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Arterivirus

The present invention relates to replication-competent Arteriviruses, to their use as a medicament,
their use as a vaccine and in prophylaxis, to vaccines comprising such Arteriviruses and to

Arteriviral PLP2-ubiquitin complexes.

The Arterivirus tamily belongs to the order Nidovirales, of which currently four species are
known: Equine arteritis virus (EAV), Porcine respiratory and reproductive syndrome virus
(PRRSV), Lactate dehydrogenase elevating virus (LDV), and Simian hemorrhagic fever virus
(SHFV). LDV and SHFV have only minor economic impact, since they infect mice and monkeys
respectively. Contrary to this, EAV and especially PRRSV pose a considerable financial burden
on society.

Equine arteritis virus causes infections in horses, and thus forms a recurring problem in the horse
breeding industry. Therefore it poses a significant economic burden on horse breeders. The
Equine arteritis virus establishes a persistent infection in so-called “carrier stallions”, which
subsequently transmit the virus to mares, potentially leading to abortion of foetuses.

Horse breeders carefully monitor the presence of EAV, especially in stallions, and a number of
vaccines have been developed against the virus based on live attenuated virus or based on
expression of EAV structural subunits. However, recent outbreaks in New Mexico, US (2006)
and France (2007) have increased interest in EAV among veterinarians and horse owners. And
although diagnostic tools and vaccines are available, currently available vaccines should be

improved (vide infra).

PRRSYV is by far the most economically important arterivirus, affecting swine farming industries
around the world. Infection with this virus results in slow growth, decreased feed efficiency,
anorexia, and fever in weaning to finishing pigs, abortion in pregnant sows and respiratory
problems in young pigs. In the US alone, yearly losses associated with PRRSV infection were
estimated to lie around $ 560 million in 2005 and $ 664 million in 2011. PRRSV infection ranks
as the number one health challenge for the pig industry, causing the greatest productivity losses
when compared to other diseases caused by for example Clostridium difficile, swine influenza,
Streptococcus sp., rotavirus or porcine circovirus. Considering the emergence of highly virulent
strains of PRRSV in South-East Asia in 2006 and the fact that the Asian swine industry is the
largest in the world, it can safely be assumed that losses in this part of the world are considerably
higher than those reported for the US.

PRRSYV remains a major threat to the swine industry since the associated disease has proven to be
difficult to control, in spite of the availability of both live attenuated and killed vaccines against
PRRSV.
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Live attenuated vaccines usually comprise a virus that is produced by serial passage of strains in
cell culture, resulting in attenuated viruses that do no longer induce disease in pigs. These
vaccines generally induce some level of long-lasting protection. However when derived from a
single PRRSV vaccine strain they may not fully protect against heterologous PRRSV infection
(PRRSYV isolates can be highly diverged and group into a European and a North-American
genotype). Additionally, vaccination with live attenuated vaccines may not completely prevent
reinfection with wild-type virus, and transmission of vaccine virus through vaccinated herds was
observed on several occasions. Also, reversion to virulence of vaccine strains has been observed.
(Storgaard, T. et al., (1999), Botner , A. et al., (1997), Nielsen, H.S. et al., (2001)).

Moreover, since currently no commercially available marker vaccines exist, it is impossible to
discriminate between vaccinated and naturally infected animals.

Killed virus vaccines are also available and they are intrinsically much safer, since they do not
involve replicating virus. However, on the down-side, the lack of viral replication is probably the

main reason why these vaccines are generally less effective.

An additional complicating factor in the development of efficacious arterivirus vaccines in
general lies in the fact that Arteriviruses are believed to evade the host’s innate immune
responses. In general, it is believed that the strong immuno-modulatory capabilities of
Arteriviruses prevent the induction of an efficient immune response by (live attenuated) vaccines.
Therefore the level of immunity that can be induced may be suboptimal for protecting against

challenging viruses.

Thus there is a need for alternative approaches to diminish or even solve the problems associated

with the classical killed and live attenuated arterivirus-based vaccines.

