.a. Construction of a Multivalent Feline Leukemia Virus 
(FeLV) Vaccine Based on FIPVVector: 
Aim: Development of FeLV vaccine based on a live attenu 

ated FIPV strain as a vector. 
Procedure: (Parts of) the protection related FeIV genes gag 

and env were placed into expression cassettes and Subse 
quently introduced into pBRDI1A3ABC and pBRDI1A7AB, 
respectively. After confirmation of all constructs by restric 
tion and sequence analysis, recombinant viruses were gener 
ated by RNA-RNA recombination between transcription vec 
tor run-off transcripts and the mFIPV genome as described 
above. The resulting viruses were genetically confirmed by 
RT-PCR analysis. Expression of the FeIV gag and env genes 
was confirmed by immunoprecipitation analysis. 

Conclusion: (Parts of) the protection related FeIV genes 
gag and env can be introduced into and expressed by a live 
attenuated FIPV strain. These recombinants can therefore 
function as a multivalent vaccine against a Feline leukemia 
virus and FIPV infection. 

II.4.b. Construction of a Multivalent Feline Immunodefi 
ciency Virus (FIV) Vaccine Based on an FJPVVector: 
Aim: Development of FIV vaccine based on a live attenu 

ated FIPV strain as a vector. 

Procedure: (Parts of) the protection related FIV genes gag 
and env were placed into expression cassettes and Subse 
quently introduced into pBRDI1A3ABC and pBRDI1A7AB, 
respectively. After confirmation of all constructs by restric 
tion and sequence analysis, recombinant viruses were gener 
ated by RNA-RNA recombination between transcription vec 
tor run-off transcripts and the mFIPV genome as described 
above. The resulting viruses were genetically confirmed by 
RT-PCR analysis. Expression of the FIV gag and env genes 
was confirmed by immunoprecipitation analysis. 
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Conclusion: (Parts of) the protection related FIV genes gag 
and env can be introduced into and expressed by a live attenu 
ated FIPV strain. These recombinant viruses can therefore 
function as a multivalent vaccine against a Feline immuno 
deficiency virus and FIPV infection. 
II.4.c. Construction of a Multivalent Feline Calicivirus (FCV) 
Vaccine Based on an FIPV Vector: 

Aim: Development of FCV vaccine based on a live attenu 
ated FIPV strain as a vector. 

Procedure: (Parts of) the protection related FCV capsid 
gene was placed into an expression cassette and Subsequently 
introduced into pBRDI1A3ABC and pBRDI1A7AB, respec 
tively. After confirmation of all constructs by restriction and 
sequence analysis, recombinant viruses were generated by 
RNA-RNA recombination between transcription vector run 
off transcripts and the mFIPV genome as described above. 
The resulting viruses were genetically confirmed by RT-PCR 
analysis. Expression of the FCV capsid gene was confirmed 
by immunoprecipitation analysis. 

Conclusion: (Parts of) the protection related FCV capsid 
gene can be introduced into and expressed by a live attenuated 
FIPV strain. These recombinant viruses can therefore func 
tion as a multivalent vaccine against a Feline calicivirus and 
FIPV infection. 

II.4.d. Construction of a Multivalent Feline Panleucopenia 
Virus (FPV) Vaccine Based on an FIPV Vector: 

Aim: Development of FPV vaccine based on a live attenu 
ated FIPV strain as a vector. 

Procedure: (Parts of) the protection related R3 gene, 
encoding the VP1 and VIP2 capsid proteins was placed into 
an expression cassette and Subsequently introduced into 
pBRDI1A3ABC and pBRDI1A7AB, respectively. After con 
firmation of all constructs by restriction and sequence analy 
sis, recombinant viruses were generated by RNA-RNA 
recombination between transcription vector run-off tran 
scripts and the mFIPV genome as described above. The 
resulting viruses were genetically confirmed by RT-PCR 
analysis. Expression of (parts of) the R3 gene was confirmed 
by immunoprecipitation analysis. 

Conclusion: (Parts of) the protection related R3 gene can 
be introduced into and expressed by a live attenuated FIPV 
strain. These recombinant viruses can therefore function as a 
multivalent vaccine against a Feline panleucopenia virus and 
FIPV infection. 

II.4.e. Construction of a Multivalent Feline Herpes Virus 
(FHV) Vaccine Based on an FIPVVector: 
Aim: Development of FHV vaccine based on a live attenu 

ated FIPV strain as a vector. 
Procedure: (Parts of) the protection related gB, gC, gD, gE, 

gH, g1, gK, gL, gM, gM, ICP0, ICP1 and ICP4 feline herpes 
virus genes were placed into an expression cassette and Sub 
sequently introduced into pBRDI1A3ABC and 
pBRDI1A7AB, respectively. After confirmation of all con 
structs by restriction and sequence analysis, recombinant 
viruses were generated by RNA-RNA recombination 
between transcription vector run-off transcripts and the 
mFIPV genome as described above. The resulting viruses 
were genetically confirmed by RT-PCR analysis. Expression 
of the inserted FHP genes was confirmed by immunoprecipi 
tation analysis. 

Conclusion: (Parts of) the protection related gB, gC, gD, 
gE, gh, gl, gk, gL, gM, ICP0, ICP1 and ICP4 feline herpes 
virus genes can be introduced and expressed in a live attenu 
ated FIPV strain. These recombinant viruses can therefore 
function as a multivalent vaccine against Feline herpes virus 
and FIPV. 
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II.4.f. Construction of a Multivalent FIPV Serotype I and II 
Vaccine Based on an FIPV Serotype II Vector: 
Aim: Development of a vaccine protecting both against 

serotype I and against II feline coronaviruses, based on a live 
attenuated FIPV serotype II strain as a vector. 

Procedure: (Parts of) the protection related spike gene of a 
serotype I feline coronavirus, of which the region encoding 
the signal sequence was deleted, was placed into an expres 
sion cassette and Subsequently introduced into 
pBRDI1A3ABC and pBRDI1A7AB, respectively. For 
example: in one case, a spike gene construct was used from 
which the region encoding the signal sequence had been 
deleted; in another case a truncated spike gene was used, from 
which the region encoding the transmembrane domain--en 
dodomain had been deleted. After confirmation of all con 
structs by restriction and sequence analysis, recombinant 
viruses were generated by RNA-RNA recombination 
between transcription vector run-off transcripts and the 
mFIPV genome as described above. The resulting viruses 
were genetically confirmed by RT-PCR analysis. Expression 
of the inserted serotype I Spike gene construct was confirmed 
by immunoprecipitation analysis. 

Conclusion: (Parts of) the protection related spike gene of 
feline coronavirus serotype I can be introduced and expressed 
in a live attenuated FIPV serotype II strain and can therefore 
function as a multivalent vaccine against both serotype I and 
II feline coronaviruses. 

II.5. Generation of Recombinant Viruses with Rearranged 
Gene Order: 
Aim: Development of a FIPV vaccine in which deletion of 

nonessential genes is combined with a rearranged gene order 
by moving the N gene upstream of the S gene in the FIPV 
genome. 

Procedure and Results: Capped, run-off donor transcripts 
were synthesized from NotI-linearized pBRDI1A3ABC, 
pBRDI1A7AB and pBRDI1A3ABC+A7AB vectors in which 
the N gene, together with its TRS, was inserted at a position 
upstream of the S. The donor transcripts were introduced into 
murine LR7 cells (80 cm flask), that had been infected before 
with mEIPV (m.o. i. of 0.4), by electroporation (Gene pulser 
electroporation apparatus, Biorad, 2 consecutive pulses; 0.85 
kV/50 microF). The electroporated cells were co-cultured in 
a 25 cm culture flask with feline FCWF cells (50% conflu 
ency). After 24 hours incubation at 37° C. massive syncytia 
could be detected in the cell cultures. Deletion mutant viruses 
with rearranged genomes released into the mixed cell culture 
Supernatant were purified by two rounds of plaque purifica 
tion on FCWF cells. 

Conclusion: Deletion mutant FIPVs with rearranged gene 
order could be generated. These viruses can function as live 
attenuated FIPV vaccines. By virtue of their rearranged gene 
order these viruses represent safer vaccines because of their 
reduced ability to generate viable progeny by recombination 
with viruses circulating in the field. 
II.6 Generation of FIPV Based Vaccines Against Canine 
Pathogens: 

General aim: Development of vaccines based on a live 
attenuated FIPV serotype II strain as a vector against canine 
pathogens. 

Approach: Since type II feline coronaviruses express 
canine coronavirus-like spike proteins (2a). Such feline coro 
navirus vectors can be used as vaccines in canines. 

Therefore, the live attenuated FIPV vaccine that we devel 
oped can also be used for vaccination of canines against 
canine coronavirus (CCV). Furthermore, multivalent vac 
cines can be generated by introducing expression cassettes of 
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protection related genes of other canine pathogens into the 
FIPV genome in combination with attenuating deletions of 
nonessential genes and with genome rearrangements. The 
expression cassettes contain the FIPV TRS in front of (parts 
of) the gene to be expressed. 
II.6.a. Generation of FIPV Based Vaccine Against Canine 
Distemper: 
Aim: Development of canine distemper vaccine based on a 

live attenuated FIPV strain as a vector. 
Procedure: (Parts of) the protection related H and F genes 

were placed into an expression cassette and Subsequently 
introduced into pBRDI1A3ABC and pBRDI1A7AB, respec 
tively. After confirmation of all constructs by restriction and 
sequence analysis, recombinant viruses were generated by 
RNA-RNA recombination between transcription vector run 
off transcripts and the mFIPV genome as described above. 
The resulting viruses were genetically confirmed by RT-PCR 
analysis. Expression of (parts of) the H and F genes was 
confirmed by immunoprecipitation analysis. 

Conclusion: (Parts of) the protection related Hand F genes 
of canine distemper virus can be introduced into and 
expressed by a live attenuated FIPV strain. These recombi 
nant viruses can therefore function as a vaccine against canine 
distemper virus and CCV infection. 
II.6.b. Generation of FIPV Based Vaccine Against Canine 
Parvo Disease: 
Aim: Development of canine parvovirus vaccine based on 

a live attenuated FIPV strain as a vector. 
Procedure: (Parts of) the protection related R3 gene, 

encoding the VP1 and VIP2 capsid proteins were placed into 
an expression cassette and Subsequently introduced into 
pBRDI1A3ABC and pBRDI1A7AB, respectively. After con 
firmation of all constructs by restriction and sequence analy 
sis, recombinant viruses were generated by RNA-RNA 
recombination between transcription vector run-off tran 
scripts and the mFIPV genome as described above. The 
resulting viruses were genetically confirmed by RT-PCR 
analysis. Expression of (parts of) the R3 gene was confirmed 
by immunoprecipitation analysis. 

Conclusion: (Parts of) the protection related R3 gene of 
canine parvovirus can be introduced into and expressed by a 
live attenuated FIPV strain. These recombinant viruses can 
therefore function as a vaccine against canine parvovirus 
disease and CCV infection. 

II.6.c. Generation of FIPV Based Vaccine Against Infectious 
Canine Hepatitis: 

Aim: Development of canine adenovirus serotype 1 vac 
cine based on a live attenuated FIPV strain as a vector. 

Procedure: (Parts of) the protection related structural pro 
tein genes of canine adenovirus serotype 1 were placed into 
an expression cassette and Subsequently introduced into 
pBRDI1A3ABC and pBRDI1A7AB, respectively. After con 
firmation of all constructs by restriction and sequence analy 
sis, recombinant viruses were generated by RNA-RNA 
recombination between transcription vector run-off tran 
scripts and the mFIPV genome as described above. The 
resulting viruses were genetically confirmed by RT-PCR 
analysis. Expression of (parts of) the protection related struc 
tural protein genes of canine adenovirus serotype 1 was con 
firmed by immunoprecipitation analysis. 

Conclusion: (Parts of) the protection related structural pro 
tein genes of canine adenovirus serotype 1 can be introduced 
into and expressed by a live attenuated FIPV strain. These 
recombinant viruses can therefore function as a vaccine 
against infectious canine hepatitis and CCV infection. 
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II.6.d. Generation of FIPV Based Vaccine Against Hemor 
rhagic Disease of Pups: 
Aim: Development of canine herpes virus 1 vaccine based 

on a live attenuated FIPV strain as a vector. 
Procedure: (Parts of) the protection related gB, gC, gD, gE, 

gH. g. gk, gL, gM, gM, ICP0, ICP1 and ICP4 canine herpes 
virus genes were placed into an expression cassette and Sub 
sequently introduced into pBRDI1A3ABC and 
pBRDI1A7AB, respectively. After confirmation of all con 
structs by restriction and sequence analysis, recombinant 
viruses were generated by RNA-RNA recombination 
between transcription vector run-off transcripts and the 
mFIPV genome as described above. The resulting viruses 
were genetically confirmed by RT-PCR analysis. Expression 
of the inserted genes was confirmed by immunoprecipitation 
analysis. 

Conclusion: (Parts of) the protection related gB, gC, gD, 
gE, gh, gT. gK, gL, gM, ICP0, ICP1 and ICP4 canine herpes 
virus genes can be introduced and expressed in a live attenu 
ated FIPV strain. These recombinant viruses can therefore 
function as a multivalent vaccine against canine herpes virus 
1 and CCV. 

III. Transmissible Gastro-Enteritis Virus (TGEV): 
III.1. Generation of a Live Attenuated Vaccine Against 
TGEV: 
Aim: Development of a live attenuated vaccine against 

TGEV. 
Approach: To this aim recombinant TGEV deletion mutant 

viruses were generated that lack the nonessential genes 3ab 
and/or 7. 

Procedure: Recombinant viruses were generated as 
described by Almazanetal. (2000). From pBAC-TGEV'', an 
infectious TGEV cDNA clone placed behind a CMV pro 
moter in pReloBAC11, the 3ab and 7 genes were deleted via 
standard cloning techniques, leaving the Surrounding open 
reading frames and transcription regulatory sequences intact. 
Epithelial swine testis (ST) cells were transfected with this 
pBAC-TGEV' derivative which lacks the 3ab and 7 genes 
(PBAC-TGEV'). Recombinant TGEV viruses were plaque 
purified and characterized by RT-PCR for the absence of the 
3ab and/or 7 genes. Large amounts of the recombinant TGEV 
deletion viruses were generated by infecting ST cells. 

Conclusion: Recombinant TGEV was generated that 
lacked the genes 3ab and 7. These viruses can function as a 
live attenuated vaccine against TGEV. 
III.2 Generation of Multivalent TGEV-Based Vaccines: 
Aim: Development of multivalent vaccines based on a live 

attenuated TGEV as a vector. 
Approach: Expression cassettes of protection related genes 

of porcine pathogens were introduced into the TGEV genome 
in combination with attenuating deletions of nonessential 
genes and genome rearrangements. The expression cassettes 
contain the TGEV TRS in front of (parts of) the gene to be 
expressed. 
III.2.a. Construction of a Multivalent Porcine Parvovirus 
(PPV) Vaccine Based on a TGEV Vector: 
Aim: Development of a vaccine based on a live attenuated 

TGEV strain as a vector. Procedure: (Parts of) the protection 
related R3 gene, encoding the VP1 and VP2 capsid proteins, 
was placed into an expression cassette and Subsequently 
introduced into a pBAC-TGEV' derivative which lacks 
genes 3ab and 7. After confirmation of all constructs by 
restriction and sequence analysis, recombinant viruses were 
generated by transfecting ST cells with this pBAC-TGEV' 
deletion derivative which contains (parts of) the protection 
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related R3 gene. The resulting viruses were genetically con 
firmed by RT-PCR analysis. Expression of the inserted R3 
gene was confirmed by immunoprecipitation analysis. 

Conclusion: (Parts of) the protection related R3 gene can 
be introduced into and expressed by a live attenuated TGEV 
strain. These recombinant viruses can therefore function as a 
multivalent vaccine against a Porcine Parvovirus and TGEV 
infection. 

III.2.b. Construction of a Multivalent Swine Influenza Virus 
Vaccine Based on a TGEV Vector: 

Aim: Development of a Swine influenza virus vaccine 
based on a live attenuated TGEV strain as a vector. 

Procedure: (Parts of) the protection related hemagglutinin 
(HA) and neuraminidase (NA) genes were placed into an 
expression cassette and Subsequently introduced into a 
pBAC-TGEV' derivative which lacks the genes 3ab and 7. 
After confirmation of all constructs by restriction and 
sequence analysis, recombinant viruses were generated by 
transfecting ST cells with this pBAC-TGEV' deletion 
derivative which contains (parts of) the protection related 
hemagglutinin (HA) and neuraminidase (NA) genes. The 
resulting viruses were genetically confirmed by RT-PCR 
analysis. Expression of the inserted hemagglutinin (HA) and 
neuraminidase (NA) genes was confirmed by immunopre 
cipitation analysis. 

Conclusion: (Parts of) the protection related hemagglutinin 
(HA) and neuraminidase (NA) genes can be introduced into 
and expressed by a live attenuated TGEV strain. These 
recombinant viruses can therefore function as a multivalent 
vaccine against a Swine influenza virus and TGEV infection. 
III.2.c. Construction of a Multivalent African Swine Fever 
Virus Vaccine Based on a TGEV Vector: 

Aim: Development of an African swine fever virus vaccine 
based on a live attenuated TGEV strain as a vector. 

Procedure: (Parts of) the protection related structural pro 
tein encoding genes were placed into an expression cassette 
and subsequently introduced into a pBAC-TGEV' deriva 
tive which lacks the genes 3ab and 7. After confirmation of all 
constructs by restriction and sequence analysis, recombinant 
viruses were generated by transfecting ST cells with this 
pBAC-TGEV' deletion derivative which contains (parts of) 
the protection related structural-protein encoding genes. The 
resulting viruses were genetically confirmed by RT-PCR 
analysis. Expression of the structural-protein encoding genes 
was confirmed by immunoprecipitation analysis. 