The Arterivirus family consists of positive-sense (+) single-stranded RNA viruses with a genome
size ranging from about 13 to 16 kb. Upon infection, the RNA is translated into two replicase
precursor polyproteins, ppla and pplab. The functional non-structural proteins (nsps) of
Arteriviruses derive from cleavage of these polyproteins by internally encoded proteases. Upon
release from the polyprotein, these non-structural proteins together form the replication and
transcription complex which is responsible for the replication of the viral genome and for the
synthesis of the subgenomic messenger RNAs encoding the structural proteins. The ppla and
pplab polyproteins of the prototype Arterivirus, EAV, are cleaved into at least 13 nonstructural
proteins by three internal proteases present in nonstructural protein 1 (nspl), nsp2 and nsp4.
Arteriviral nsp2 contains a papain-like protease (PLP) domain in its N-terminal region. PLP2, as
this protease is commonly referred to, is responsible for the cleavage of the junction between
nsp2 and nsp3, and its catalytic activity is, likely for this reason, essential for viral replication.

(Older literature often refers to this protease as CP (cysteine protease) or nsp2 CP).
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In addition to its role in polyprotein processing, nsp2 was more recently found to also play a role
in the evasion of host innate immune responses, as indicated above. Upon infection, the presence
of viral nucleic acids can trigger the activation of innate immune signaling cascades, resulting in
the activation of transcription factors such as NFkB and Irf3/Irf7, ultimately leading to the
transcription of genes encoding beta interferon (IFN-B) and other pro-inflammatory cytokines.
Besides through protein phosphorylation, these signaling pathways are extensively regulated,
both positively and negatively, through protein ubiquitination (Jiang, X. (2012)). Interest in a
possible immune evasive activity of nsp2 was raised when comparative sequence analysis showed
that the PLP2 domain of this protein displayed a very remote similarity to proteins belonging to
the ovarian tumor domain-containing (OTU) class of de-ubiquitinating enzymes (DUBs)
(Makarova (2000)). It has since then been confirmed that Arteriviral PLP2 indeed possess
genuine DUB activity and that this activity is likely employed to remove ubiquitin (further also
referred to as Ub) from innate immune signaling factors to suppress or reduce the induction of an
antiviral state (Frias-Staheli, N. (2007), Sun, Z. (2010), van Kasteren, P.B. (2012)). In addition to
its DUB activity, arteriviral PLP2 has also been shown to remove the ubiquitin-like antiviral
protein Interferon Stimulated Gene 15 (ISG15) from cellular target proteins (Frias-Staheli, N.
(2007), Sun, Z. (2012), Arguello, M.D. (2007)). This activity will be referred to as the
delSGylating activity. Due to the close relatedness of ubiquitin and ISG135, this role of the PLP2
domain will generally be referred to as the DUB/delSGylating activity.

There is clearly a very close link between the polyprotein processing function and the
DUB/delSGylating activity, since both activities rely on the same catalytic core amino acid
residues in PLP2. Furthermore, the sequence defining the nsp2/nsp3 cleavage site within
Arterivirus replicase polyproteins (xxGG) displays similarity to the canonical C-terminal motif
(LRGG) that is found in ubiquitin and ubiquitin-like molecule ISG15, with cleavage occurring
immediately after the second glycine residue. As a consequence, this close link makes it very

difficult if not impossible to study these substrate specificities independently.

Several preliminary attempts have been described to make modifications in, or close to, the PLP2
domain that would specifically reduce or remove the DUB/delSGylating activity while at the
same time keeping the polyprotein processing function at the nsp2/nsp3 junction (without which

the virus cannot survive) intact.

Sun et al. (2010) described an attempt to make mutations at several amino acid positions at the N-
terminal border of the PLP2 domain of PRRSV. They selected a certain part of the PLP2 domain
for introducing mutations, based upon the presence of a B-cell epitope (ES2) in this region. As

was to be expected, given the importance of this region in the polyprotein processing activity at
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the nsp2/nsp3 junction, by far most of the generated PLP2 mutations were lethal to the virus.
Only three mutations, at positions D458A, S462A and D465A (numbers refer to Sun et al., 2010)
were “tolerated” without causing a complete loss of virus viability. These mutants however
showed hardly any or no decrease at all in the inhibition of NF«kB activation.