Conclusion: (Parts of) the protection related structural pro 
tein encoding genes can be introduced into and expressed by 
alive attenuated TGEV strain. These recombinant viruses can 
therefore function as a multivalent vaccine againstan African 
swine fever virus and TGEV infection. 

III.2.d. Construction of a Multivalent Porcine Circovirus 
Type 2 Vaccine Based on a TGEV Vector: 

Aim: Development of a Porcine circovirus type 2 vaccine 
based on a live attenuated TGEV strain as a vector. 

Procedure: (Parts of) the protection related C1, C2, V1 and 
V2 genes of the Porcine circovirus type 2 were placed into an 
expression cassette and Subsequently introduced into a 
pBAC-TGEV' derivative which lacks the genes 3ab and 7. 
After confirmation of all constructs by restriction and 
sequence analysis, recombinant viruses were generated by 
transfecting ST cells with this pBAC-TGEV' deletion 
derivative which contains (parts of) the protection related C1, 
C2, V1 and V2 genes of the Porcine circovirus type 2. The 
resulting viruses were genetically confirmed by RT-PCR 
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analysis. Expression of the C1, C2, V1 and V2 genes of the 
Porcine circovirus type 2 was confirmed by immunoprecipi 
tation analysis. 

Conclusion: (Parts of) the protection related C1, C2, V1 
and V2 genes of the Porcine circovirus type 2 can be intro 
duced into and expressed by a live attenuated TGEV strain. 
These recombinant viruses can therefore function as a multi 
valent vaccine against a Porcine circovirus type 2, and TGEV 
infection. 

III.2.e. Construction of a Multivalent Porcine Respiratory and 
Reproductive Syndrome Virus Vaccine Based on a TGEV 
Vector: 

Aim: Development of a Porcine respiratory and reproduc 
tive syndrome virus vaccine based on a live attenuated TGEV 
strain as a vector. 

Procedure: (Parts of) the protection related ORF2 to ORF7 
of the Porcine respiratory and reproductive syndrome virus 
were placed into an expression cassette and Subsequently 
introduced into a pBAC-TGEV' derivative which lacks the 
genes 3ab and 7. After confirmation of all constructs by 
restriction and sequence analysis, recombinant viruses were 
generated by transfecting ST cells with this pBAC-TGEV 
deletion derivative which contains (parts of) the protection 
related ORF2 to ORF7 of the Porcine respiratory and repro 
ductive syndrome virus. The resulting viruses were geneti 
cally confirmed by RT-PCR analysis. Expression of ORF2 to 
ORF7 of the Porcine respiratory and reproductive syndrome 
virus was confirmed by immunoprecipitation analysis. 

Conclusion: (Parts of) the protection related ORF2 to 
ORF7 of the Porcine respiratory and reproductive syndrome 
virus can be introduced into and expressed by a live attenu 
ated TGEV strain. These recombinant viruses can therefore 
function as a multivalent vaccine againsta Porcine respiratory 
and reproductive syndrome virus and TGEV infection. 
III.2.f. Construction of a Multivalent Foot-and-Mouth Dis 
ease Virus Vaccine Based on a TGEV Vector: 
Aim: Development of a foot-and-mouth disease virus vac 

cine based on a live attenuated TGEV strain as a vector. 
Procedure: (Parts of) the protection related sequences 

encoding VP1 to VP4 of the foot-and-mouth disease virus 
were placed into an expression cassette and Subsequently 
introduced into a pBAC-TGEV' derivative which lacks the 
genes 3ab and 7. After confirmation of all constructs by 
restriction and sequence analysis, recombinant viruses were 
generated by transfecting ST cells with this pBAC-TGEV' 
deletion derivative which contains (parts of) the protection 
related sequences encoding VP1 to VP4 of the foot-and 
mouth disease virus. The resulting viruses were genetically 
confirmed by RT-PCR analysis. Expression of the sequences 
encoding VP1 to VP4 of the foot-and-mouth disease virus 
was confirmed by immunoprecipitation analysis. 

Conclusion: (Parts of) the protection related sequences 
encoding VP1 to VP4 of the foot-and-mouth disease virus can 
be introduced into and expressed by a live attenuated TGEV 
strain. These recombinant viruses can therefore function as a 
multivalent vaccine against a foot-and-mouth disease virus 
and TGEV infection. 

III.3. Generation of Recombinant Viruses with Rearranged 
Gene Order: 
Aim: Development of a TGEV vaccine in which deletion of 

nonessential genes is combined with a rearranged gene order 
by moving the N gene upstream of the S gene in the TGEV 
genome. 

Procedure and Results: Recombinant viruses were gener 
ated as described by Almazan et al. (2000). From p3AC 
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TGEV', an infectious TGEV cDNA clone placed behind a 
CMV promoter in pReloBAC11, the 3ab and 7 genes were 
deleted via standard cloning techniques, leaving the Sur 
rounding open reading frames and transcription regulatory 
sequences intact. In addition the N gene was cloned to a 
position in the genome upstream of the S gene. Epithelial 
swine testis (ST) cells were transfected with this pBAC 
TGEV' derivative which lacks the 3ab and 7 genes and has 
a rearranged genome. Recombinant TGEV viruses were 
plaque purified and characterized by RT-PCR for the absence 
of the 3ab and/or 7 genes. Large amounts of the TGEV dele 
tion recombinants were generated by infecting ST cells. 

Conclusion: Recombinant TGEV was generated that 
lacked the genes 3ab and 7, and which has a rearranged gene 
order. These viruses function as a live attenuated vaccine 
against TGEV, as well as against other porcine pathogens 
when genes encoding relevant antigens are appropriately 
incorporated. 
IV. Avian Infectious Bronchitis Virus (IBV): 
IV.1. Generation of a Live Attenuated Vaccine Against IBV. 
Aim: Development of a live attenuated vaccine against 

IBV. 
Approach: Recombinant IBV deletion mutant viruses were 

generated that lack the nonessential genes 3a/b and/or 5afb. In 
order to acquire vaccine viruses that protect against multiple 
IBV serotypes, spike gene constructs derived from such dif 
ferent viruses were incorporated. 

Procedure: Recombinant viruses were generated as 
described by Casais et al. (2001). Infectious IBV cDNA 
clones were assembled in the vaccinia virus genome by using 
sequential in vitro ligation of cDNA fragments derived from 
pFRAG1, pFRAG2, and pFRAG3 derived plasmids, fol 
lowed by direct cloning into the genome of vaccinia virus 
vNotI/tk as described (1a). Genes 3a/b and 5a/b were 
removed from pFRAG3, by PCR mutagenesis leaving the 
Surrounding open reading frames and transcription regulatory 
sequences intact, resulting in pFRAG3A. The S gene in 
pFRAG3A could be replaced by S genes derived from differ 
ent IBV serotypes by using RT-PCR. Recombinant vaccinia 
viruses were generated by recombination between the fowl 
pox virus HP1.441 and the vNotI/tk-IBV in vitro ligation 
mixture. Recombinant viruses were plaque purified and char 
acterized by PCR and Southern blot analysis. Finally, infec 
tious IBV lacking genes 3a/b and/or 5a/b was generated as 
follows: Chick kidney (CK) cells were infected with recom 
binant fowlpox virus expressing T7 RNA polymerase. Sub 
sequently, cells were transfected with DNA isolated from the 
recombinant vaccinia virus containing the IBV cDNA clone 
lacking genes 3a/b and 5a/b. At 3 days post-infection, the 
culture medium was collected and used to infect CK cells to 
generate large amounts of recombinant IBV. The recombi 
nant viruses were genetically confirmed by RT-PCR analysis. 

Conclusion: Recombinant IBV was generated that lacked 
the genes 3a/b and/or 5a/b. These viruses can function as a 
live attenuated vaccine against IBV. By replacing the S gene, 
recombinant IBVs could be obtained that function as live 
attenuated vaccines against different IBV serotypes. 
IV.2. Generation of Multivalent IBV-Based Vaccines: 
Aim: Development of multivalent vaccine based on a live 

attenuated IBV strain as a vector. 
Approach: Expression cassettes of protection related genes 

of chicken pathogens were introduced into the IBV genome in 
combination with attenuating deletion of nonessential genes. 
The expression cassettes contain the IBV TRS (CTTAA 
CAA) (SEQ ID NO:31) in front of (parts of) the gene to be 
expressed. 
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IV.2.a. Construction of a Multivalent Vaccine Based on an 
IBV Vector that Protects Against More than One IBV Sero 
type: 

Aim: Development of an IBV vaccine based on a live 
attenuated IBV strain that lacks nonessential genes and pro 
tects against more than one serotype. 

Procedure: (Parts of) the protection related IBV S gene 
from a different IBV serotype were placed into expression 
cassettes, and subsequently introduced into pFRAG3A. The 
largest construct contained a complete extra copy of the S 
gene except for the sequence encoding the signal peptide; 
another construct had a carboxy-terminally truncated S gene 
lacking the code for the transmembrane domain and endo 
domain. After confirmation of all the constructs by restriction 
and sequence analysis, recombinant viruses were generated 
as described above. The recombinant viruses were geneti 
cally confirmed by RT-PCR analysis. The proper expression 
of the heterologous S gene constructs was verified by immu 
noprecipitation analysis with type-specific antisera using 
radiolabeled recombinant virus infected cell lysates. 

Conclusion: (Parts of) the protection related IBV S gene 
from a different IBV serotype can be introduced in and 
expressed from a live attenuated IBV strain. These recombi 
nant viruses can therefore function as multivalent vaccines to 
protect against infection by more than one IBV serotype. 

IV.2.a. Construction of a Multivalent Vaccine Based on an 
IBV Vector that Protects Against Newcastle Disease: 
Aim: Development of a Newcastle Disease Virus (avian 

paramyxovirus type I, APMV-1) Vaccine Based on a Live 
Attenuated IBV Strain that Lacks Nonessential Genes. 

Procedure: (Parts of) the protection related APMV-1 genes 
HN and F were placed in expression cassettes, and subse 
quently introduced into pFRAG3A. After confirmation of all 
the constructs by restriction and sequence analysis, recombi 
nant viruses were generated as described above. The recom 
binant viruses were genetically confirmed by RT-PCR analy 
sis. Expression of the foreign gene was confirmed by 
immunoprecipitation analysis. 

Conclusion: (Parts of) the protection related APMV-1 
genes HN and F can be introduced in and expressed from a 
live attenuated IBV strain. The recombinant viruses can 
therefore function as a multivalent vaccine to protect against 
APMV-1 and IBV infections. 

IV.2.b. Construction of a Multivalent Vaccine Based on an 
IBV Vector that Protects Against Avian Influenza: 
Aim: Development of an Avian Influenza virus vaccine 

based on a live attenuated IBV strain that lacks nonessential 
genes. 

Procedure: (Parts of) the protection related Avian Influenza 
genes H and N were placed into expression cassettes, and 
subsequently introduced into pFRAG3A. After confirmation 
of all the constructs by restriction and sequence analysis, 
recombinant viruses were generated as described above. The 
recombinant viruses were genetically confirmed by RT-PCR 
analysis. Expression of the foreign gene was confirmed by 
immunoprecipitation analysis. 

Conclusion: (Parts of) the protection related Avian Influ 
enza genes Hand N can be introduced in and expressed from 
a live attenuated IBV strain. These recombinant viruses can 
therefore function as a multivalent vaccine to protect against 
Avian Influenza and IBV infections. 
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IV.2.c. Construction of a Multivalent Vaccine Based on an 
IBV Vector that Protects Against Chicken Anemia Virus 
(CAV) Disease: 
Aim: Development of a CAV vaccine based on a live 

attenuated IBV strain that lacks nonessential genes. 
Procedure: (Parts of) the protection related CAV genes V1, 

V2, and V3 were placed into expression cassettes, and Sub 
sequently introduced into pFRAG3A. After confirmation of 
all the constructs by restriction and sequence analysis, recom 
binant viruses were generated as described above. The recom 
binant viruses were genetically confirmed by RT-PCR analy 
sis. Expression of the foreign gene was confirmed by 
immunoprecipitation analysis. 

Conclusion: (Parts of) the protection related CAV genes 
V1,V2, and V3 can be introduced in and expressed from a live 
attenuated IBV strain. These recombinant viruses can there 
fore function as a multivalent vaccine to protect against CAV 
and IBV infections. 

IV.2.d. Construction of a Multivalent Vaccine Based on an 
IBV Vector that Protects Against Avian Reovirus Disease: 
Aim: Development of an avian reovirus vaccine based on a 

live attenuated IBV strain that lacks nonessential genes. 
Procedure: (Parts of) the protection related avian reovirus 

genes d1,d2, and 83 were placed into expression cassettes, 
and subsequently introduced into prRAG3A. After confirma 
tion of all the constructs by restriction and sequence analysis, 
recombinant viruses were generated as described above. The 
recombinant viruses were genetically confirmed by RT-PCR 
analysis. Expression of the foreign gene was confirmed by 
immunoprecipitation analysis. 

Conclusion: (Parts of) the protection related avian reovirus 
genes d1 d2, and 83 can be introduced in and expressed 
from a live attenuated IBV strain. These recombinant viruses 
can therefore function as a multivalent vaccine to protect 
against avian reovirus and IBV infections. 
IV.2.e. Construction of a Multivalent Vaccine Based on an 
IBV Vector that Protects Against Infectious Bursal Disease: 
Aim: Development of an Infectious Bursal Disease Virus 

(IBDV) vaccine based on a live attenuated IBV strain that 
lacks nonessential genes. 

Procedure: (Parts of) the protection related IBDV gene 
VP2 were placed into expression cassettes, and Subsequently 
introduced into pFRAG3A. After confirmation of all the con 
structs by restriction and sequence analysis, recombinant 
viruses were generated as described above. The recombinant 
viruses were genetically confirmed by RT-PCR analysis. 
Expression of the foreign gene was confirmed by immuno 
precipitation analysis. 

Conclusion: (Parts of) the protection related IBDV gene 
VP2 can be introduced in and expressed from alive attenuated 
IBV strain. These recombinant viruses can therefore function 
as a multivalent vaccine to protect against avian IBDV and 
IBV infections. 

IV.2.f. Construction of a Multivalent Vaccine Based on an 
IBV Vector that Protects Against Marek’s Disease: 
Aim: Development of a Gallid herpes virus 2 (Marek’s 

disease virus) vaccine based on a live attenuated IBV strain 
that lacks nonessential genes. 

Procedure: (Parts of) the protection related Gallid herpes 
virus 2 gene gB were placed into expression cassettes, and 
subsequently introduced into pFRAG3A. After confirmation 
of all the constructs by restriction and sequence analysis, 
recombinant viruses were generated as described above. The 
recombinant viruses were genetically confirmed by RT-PCR 
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analysis. Expression of the foreign gene was confirmed by 
immunoprecipitation analysis. 

Conclusion: (Parts of) the protection related Gallid herpes 
virus 2 genegB can be introduced in and expressed from a live 
attenuated IBV strain. These recombinant viruses can there 
fore function as a multivalent vaccine to protect against Gallid 
herpes virus 2 and IBV infections. 
IV.2.g. Construction of a Multivalent Vaccine Based on an 
IBV Vector that Protects Against Infectious Laryngotrache 
itis: 
Aim: Development of a Gallid herpes virus 1 (Infectious 

laryngotracheitis virus) vaccine based on a live attenuated 
IBV strain that lacks nonessential genes. 

Procedure: (Parts of) the protection related Gallid herpes 
Virus 1 genes gB, gC, gD, gE, gH. g. gk, gL, and gM were 
placed into expression cassettes, and Subsequently intro 
duced into pFRAG3A. After confirmation of all the constructs 
by restriction and sequence analysis, recombinant viruses 
were generated as described above. The recombinant viruses 
were genetically confirmed by RT-PCR analysis. Expression 
of the foreign gene was confirmed by immunoprecipitation 
analysis. 

Conclusion: (Parts of) the protection related Gallid herpes 
virus 1 genes can be introduced in and expressed from a live 
attenuated IBV strain. These recombinant viruses can there 
fore function as a multivalent vaccine to protect against Gallid 
herpes virus 1 and IBV infections. 
IV.3. Generation of Recombinant Viruses with Rearranged 
Gene Order: 

Aim: Development of an IBV vaccine in which deletion of 
nonessential genes is combined with a rearranged gene order 
by moving the N gene upstream of the S gene in the IBV 
genome. 

Procedure: Recombinant viruses were generated as 
described by Casais et al. (2001). Infectious IBV cDNA 
clones were assembled in the vaccinia virus genome by using 
sequential in vitro ligation of cDNA fragments derived from 
pFRAG1, pFRAG2, and pFRAG3 derived plasmids, fol 
lowed by direct cloning into the genome of vaccinia virus 
vNotI/tk as described (1a). Genes 3a/b and 5a/b were 
removed from pFRAG3, by PCR mutagenesis leaving the 
Surrounding open reading frames and transcription regulatory 
sequences intact. In addition, the N gene together with its 
TRS was moved to a position upstream of the S gene resulting 
in pFRAG3 Arearranged. Recombinant vaccinia viruses were 
generated by recombination between the fowlpox virus 
HP1.441 and the vNotI/tk-IBV in vitro ligation mixture. 
Recombinant viruses were plaque purified and characterized 
by PCR and Southern blot analysis. Finally, infectious IBV 
lacking genes 3a/b and 5a/b and with a rearranged gene order 
was generated as follows: Chick kidney (CK) cells were 
infected with recombinant fowlpox virus expressing T7 RNA 
polymerase. Subsequently, cells were transfected with DNA 
isolated from the recombinant vaccinia virus containing the 
IBV cDNA clone lacking genes 3a/b and 5a/b in combination 
with the rearranged gene order. At 3 days post-infection, the 
culture medium was collected and used to infect CK cells to 
generate large amounts of recombinant IBV. The recombi 
nant viruses were genetically confirmed by RT-PCR analysis. 