It could only be concluded that mutations made at these positions are either lethal to the virus or
lead to viable virus that hardly differs from the wild-type virus in its ability to inhibit NFxB
activation through de-ubiquitination. This study demonstrates that it is difficult to separate the

intimately linked PLP2 functions in polyprotein processing and DUB/delSGylation.

Sun et al. later selected (Sun 2012) another region for the introduction of mutations in a new
attempt to study the possibilities to block the DUB/delSGylating activity while retaining the
PLP2 polyprotein processing function. In Sun (2012), a new set of deletions at the N-terminal
border of the PLP2 domain of PRRSV is described. Only a deletion spanning the region from
amino acid 402-420 of the ORF1a-encoded protein was found to yield a virus that showed a
partial decrease in [ISG15 antagonist function and was still able to replicate albeit to a very low
titer, provided that an additional downstream point mutation was present at position 462. Thus,

this virus is for the reasons mentioned not suitable as a basis for a live vaccine virus.

Patent Application WO2012/063212 describes attempts to make modifications that might
possibly lead to impaired immune evasion capacities in PRRSV. In this Patent Application, a
mutant virus is described that comprises 32 amino acid changes at locations scattered over the
whole viral genome, all outside the PLP2 domain, all of which believed to be directly responsible
for the interferon induction/inhibition phenotype of the virus. Thus, all of these changes must be
introduced in order to turn a wild-type virus into a replication-competent virus that has a
decreased interferon inhibition activity. Since there is no indication at all which amino acid
change(s) is/are actually responsible for this inhibitory effect, no prediction about the safety of
the virus can be made: it may well be that a single point mutation leads to reversion to virulence
which would make this virus a poor vaccine candidate. Moreover, the lack of knowledge about
which amino acids are responsible for the attenuated phenotype makes it difficult to construct
new vaccine candidates from other strains: apart from the arduous task to introduce 32 amino acid
changes in a virus, it is unlikely that these 32 amino acid mutations in the different sequence
context of another virus will have the same effect on virus attenuation and reduction of the IFN

inhibition.

Patent Application W02009/008924 describes methods of preventing viral infection by inhibiting
the delSGylating activity of OTU-containing viral proteins. The Application mainly aims at
targeting the deISGylating activity of OTU-containing viral proteins by means of pharmaceutical

compounds. However, this application does not disclose or even hint towards modifications in
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Arteriviruses that specifically remove the DUB/delSGylating activity while at the same time
keeping the polyprotein processing function intact.

So basically the known mutations causing a significant decrease in DUB/delSGylating activity
inevitably seem to lead to an unacceptable decrease in virus replication or in most cases to no
virus replication at all.

The lack of acceptable results so far strongly suggests that it may not be possible at all to
disentangle the intimate link between the polyprotein processing function and DUB/delSGylating
activity of PLP2.

It is an objective of the present invention to provide viruses of the Arterivirus family that on the
one hand are still replication-competent and on the other hand nevertheless display a decreased
DUB/delSGylating activity of PLP2.

It was surprisingly found now, that although the PLP2 active site for polyprotein processing
function and DUB/delSGylating activity is the same, the substrate binding is different for Ub and
ISG15 on the one hand and the nsp2/nsp3 cleavage site on the other hand.

This identification of, on the one hand, the part of the PLP2 domain that binds the beta-grasp fold
of Ub or C-terminal beta-grasp fold of ISG15 and, on the other hand, the region involved in
binding to an unstructured region of the polyprotein that contains an xxGG motif that is similar to
the unstructured region of the C-terminal tail of Ub or ISG15 could now for the first time be done
through elucidation and analysis of the 3D-structure of the PLP2 domain of nsp2, more
specifically when bound to ubiquitin.

Up to now, it was not possible to determine the 3D-structure of the PLP2 domain, i.a. due to

difficulties in growing protein crystals suitable for X-ray crystallography.

A first problem to be solved is related to the production of a sufficient amount of an nsp2-
fragment that allowed for crystallographic analysis of the PLP2 domain. Nsp2 expresses poorly in
expression systems and, when expressed as a fusion protein, is difficult to remove from the fusion
partner without PLP2 becoming insoluble and thus unsuitable for protein crystallization.