Conclusion: Recombinant IBV was generated that lacked 
the genes 3a/b and 5a/b in combination with a rearranged 
gene order. These viruses function as a live attenuated vaccine 
against IBV. When combined with S gene constructs from 
other IBV serotypes and/or gene constructs from other avian 
pathogens, additional multivalent vaccines can be generated. 
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V. Human Coronavirus (HCoV) Strain 229E (HCoV-229E): 
V.1. Generation of a Live Vaccine Based on Attenuated 
HCOV-229E: 
Aim: Development of a live attenuated vaccine against 

HCOV-229E. 
Approach: Recombinant HCoV deletion mutant viruses 

were generated that lack the nonessential genes 4a/b. 
Procedure: Recombinant viruses were generated essen 

tially as described by Thiel et al. (2001). Infectious HCoV 
cDNA clones were assembled in the vaccinia virus genome. 
Vaccinia virus VDHCoV-vec-1 contains a 22.5 kbp cDNA 
fragment encoding the 5' end of the HCoV genome. This 
fragment was removed from the vaccinia genome by diges 
tion with Bsp 120I, digested with Mluland ligated to a cDNA 
fragment of pMEA that was obtained by digestion with Mlul/ 
Eagl. pMEA contains a cDNA fragment that encodes the 3' 
end of the HCoV genome, but lacks gene 4a/b, without dis 
turbing the other genes or transcription regulatory sequences. 
pMEA was derived from pME by using conventional PCR 
mutagenesis methods. The ligation products were ligated to 
vNotI/tk vaccinia virus DNA. Recombinant vaccinia viruses 
were generated as described above. Recombinant viruses 
were plaque purified and characterized by PCR and Southern 
blot analysis. Finally, infectious HCoV lacking genes 4a/b 
was generated as follows: Chick kidney (CK) cells were 
infected with recombinant fowlpox virus expressing T7 RNA 
polymerase. Subsequently, cells were transfected with DNA 
isolated from the recombinant vaccinia virus containing the 
HCoV cDNA clone lacking genes 4a/b. At 3 days post-infec 
tion, the culture medium was collected and used to infect 
human lung fibroblast cells (MRC-5) to generate large 
amounts of recombinant HCoV. The recombinant viruses 
were genetically confirmed by RT-PCR analysis. 

Conclusion: Recombinant HCoV was generated that 
lacked the genes 4a/b. These viruses can function as a live 
attenuated vaccine against HCoV-229E. 
V.2. Generation of a Live Attenuated Vaccine Against HCoV 
Strain OC43: 
Aim: Development of a live attenuated vaccine against 

HCOV-OC43. 
Approach: Recombinant HCoV deletion mutant viruses 

were generated that lack the nonessential genes 4a/b, and 
contain a hybrid S protein gene, which encodes the 
ectodomain of HCoV-OC43. 

Procedure: Recombinant viruses were generated essen 
tially as described by Thiel et al. (2001). Infectious HCoV 
cDNA clones were assembled in the vaccinia virus genome. 
Vaccinia virus VHCoV-vec-1 contains a 22.5 kbp cINA frag 
ment encoding the 5' end of the HCoV genome. This fragment 
was removed from the vaccinia genome by digestion with Bsp 
120I, digested with Mlul and ligated to a cDNA fragment of 
pMEA-SOC43 that was obtained by digestion with Mlul/ 
Eagl. pMEA-SOC43 contains a cDNA fragment that encodes 
the 3'end of the HCoV genome, lacks gene 4a/b, and contains 
a hybrid Sprotein gene, without disturbing the other genes or 
transcription regulatory sequences. The hybrid Sprotein gene 
contains the region of the S gene of HCoV-OC43 that encodes 
the S protein ectodomain, while the remainder of the gene is 
derived from the HCoV-229E gene. pMEA-SOC43 was 
derived from pMEA by using conventional (RT-)PCR 
mutagenesis methods. The ligation products were ligated to 
vNotI/tk vaccinia virus DNA. Recombinant vaccinia viruses 
were generated as described above. Recombinant viruses 
were plaque purified and characterized by PCR and Southern 
blot analysis. Finally, infectious HCoV lacking genes 4a/b 
was generated as follows: Chick kidney (CK) cells were 
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infected with recombinant fowlpox virus expressing T7 RNA 
polymerase. Subsequently, cells were transfected with DNA 
isolated from the recombinant vaccinia virus containing the 
HCoV cDNA clone lacking genes 4a/b. At 3 days post-infec 
tion the culture medium was collected and used to infect 
human lung fibroblast cells (MRC-5) to generate large 
amounts of recombinant HCoV. The recombinant viruses 
were genetically confirmed by RT-PCR analysis. 

Conclusion: Recombinant HCoV was generated that 
lacked the genes 4a/b. These viruses contain the ectodomain 
of the S protein of HCoV-OC43 and therefore function as a 
live attenuated vaccine against HCoV-OC43. 
V.3. Generation of Multivalent HCoV-Based Vaccines: 

Aim: Development of multivalent vaccine based on a live 
attenuated HCoV strain as a vector. 

Approach: Expression cassettes of protection related genes 
of human pathogens were introduced into the HCoV genome 
in combination with attenuating deletion of nonessential 
genes. The expression cassettes contain the HCoV TRS 
(TCTCAACT) (SEQID NO:32) in front of (parts of) the gene 
to be expressed. 
V3.a. Construction of a Multivalent Vaccine Based on an 
HCoV Vector that Protects Against Respiratory Syncytial 
Virus (RSV): 
Aim: Development of an RSV vaccine based on a live 

attenuated HCoV strain that lacks nonessential genes. 
Procedure: (Parts of) the protection related RSV genes HN 

and F were placed into expression cassettes, and Subsequently 
introduced into pMEA. After confirmation of all the con 
structs by restriction and sequence analysis, recombinant 
viruses were generated as described above. The recombinant 
viruses were genetically confirmed by RT-PCR analysis. 
Expression of the foreign gene was confirmed by immuno 
precipitation analysis. 

Conclusion: (Parts of) the protection related RSV genes 
HN and F can be introduced in and expressed from a live 
attenuated HCoV strain. These recombinant viruses can 
therefore function as a multivalent vaccine to protect against 
RSV and HCoV infections. 

V3.b. Construction of a Multivalent Vaccine Based on an 
HCoV Vector that Protects Against Rotavirus: 
Aim: Development of a rotavirus vaccine based on a live 

attenuated HCoV strain that lacks nonessential genes. 
Procedure: (Parts of) the protection related rotavirus genes 

VP4, VP6 and VP7 were placed into expression cassettes, and 
subsequently introduced into pMEA. After confirmation of all 
the constructs by restriction and sequence analysis, recombi 
nant viruses were generated as described above. The recom 
binant viruses were genetically confirmed by RT-PCR analy 
sis. Expression of the foreign gene was confirmed by 
immunoprecipitation analysis. 

Conclusion: (Parts of) the protection related rotavirus 
genes VP4, VP6 and VP7 can be introduced in and expressed 
from a live attenuated HCoV strain. These recombinant 
viruses can therefore function as a multivalent vaccine to 
protect against rotavirus and HCoV infections. 
V3.c. Construction of a Multivalent Vaccine Based on an 
HCoV Vector that Protects Against Norwalk-Like Viruses: 
Aim: Development of a Norwalk-like virus vaccine based 

on a live attenuated HCoV strain that lacks nonessential 
genes. 

Procedure: (Parts of) the protection related Norwalk-like 
virus capsid gene was placed into expression cassettes, and 
subsequently introduced into pMEA. After confirmation of all 
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the constructs by restriction and sequence analysis, recombi 
nant viruses were generated as described above. The recom 
binant viruses were genetically confirmed by RT-PCR analy 
sis. Expression of the foreign gene was confirmed by 
immunoprecipitation analysis. 

Conclusion: (Parts of) the protection related Norwalk-like 
virus capsid gene can be introduced in and expressed from a 
live attenuated HCoV strain. This recombinant virus can 
therefore function as a multivalent vaccine to protect against 
Norwalk-like virus and HCoV infections. 

V.3.d. Construction of a Multivalent Vaccine Based on an 
HcoV Vector that Protects Against Influenza Virus 
Aim: Development of an influenza virus vaccine based on 

a live attenuated HCoV strain that lacks nonessential genes. 
Procedure: (Parts of) the protection related influenza virus 

genes H and N were placed into expression cassettes, and 
subsequently introduced into pMEA. After confirmation of all 
the constructs by restriction and sequence analysis, recombi 
nant viruses were generated as described above. The recom 
binant viruses were genetically confirmed by RT-PCR analy 
sis. Expression of the foreign gene was confirmed by 
immunoprecipitation analysis. 

Conclusion: (Parts of) the protection related influenza 
virus genes Hand N can be introduced in and expressed from 
alive attenuated HCoV strain. These recombinant viruses can 
therefore function as a multivalent vaccine to protect against 
influenza virus and HCoV infections. 