It was surprisingly found now that expression of the EAV PLP2 domain (in this case, but not
necessarily, residues 261-392 of the polyprotein), in frame with an N-terminal ubiquitin from the
expression plasmid pASK3 (Gohara D, et al., (1999)) sufficed to obtain protein that 1) has a
native N-terminus, as would have been the case when the protein would originate from a viral
polyprotein and 2) could be produced in sufficient quantities for crystallization purposes. Usually,
plasmid pASK3 is used for the expression of proteins in an E. coli cell that also expresses the
DUB ubiquitin protease 1 (Ubpl), as a result of which the N-terminal ubiquitin tag is cleaved off
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soon after expression. In the present situation, however, it sufficed to express polyprotein residues
261-392 (i.e. the PLP2 domain of EAV nsp2) in frame with an N-terminal ubiquitin tag using
plasmid pASK3 without at the same time expressing DUB Ubpl, due to the fact that PLP2 itself
acts as a DUB. Moreover, due to the fact that PLP2 cleaves just behind its recognition site LxGG,
a PLP2 fragment was produced with its native N-terminus, as would have been the case when the
protein originates from a viral replicase polyprotein cleavage. This special combination of the
PLP2 domain of EAV nsp2 and the use of expression plasmid pASK3 provided a protein
fragment that indeed has a native N-terminus and is produced in sufficient quantity to allow for a
determination of the three-dimensional structure of the PLP2 domain by protein X-ray

crystallography.

A second problem encountered in the process of determining the 3D-structure of the PLP2
domain was the inability to crystallize the purified PLP2 domain. In order to overcome this
problem, in a next step, the mechanism-based suicide inhibitor Ub-75y—3—bromopropylamine
(Ub—3Br) was prepared according to Messick et a/ (2008) and Borodovsky et al (2002) as
described by James ef a/ (2011). Then, Ub-Br3 was covalently bound to purified PLP2 by gently
mixing the proteins in a 3:2 molar ratio, respectively, for one hour at 37°C. The resulting PLP2-
ubiquitin complex was purified by gel filtration, anion exchange (Source 15Q) chromatography
and then exchanged into 20 mM Tris, pH 8.0, 50 mM NacCl before concentrating to 10 mg/ml and
storing at 4°C.

The formation of this PLP2-ubiquitin complex which was stabilized by a covalent bond between
the catalytic nucleophile of the PLP2 domain (Cys 270) and the C-terminus of ubiquitin, yielded a
complex that was stable enough to crystalize and allow the 3D-structure of the complex to be
determined by X-ray crystallography. The PLP2-Ub complex was crystallized by hanging-drop
vapor diffusion.

The Examples section provides further detailed information regarding the crystallization process.

As stated above, the crystal structure of the EAV PLP2 domain (residues 261-392 of EAV ppla;
13.6 kDa) was determined as a covalent complex with the mechanism-based inhibitor Ub-Br3.
Since conservation of multiple cysteine residues and their demonstrated importance for protease
functionality suggested that PLP2 could bind zinc (Snijder et al., 1995), the crystal structure of
the complex was determined by a multi-wavelength anomalous dispersion (MAD) phasing
experiment using X-ray diffraction data collected over the zinc absorption edge. The resulting
electron density map revealed residues 261-387 of PLP2 bound to a complete ubiquitin molecule
and allowed a model of the complex to be built and refined (Ryo= 0.16, Reee= 0.18) to 1.45 A
resolution (Fig. 1A).

PLP2 adopts a compact, two-domain fold with a shallow Ub-binding site that directs the