V.4. Generation of Recombinant Viruses with Rearranged 
Gene Order: 

Aim: Development of an HCoV vaccine in which deletion 
of nonessential genes is combined with a rearranged gene 
order by moving the N gene upstream of the S gene in the 
HCoV genome. 

Procedure: Recombinant viruses were generated essen 
tially as described by Thiel et al. (2001). Infectious HCoV 
cDNA clones were assembled in the vaccinia virus genome. 
Vaccinia virus VHCoV-vec-1 contains a 22.5 kbp cINA frag 
ment encoding the 5' end of the HCoV genome. This fragment 
was removed from the vaccinia virus genome by digestion 
with Bsp 120I, digested with Mlul and ligated to a cDNA 
fragment of rearranged pMEA that was obtained by digestion 
with Mlul/Eagl. Rearranged pMEA contains a cDNA frag 
ment that encodes the 3' end of the HCoV genome, but lacks 
gene 4a/b, without disturbing the other genes or transcription 
regulatory sequences, and in which the Ngene, together with 
its TRS, was positioned upstream of the S gene. Rearranged 
pMEA was derived from pME by using conventional PCR 
mutagenesis methods. The ligation products were ligated to 
vNotI/tk vaccinia virus DNA. Recombinant vaccinia viruses 
were generated as described above. Recombinant viruses 
were plaque purified and characterized by PCR and Southern 
blot analysis. Finally, infectious HCoV lacking genes 4a/b 
was generated as follows: Chick kidney (CK) cells were 
infected with recombinant fowlpox virus expressing T7 RNA 
polymerase. Subsequently, cells were transfected with DNA 
isolated from the recombinant vaccinia virus containing the 
HCoV cDNA clone lacking genes 4a/b in combination with 
the rearranged gene order. At 3 days post-infection, the cul 
ture medium was collected and used to infect human lung 
fibroblast cells (MRC-5) to generate large amounts of recom 
binant HCoV. The recombinant viruses were genetically con 
firmed by RT-PCR analysis. 

Conclusion: Recombinant HCoV was generated that 
lacked the genes 4a/b in combination with a rearranged gene 
order. These viruses can function as a live attenuated vaccine 
against HCoV-229E. When combined with S gene constructs 
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52 
from HCoV-OC43 and/or gene constructs from other human 
pathogens, additional multivalent vaccines can be generated. 
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SEQUENCE LISTING 

NUMBER OF SEO ID NOS: 8O 

SEO ID NO 1 
LENGTH: 43 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE; 

OTHER INFORMATION: Description of Artificial Sequence: 

SEQUENCE: 1 

acctgcagga ctaatctaaa ctittatt citt tittagggcca cqc 

SEO ID NO 2 
LENGTH 19 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE; 

OTHER INFORMATION: Description of Artificial Sequence: 

SEQUENCE: 2 

ccittaaggaa ttgaactgc 

SEO ID NO 3 
LENGTH: 29 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE; 

OTHER INFORMATION: Description of Artificial Sequence: 

SEQUENCE: 3 

acggit Cogac tecgc.gcttgaacacgttg 

SEO ID NO 4 
LENGTH: 31 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE; 

OTHER INFORMATION: Description of Artificial Sequence: 

SEQUENCE: 4 

catgcaa.gct ttatttgaca tttac taggc t 

SEO ID NO 5 
LENGTH: 34 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE; 

OTHER INFORMATION: Description of Artificial Sequence: 

SEQUENCE: 5 

gtcaaataaa gottgcatga gg cataatct aaac 

SEO ID NO 6 
LENGTH 19 
TYPE: DNA 

primer 1089 

43 

primer 1092 

19 

primer 1128 

29 

primer 1130 

31 

primer 1129 

34 

Rottier. 1996. Nucleocapsid-independent assembly of 
coronavirus-like particles by coexpression of viral enve 
lope proteins. EMBO.J. 15:2020-2028. 
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- Continued 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: primer 1127 

<4 OO SEQUENCE: 6 

Ccagtaagca ataatgtgg 19 

<210 SEQ ID NO 7 
<211 LENGTH: 2O 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: primer 1261 

<4 OO SEQUENCE: 7 

gctgct tact coitat catac 2O 

<210 SEQ ID NO 8 
<211 LENGTH: 21 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: primer 990 

<4 OO SEQUENCE: 8 

cctgattitat citct cattt c 21 

<210 SEQ ID NO 9 
<211 LENGTH: 19 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: primer 1173 

<4 OO SEQUENCE: 9 

gact tagt cc tict cottga 19 

<210 SEQ ID NO 10 
<211 LENGTH: 18 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: primer 1260 

<4 OO SEQUENCE: 10 

cittcaacggit ct cagtgc 18 

<210 SEQ ID NO 11 
<211 LENGTH: 9 
&212> TYPE : RNA 

<213> ORGANISM: mouse hepatitis virus 
&220s FEATURE: 

<221 NAMEAKEY: misc feature 
<222> LOCATION: (1) ... (9) 
<223> OTHER INFORMATION: /note= Consensus transcription regulatory 

signal' 

<4 OO SEQUENCE: 11 

aacaaac 9 

<210 SEQ ID NO 12 
<211 LENGTH: 25 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: primer 1C 

56 
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- Continued 

<4 OO SEQUENCE: 12 

gtgtatagat atgaaaggta Ccgtg 

<210 SEQ ID NO 13 
<211 LENGTH: 2O 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 

<4 OO SEQUENCE: 13 

cgalaccagat cqgctagoag 

<210 SEQ ID NO 14 
<211 LENGTH: 32 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 

<4 OO SEQUENCE: 14 

agattagata t cittaggttct caacaatgc gg 

<210 SEQ ID NO 15 
<211 LENGTH: 34 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 

<4 OO SEQUENCE: 15 

gaac ctaaga tat ctaatct aaactittaag gatg 

<210 SEQ ID NO 16 
<211 LENGTH: 21 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 

<4 OO SEQUENCE: 16 

ggatactaat ctaaactitta g 

<210 SEQ ID NO 17 
<211 LENGTH: 30 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 

<4 OO SEQUENCE: 17 

ctagotaaag tittagattag at atcctgca 

<210 SEQ ID NO 18 
<211 LENGTH: 19 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 

<4 OO SEQUENCE: 18 

ctg.cggacca gttatcatc 

<210 SEQ ID NO 19 
<211 LENGTH: 34 

25 

primer 1097 

primer 1095 

32 

primer 1096 

34 

primer 1286 

21 

primer 1287 

3 O 

primer 1412 

19 

58 



US 7,556,957 B2 
59 

- Continued 

&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 

<4 OO SEQUENCE: 19 

gttacaaacc tdaatctoat cittaattctg gtcg 

<210 SEQ ID NO 2 O 
<211 LENGTH: 21 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 

<4 OO SEQUENCE: 2O 

catc.cgtttic citttgttctg g 

<210 SEQ ID NO 21 
<211 LENGTH: 22 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 

<4 OO SEQUENCE: 21 

gact tagt cc tict cottgat td 

<210 SEQ ID NO 22 
<211 LENGTH: 2O 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 

<4 OO SEQUENCE: 22 

gcctaatgca gttgct ct co 

<210 SEQ ID NO 23 
<211 LENGTH: 25 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 

<4 OO SEQUENCE: 23 

gttittagcac agggtgtggc ticatg 

<210 SEQ ID NO 24 
<211 LENGTH: 18 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 

<4 OO SEQUENCE: 24 

c catct tcca gcggatag 

<210 SEQ ID NO 25 
<211 LENGTH: 38 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
primer 

<4 OO SEQUENCE: 25 

primer 1091 

34 

primer 1413 

21 

primer 1173 

22 

primer 1475 

primer 935 

25 

primer 1474 

18 

forward 

60 



US 7,556,957 B2 
61 

- Continued 

gcqgatccat cqaaggtogt gattitat citc. tcgatttic 

SEQ ID NO 26 
LENGTH: 27 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: Description of Artificial Sequence: 
primer 

SEQUENCE: 26 

cgaatt catt ccttgaggitt gatgtag 

SEO ID NO 27 
LENGTH: 18 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: Description of Artificial Sequence: 

SEQUENCE: 27 

gccattct cattgataac 

SEQ ID NO 28 
LENGTH: 39 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: Description of Artificial Sequence: 

SEQUENCE: 28 

Ctgagt ctag agtagctago taatgact aa taagtttag 

SEQ ID NO 29 
LENGTH: 2O 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: Description of Artificial Sequence: 

SEQUENCE: 29 

gcttctgttg agtaat cacc 

SEQ ID NO 3 O 
LENGTH: 32 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: Description of Artificial Sequence: 

SEQUENCE: 3 O 

gctago tact citagacticag gcggttctaa ac 

SEQ ID NO 31 
LENGTH: 8 
TYPE: DNA 

ORGANISM: Coronavirus sp. 
FEATURE: 

38 

rewerse 

27 

primer 1244 

18 

primer 1514 

39 

primer 1245 

primer 1513 

32 

OTHER INFORMATION: /Note= Infectious Bronchitis Coronavirus TRS' 

<4 OO SEQUENCE: 31 

Cttaacaa. 