C-terminus of the bound Ub molecule (the ‘distal” Ub in a Ub dimer) towards a solvent exposed
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active site (Fig. 1A). Domain I of PLP2 (residues 267-307 and 365-378) consists of a three-helix
bundle (al, a2, a4) packed against a two-stranded antiparallel sheet (P21 f6]). Domain 11
centers on a four-stranded B-sheet (B11 B5| P41 B31) and an a-helix (a.3) that together pack
against helices a1l and a2 of domain . Domain II comprises the majority of the Ub-binding site,
which is stabilized by four cysteine residues (Cys 319, 349, 354, 356) that coordinate a zinc ion
with tetrahedral geometry (Fig. 1B). Their arrangement forms a C4 zinc finger that resembles a
C-terminal type zinc necklace motif (Andreini et al., 2011) (Fig. 1B). A large insertion between
positions C1 (Cys319) and C2 (Cys349) appears to extend the stabilizing effect of the zinc finger
throughout much of domain II. A fifth cysteine (Cys344) is located near the zinc ion but does not
coordinate with it, consistent with other zinc necklace motifs that have been described (Andreini
etal., 2011) and with previous findings showing that a Cys344 to alanine mutation had no effect
on catalytic activity of the PLP2 domain (Snijder et al., 1995). Three of the cysteines (Cys 319,
349, and 354) are fully conserved in Arteriviruses, and mutational analysis of these residues and
Cys356 demonstrated their presence to be essential for catalytic activity (Snijder et al., 1995).
Given its distance from the active site however (~25A) (Fig. 1A), the zinc finger appears to play a
structural role as opposed to participating in catalysis. Expression of the PLP2 domain in E. coli
grown in the absence of zinc (M9 media) yields insoluble protein, supporting the idea that the
zinc finger is structural and is likely required for correct folding of the protease.

The PLP2 active site contains a catalytic cysteine nucleophile (Cys270) and histidine
(His332) residue, along with an accompanying asparagine (Asn263) that hydrogen bonds with the
imidazole ring of His332 (Fig. 1C). The side chain of Cys270 is covalently coupled to the C-
terminus of Ub via the 3-propylamine (3CN) modification, mimicking the acyl-enzyme
intermediate step of the catalytic reaction and confirming the identity of Cys270 as the catalytic
nucleophile (Fig. 1A, C).

The Arterivirus PLP2 deviates from typical OTU-domain structures. Members of the OTU
superfamily classify as structural relatives of Arterivirus PLP2, supporting its classification as a
member of this superfamily. However, the sequence similarity between Arterivirus PLP2 and
OTU-domain proteases is very weak (Makarova et al., 2000) and indeed the EAV PLP2 structure
exhibits topological features that deviate considerably from a typical OTU-fold. Domain I of
known OTU-domain structures contains a pair of solvent exposed alpha helices that pack
perpendicularly against two internal helices (Fig. 1D, G, H). While the internal helices are
conserved in PLP2 (a1 and a.2), the solvent exposed helices are replaced by a single helix (04)
that packs parallel to helices al and o2 to form the three-helix bundle described above (Fig. 1A,
F). This topology subtly resembles the L domain of papain (Kamphuis et al., 1984) and markedly
reduces the size of domain I of PLP2 and its contribution to Ub binding relative to other OTU-
domain DUBs that have been determined in complex with Ub (Akutsu et al., 2011; Capodagli et
al., 2011; Huang et al., 2012; James et al., 2011; Messick et al., 2008).
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A more striking deviation from known OTU-domain structures is the presence of the zinc
finger in domain II of PLP2 (Fig. 1A, B) and its critical importance for catalytic activity (Snijder
et al., 1995). Ub-binding domains containing zinc fingers exist within a number of OTU-domain
DUBs, but none comprise part of the distal Ub binding site within the OTU-domain fold. They
exist instead as accessory domains that are connected to the OTU-domain through flexible linkers
(Komander et al., 2009), where, in the case of A20, they appear to provide additional
polyubiquitin linkage specificity and possibly target the protein to specific signaling complexes
(Bosanac et al., 2010). For PLP2, the zinc finger motif is an integral part of the OTU-fold and, as
described below, plays a central role in binding and positioning the distal Ub molecule on the
protease surface (Fig. 1). Currently, OTU-domain DUBs are grouped into three subclasses based
on their structural characteristics: the Otubains, the A20-like OTU’s and the OTU’s (Komander et
al., 2009).

Given the surprising unique features of EAV PLP2, the inventors now believe that
Arterivirus PLP2 enzymes represent a new (a fourth) subclass of zinc-dependent OTU’s.
Arterivirus PLP2 and CCHFV OTU are unique from eukaryotic OTU-domain DUBs in that they
remove [SG15 from cellular targets in addition to Ub.

The crossreactivity towards [SG15-tagged substrates observed for CCHFV OTU arises primarily
from a unique P-hairpin on the Ub-binding site that modifies the site such that it can
accommodate both Ub and the C-terminal Ub-like domain of ISG15 (Akutsu et al., 2011; James
etal., 2011).

It was surprisingly found now that, although Arterivirus PLP2 also exhibits crossreactivity
towards ISG-tagged substrates, the B-hairpin structure is completely absent in PLP2 and replaced
by helix a3 of the zinc-finger motif. Interestingly, in keeping with the role of the B-hairpin on
CCHFV OTU, residues of helix a3 bind to the hydrophobic ‘Ile44 patch’ of Ub, a site commonly
targeted by Ub binding proteins (Dikic et al., 2009), and assist in binding of Ub to the PLP2
domain in a manner equivalent to that observed for CCHFV OTU (Fig. 1E). This binding mode
allows CCHFV OTU to accommodate additional bulky residues on ISG135 that are not present on
Ub, a feature that appears to be present in the EAV PLP2 domain as well.

As said above, in addition to its isopeptidase activity targeting Ub and ISG15, Arterivirus
PLP2 also cleaves a specific peptide bond within the viral polyproteins as part of the replicase
polyproteins” maturation process. Given the distance of helix a3 from the PLP2 active site (Fig.
1A), it could now, for the first time, be determined that mutations could be introduced into this
region of the Ub-binding site that would selectively disrupt PLP2’s DUB and delSGylating
activities without affecting the ability of the enzyme to bind and cleave the linear nsp2/nsp3
junction within the viral polypeptide. This finding was strengthened by the observation that
although the putative nsp2/nsp3 cleavage site (828-RLIGG-832) of EAV closely resembles the
C-terminal tail of Ub and ISG15 (RLRGGY), the nsp2 sequence upstream of the cleavage site
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does not appear to have a Ub-like fold, indicating that the majority of the PLP2 Ub-binding site is

not required for the enzyme to recognize and cleave the nsp2/nsp3 junction.

It is one of the merits of the present invention that the 3D-structure for the PLP2 domain of
Arteriviruses is now elucidated, and what’s more: at 1.45 A resolution. Thus, it is now for the
first time possible to perform a structure-guided decoupling of PLP2 deubiquitinase and
polyprotein cleavage activities; it can now for the first time rationally be decided which regions
of the PLP2 domain in any Arterivirus can or can’t be modified in order to provide Arteriviruses
according to the present invention, i.e. Arteriviruses that are still replication-competent but have a
decreased DUB/delSGylating activity.

Merely as an example, the 3D-structure of PLP2, ubiquitin and the PLP2-ubiquitin binding
surface is given in figure 2 for the Arterivirus EAV, more specifically for strain Bucyrus
(GeneBank accession number NC_0022532).

However, the following is emphasized here; the newly developed combination of expression
methods and crystallization methods provided here in order to obtain the crystal structure of a
PLP2-ubiquitin complex is generally applicable to the PLP2 domain of any Arterivirus.

It is also important to realize in this respect, that it is primarily the 3D-structure of the PLP2
domain that determines the ubiquitin binding surface, not so much the mere amino acid sequence
of that domain. This follows immediately from the multiple sequence alignment given in figure 3.
This structurally functional alignment includes the PLP2 sequences of the EAV Bucyrus strain as
well as three representative but distinct PRRSV strains: GM2 (a Chinese field strain), Lelystad (a
prototypical European strain) and VR-2332 (a prototypical North American strain). It can be seen
at once, that there is a significant number of differences between the various Arterivirus
sequences, both with regard to the characteristics of individual amino acids and with regard to the
difference in the number of amino acids in the various strains, resulting in gaps that are present at
several locations in the alignment. Nevertheless, the 3 D-structures of the ubiquitin binding
surface of the PLP2 domain of EAV Bucyrus strain and those predicted by comparative
molecular modeling for the PRRSV strains GM2, Lelystad and VR-2332 are strikingly similar.
This is illustrated in figure 4, where the structural models of PLP2-ubiquitin of EAV strain
Bucyrus, PRRSV strain Lelystad and PRRSV strain VR-2332 are shown. Again, it can
immediately be seen that, in spite of the differences in amino acid sequence and numbers, the
ubiquitin binding surface of the PLP2 domain of EAV and the two PRRSV strains are strikingly
similar.