<210 SEQ ID NO 32 
LENGTH: 8 
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- Continued 

&212> TYPE: DNA 

<213> ORGANISM: Human Coronavirus sp. 
&220s FEATURE: 

<223> OTHER INFORMATION: /Note=Human Coronavirus TRS' 

<4 OO SEQUENCE: 32 

totcaact 8 

<210 SEQ ID NO 33 
<211 LENGTH: 50 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: sequence of 
new junction created in recombinant MHV-virus 

<4 OO SEQUENCE: 33 

gaggattgac tat cacagcc cct gcaggaia agacagaaaa t ctaaacaat SO 

<210 SEQ ID NO 34 
&2 11s LENGTH: 77 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: sequence of 
new junction created in recombinant MHV-virus 

<4 OO SEQUENCE: 34 

gaggattgac tat cacagcc cct gcaggac taatctaaac tittatt ctitt ttagggccac 6 O 

gcagct cqaa agaaatg 77 

<210 SEQ ID NO 35 
<211 LENGTH: 37 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: sequence of 
new junction created in recombinant MHV-virus 

<4 OO SEQUENCE: 35 

gtcaaataaa gottgcatga gccataatct aaa catg 37 

<210 SEQ ID NO 36 
<211 LENGTH: 30 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: primer 1287 
used for the introduction of an intergenic 
promotor sequence (IGS) in front of the renilla 
(RL) and firefly luciferase (FL) gene 

<4 OO SEQUENCE: 36 

acgt.cctata gattagattt gaaatcgatc 3 O 

<210 SEQ ID NO 37 
<211 LENGTH: 55 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: nucleotide 
sequence of pBRDI1 and pBRDI2 around the 5' end of 
the FIPV genome sequence 

<4 OO SEQUENCE: 37 

citcgagt cqa aattaatacg act cactata gggitttittaa agtaaagtga gtgta 55 

64 
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- Continued 

<210 SEQ ID NO 38 
<211 LENGTH: 36 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
sequence at the poll 1A/pol1B junction 

<4 OO SEQUENCE: 38 

gttattgaag gtgagctctg gactgtgttt ttaca 

<210 SEQ ID NO 39 
<211 LENGTH: 12 
&212> TYPE: PRT 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
sequence derived from pBRDI sequence at the 
pol1A/1B junction 

<4 OO SEQUENCE: 39 

Val Ile Glu Gly Glu Lieu. Trp Thr Val Phe Cys Thr 
1. 5 1O 

<210 SEQ ID NO 4 O 
<211 LENGTH: 31 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
sequence at the 3' end of the cDNA construct 

<4 OO SEQUENCE: 40 

tagtgataca aaaaaaaaaa aaag.cggc.cg C 

<210 SEQ ID NO 41 
<211 LENGTH: 54 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
sequence at the FIPV pol1B-MHV S transition in 
pTMFS1 and pBRDI2 

<4 OO SEQUENCE: 41 

gttaatgtgc catgctgttc gtgtttatt c tatttittgcc ct cittgttta gggit 

<210 SEQ ID NO 42 
<211 LENGTH: 13 
&212> TYPE: PRT 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
sequence derived from nucleotide sequence at the 
FIPV pol1B-MHV S transition in pTMFS1 and pBRDI2 

<4 OO SEQUENCE: 42 

Pro Cys Cys Ser Cys Lieu Phe Tyr Phe Cys Pro Leu Val 
1. 5 1O 

<210 SEQ ID NO 43 
<211 LENGTH: 11 
&212> TYPE: PRT 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
sequence derived from nucleotide sequence at the 
FIPV pol1B-MHV S transition in pTMFS1 and pBRDI2 

pBRDI 

36 

protein 

pBRDI 

31 

nucleotide 

54 

protein 

protein 
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- Continued 

<4 OO SEQUENCE: 43 

Met Lieu. Phe Wall Phe Ile Leu Phe Lieu. Pro Ser 
1. 5 1O 

<210 SEQ ID NO 44 
<211 LENGTH: 25 
&212> TYPE: PRT 

<213> ORGANISM: mouse hepatitis virus 

<4 OO SEQUENCE: 44 

Ser Ser Tyr Gly Met Ser Glu Ser Ala Asp Ala Asn Gly Ser Ala Glu 
1. 5 1O 15 

Asn Asn. Ser Arg Lieu. Thr Glu Lys Asn 
2O 25 

<210 SEQ ID NO 45 
<211 LENGTH: 25 
&212> TYPE: PRT 
<213> ORGANISM: Human coronavirus 

<4 OO SEQUENCE: 45 

Tyr Asn Tyr Gly Met Ser Glin Asn Tyr Ala Asp Ala Asn Val Ala Ala 
1. 5 1O 15 

Glu Asn Glin Ser Arg Lieu. Ser Glu Asn 
2O 25 

<210 SEQ ID NO 46 
<211 LENGTH: 42 
&212> TYPE: PRT 
<213> ORGANISM: Human coronavirus 

<4 OO SEQUENCE: 46 

Ser Ala Tyr Glin Thr Glin Glu Ala Lys Thr Asn Val Thr Gly Val Asn 
1. 5 1O 15 

Asp Ala Ile Thr Glin Thir Ser Glin Ala Lieu. Glin Val Ala Asn Glin Asn 
2O 25 3O 

His Thr Ser Arg Glin Ala Asp Thr Glin Glin 
35 4 O 

<210 SEQ ID NO 47 
<211 LENGTH: 43 
&212> TYPE: PRT 

<213> ORGANISM: Feline infectious peritonitis virus 

<4 OO SEQUENCE: 47 

Ala Ala Tyr Glin Thr Asn Lys Glin Asn. Asn Thr Glin Gly Llys Val Asn 
1. 5 1O 15 

Asp Ala Ile His Glin Thir Ser Glin Gly Lieu Ala Val Ala Lys Ala Thr 
2O 25 3O 

Glin Ser His Thr Wall Glin Glin Ser Asn. Glu Ser 
35 4 O 

<210 SEQ ID NO 48 
<211 LENGTH: 36 
&212> TYPE: PRT 
<213> ORGANISM: Infectious bronchitis virus 

<4 OO SEQUENCE: 48 

Ala Thr Gln His Glin Ser Lieu Lys Glu Lys Ala Lys His Arg Ser Lieu 
1. 5 1O 15 
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Glin Glin Ser Lys Ser Ala Ile Thr Glu Thir Ala Ser Asn Llys Val Glin 
2O 25 

Glin Phe Glin Asn 
35 

SEQ ID NO 49 
LENGTH: 102 
TYPE PRT 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: Description of Artificial Sequence: 
peptide HR1 

SEQUENCE: 49 

Gly Pro Ile Glu Gly Arg Glin Tyr Arg Ile 
1. 

Met Asn Val Lieu. Ser Glu Asn. Glin Llys Met 
2O 25 

Asn Ala Lieu. Gly Ala Ile Glin Asp Gly Phe 
35 4 O 

Lieu. Gly Lys Ile Glin Ser Val Val Asn Ala 
SO 55 

Asn Lieu. Lieu. Asn Gln Lieu. Ser Asn Arg Phe 
65 70 

Lieu. Glin Glu Ile Lieu. Thir Arg Lieu. Glu Ala 
85 90 

Ile Asp Arg Lieu. Ile ASn 

SEO ID NO 5 O 
LENGTH: 82 
TYPE PRT 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: Description of 
peptide HR1a 

SEQUENCE: 5 O 

Gly Pro Asn Glin Llys Met Ile Ala Ser Ala 
1. 

Ala I le Glin Asp Gly Phe Asp Ala Thr Asn 
2O 25 

Glin Ser Wal Wall Asn Ala Asn Ala Glu Ala 
35 4 O 

Glin Lieu. Ser Asn Arg Phe Gly Ala Ile Ser 
SO 55 

Lieu. Thir Arg Lieu. Glu Ala Val Glu Ala Lys 
65 70 

Ile Asn 

SEO ID NO 51 
LENGTH: 49 
TYPE PRT 

ORGANISM: Artificial Sequence 
FEATURE: 

ASn 

Ile 

Asp 

ASn 

Gly 

Wall 

Lell 

Ser 

Thir 
45 

Glu 

Ile 

Ala 

Gly 

Ala 
3 O 

Asn 

Ala 

Ser 

Wall. Thir 
15 

Phe Asn 

Ser Ala 

Luell Asn 

Ala Ser 

Ala Glin 
95 

Artificial Sequence: 

Phe 

Ser 

Luell 

Ala 

Ala 
7s 

Asn 

Ala 

Asn 

Ser 
60 

Glin 

Asn Ala Lieu. Gly 
15 

Lieu. Gly Lys Ile 

Asn 
45 

Lell 

Ile 

3 O 

Luell 

Glin 

Asp 

Luell Asn 

Glu Ile 

Arg Lieu. 
8O 

OTHER INFORMATION: Description of Artificial Sequence: 
peptide HR1b 

SEQUENCE: 51 

Gly Pro Asn Glin Llys Met Ile Ala Ser Ala Phe Asn. Asn Ala Lieu. Gly 
1. 15 
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- Continued 

Ala Ile Glin Asp Gly Phe Asp Ala Thr Asn. Ser Ala Lieu. Gly Lys Ile 
2O 25 3 O 

Glin Ser Wal Wall Asn Ala Asn Ala Glu Ala Lieu. Asn. Asn Lieu. Lieu. Asn. Glin 
35 4 O 45 

<210 SEQ ID NO 52 
<211 LENGTH: 52 
&212> TYPE: PRT 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
peptide HR1c 

<4 OO SEQUENCE: 52 

Gly Pro Ile Glu Gly Arg Asn Ala Asn Ala Glu Ala Lieu. Asn. Asn Lieu. 
1. 5 1O 15 

Lieu. Asn Glin Lieu. Ser Asn Arg Phe Gly Ala Ile Ser Ala Ser Lieu. Glin 
2O 25 3 O 

Glu Ile Lieu. Thir Arg Lieu. Glu Ala Val Glu Ala Lys Ala Glin Ile Asp 
35 4 O 45 

Arg Lieu. Ile Asn 
SO 

<210 SEQ ID NO 53 
<211 LENGTH: 17 
&212> TYPE: PRT 

<213> ORGANISM: mouse hepatitis virus 

<4 OO SEQUENCE: 53 

Phe Glu Lys Lieu. Tyr Asn Asp Ala Lys Lys Glu Tyr Glu Gly Thr Tyr 
1. 5 1O 15 

Met 

<210 SEQ ID NO 54 
<211 LENGTH: 17 
&212> TYPE: PRT 
<213> ORGANISM: Human coronavirus 

<4 OO SEQUENCE: 54 

Tyr Ile Phe Glin Val Asn Glu Ala Lys Val Glin Tyr Asp Gly Thr Tyr 
1. 5 1O 15 

Tyr 

<210 SEQ ID NO 55 
<211 LENGTH: 27 
&212> TYPE: PRT 
<213> ORGANISM: Human coronavirus 

<4 OO SEQUENCE: 55 

Val Glin Glin Ser Ser Thr Asn Llys Ser Ala Glu Lieu. Asn Tyr Thr Val 
1. 5 1O 15 

Glin Llys Lieu. Glin Thr Asp Asn. Ser Trp Asn Arg 
2O 25 

<210 SEQ ID NO 56 
<211 LENGTH: 29 
&212> TYPE: PRT 

<213> ORGANISM: Feline infectious peritonitis virus 

<4 OO SEQUENCE: 56 

Phe Ile Ala Tyr Gly Asp Asp Phe Arg Ser Glu Lys Lieu. His Asn Thr 
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5 1O 15 

Thr Val Glu Lieu Ala Ile Asp Asn. Asn. Glu Trp Asn Arg 
2O 25 

SEO ID NO 57 
LENGTH 19 
TYPE PRT 
ORGANISM: Infectious bronchitis virus 

SEQUENCE: 57 

Phe Asp Llys Phe Asn Thr Pro Asp Ser Asp Gly Glin Gly Asp Glu Lys 
1. 5 1O 15 

Ser Ile Llys 

Gly Pro Ile Glu Gly Arg Asp Lieu. Ser 
1. 

SEO ID NO 58 
LENGTH: 45 
TYPE PRT 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: Description of Artificial Sequence: peptide HR2 

SEQUENCE: 58 

5 1O 15 
Lieu. Asp Phe Glu Lys Lieu. Asn 

Val Thir Lieu. Lieu. Asp Lieu. Thir Tyr Glu Met Asn Arg Ile Glin Asp Ala 
2O 25 3 O 

Ile Llys Llys Lieu. Asn. Glu Ser Tyr Ile Asn Lieu Lys Glu 
35 4 O 45 

SEO ID NO 59 
LENGTH: 53 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: Description of Artificial Sequence: 
junction generated in recombinant MHV-virus 

SEQUENCE: 59 

gaggattgac tat cacagcc cct gcaggaa agacagaaaa totaaacaat tta 

SEQ ID NO 60 
LENGTH: 41 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: Description of Artificial Sequence: 
junction generated in recombinant MHV-virus 

SEQUENCE: 6 O 

gaggattgac tat cacagcc ccatctaatc caaac attat g 

SEQ ID NO 61 
LENGTH: 39 
TYPE: DNA 

ORGANISM: Artificial Sequence 
FEATURE: 

OTHER INFORMATION: Description of Artificial Sequence: 
junction generated in recombinant MHV-virus 

SEQUENCE: 61 

agaacctaag atggaaagac agaaaatcta aacaattta 

SEQ ID NO 62 
LENGTH: 26 

sequence of 

53 

sequence of 

41 

sequence of 

39 
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&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
junction generated in recombinant MHV-virus 

<4 OO SEQUENCE: 62 

gatat ctaat ctaaactitta aggatg 

<210 SEQ ID NO 63 
<211 LENGTH: 37 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
junction generated in recombinant MHV-virus 

<4 OO SEQUENCE: 63 

gtcaaataaa gottgcatga gccataatct aaa catg 

<210 SEQ ID NO 64 
<211 LENGTH: 38 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
junction generated in recombinant MHV-virus 

<4 OO SEQUENCE: 64 

gtcaaataag cqgaaagaca gaaaatctaa acaattta 

<210 SEQ ID NO 65 
<211 LENGTH: 4 O 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
junction generated in recombinant MHV-virus 

<4 OO SEQUENCE: 65 

agaacctaag at agcttgca tagg cataa tictaalacatg 

<210 SEQ ID NO 66 
<211 LENGTH: 28 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
junction generated in recombinant MHV-virus 

<4 OO SEQUENCE: 66 

gaggattgac tat cacagcc ccc.gc.gca 

<210 SEQ ID NO 67 
<211 LENGTH: 32 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
junction generated in recombinant MHV-virus 

<4 OO SEQUENCE: 67 

gtcaaataaa got atctaat ccaaacatta td 

<210 SEQ ID NO 68 
<211 LENGTH: 18 
&212> TYPE: DNA 

sequence of 

26 

sequence of 

37 

sequence of 

38 

sequence of 

4 O 

sequence of 

28 

sequence of 

32 
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<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
for SOE-PCR 

<4 OO SEQUENCE: 68 

gccattct cattgataac 

<210 SEQ ID NO 69 
<211 LENGTH: 2O 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
for SOE-PCR 

<4 OO SEQUENCE: 69 

gcttctgttg agtaat cacc 

<210 SEQ ID NO 70 
<211 LENGTH: 34 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
for SOE-PCR 

<4 OO SEQUENCE: 7 O 

gtcattacag gtc.ttgtatg acgttcc.cta gggc 

<210 SEQ ID NO 71 
<211 LENGTH: 2O 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
for SOE-PCR 

<4 OO SEQUENCE: 71 

catacaagac ctd taatgac 

<210 SEQ ID NO 72 
<211 LENGTH: 2O 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
for SOE-PCR 

<4 OO SEQUENCE: 72 

ggtgattact Caacagaa.gc 

<210 SEQ ID NO 73 
<211 LENGTH: 2O 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
for SOE-PCR 

<4 OO SEQUENCE: 73 

gcc.gc.cgctt tttitttittitt 

<210 SEQ ID NO 74 
<211 LENGTH: 33 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 

primer 1 

18 

primer 2 

primer 3 

34 

primer 4 

primer 5 

primer 6 
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&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
for SOE-PCR 

<4 OO SEQUENCE: 74 

gaggittacga attaaactga gttataaggc aac 

<210 SEQ ID NO 75 
<211 LENGTH: 16 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
for SOE-PCR 

<4 OO SEQUENCE: 75 

tittaatticgt aacctic 

<210 SEQ ID NO 76 
<211 LENGTH: 23 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
for SOE-PCR 

<4 OO SEQUENCE: 76 

Caggagc.cag aagaagacgc taa 

<210> SEQ ID NO 77 
<211 LENGTH: 21 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
for SOE-PCR 

<4 OO SEQUENCE: 77 

Ctcaatctag aggalagacac C 

<210 SEQ ID NO 78 
<211 LENGTH: 18 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
for SOE-PCR 

<4 OO SEQUENCE: 78 

gaccagttitt agacat cq 

<210 SEQ ID NO 79 
<211 LENGTH: 141.96 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
plasmid pBRDI1 

<4 OO SEQUENCE: 79 

primer 7 

33 

primer 8 

16 

primer 9 

23 

primer 10 

21 

primer 11 

18 

sequence of 

Ctcgagtcga aattaatacg act cactata gggtttittaa agtaaagtga gtgtagcgtg 6 O 

gctata actic ttctitt tact ttaac tag cc ttgttgctaga tttgtctitcg gacac caact 12 O 

cgaactaaac gaaatatttgtct ct citatgaaaccataga agacaag.cgt tdattatttic 18O 

accagtttgg caatcact Co taggaacggg gttgagagaa cigcgcacca gggttc.cgt.c 24 O 

80 






