And in fact this is in line with the expectations: all Arteriviral PLP2 domains employ the same
catalytic core and due to the very complex substrate specificity of this protease, the 3D-structure

must be well-conserved among the various members of the Arterivirus family.
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Thus, a first embodiment of the present invention relates to replication-competent Arterivirus,
characterized in that said virus has a decreased DUB/delSGylating activity due to a mutation in

the PLP2 domain of the non-structural protein nsp2.

The PLP2 domain of the non-structural protein nsp2 is a very short domain: the PLP2 domain of
¢.g. EAV strain Bucyrus consists of only 127 amino acids (SEQ ID NO.: 9) and that of PRRSV
strain Lelystad consists of only 136 amino acids (SEQ ID NO.: 10).

The PLP2 domain of ¢.g. PRRSV strain VR-2332 consists of 139 amino acids (SEQ ID NO.: 11)
Figure 3 represents a sequence alignment of the PLP2 domain for EAV strain Bucyrus, PRRSV
strain Lelystad, PRRSV strain VR-2332 and PRRSV strain GM2 (vide infra). Figure 4 shows the
molecular models of VR-2332 and Lelystad based on the alignment of their respective sequences
to EAV PLP2. Once aligned to EAV PLP2, this allows the sequences of either VR-2332 or LV to
be substituted onto the 3D backbone structure of the EAV PLP2 crystal structure. In other words,
the amino acid side chains of the EAV PLP2 domain are replaced by those of VR-2332 or LV as
dictated by the multiple sequence alignment. From there, missing loops are modelled ab initio

and the overall 3D model is optimized using an appropriate energy minimising target function.

The numbering of the amino acid sequence of the PLP2 domain of EAV as given in figure 3 is
used in order to refer to the various boxed regions. This numbering is therefore referred to as

“consensus numbering” of the PLP2 domain.

As defined herein, a replication-competent Arterivirus is a virus that can still replicate, i.e. is
capable of producing infectious progeny virus. The infectious progeny virus can be replication-
competent infectious progeny virus or replication-defective infectious progeny virus.
Replication-competent viruses according to the invention are very suitable as a basis for live
attenuated Arterivirus vaccines. However, in order to produce sufficient amounts of virus for use
in a vaccine, the amount of progeny virus must be sufficiently high. Therefore, for the purpose of
this invention, a replication-competent virus is a virus that produces an amount of progeny virus
in a susceptible cell system, that it not more than 3 "logs below the amount of progeny virus
produced by the same virus without a mutation according to the invention in the same cell
system. Merely as an example: if a certain amount of a PRRSV strain produces 1.000.000
infectious progeny virus particles in a certain cell culture system, the same strain carrying a
mutation according to the invention must produce 1000 infectious particles or more to qualify as
replication-competent virus.

Preferably, the amount of progeny virus is not more than 2 '’logs below the amount of progeny
virus that a virus without a mutation according to the invention would produce in the same cell

system.
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More preferably, the amount of progeny virus is not more than 1 "’log below that amount.

For the purpose of this invention, an Arterivirus according to the invention having a decreased
DUB/delSGylating activity is a virus that has a mutation in the PLP2 domain such that said virus
shows an increase in interferon beta mRNA induction to a level that is at least twice the amount
of interferon beta mRNA induction shown by a wild-type virus.

In the Examples section, a description is given of a real time quantitative PCR reaction that can
be used to determine the level of interferon beta mRNA induction. In that Example, the level of
interferon beta mRNA induction of EAV wild type virus and mutants according to the invention

is tested and compared.

The necessary primers for EAV IFN beta mRNA testing in RT-PCR are provided in table 2. In
Artursson K, et al., J. Interferon Res. 12(3):153-160 (1992), the sequence of a porcine IFN beta is
provided, allowing the skilled person to design comparable primers for a real time PCR reaction
that can be used to determine the level of IFN beta mRNA induction of PRRS virus mutants

according to the invention.

In figure 9A, it is shown that e.g. EAV mutant [353R produces about 4 times as much IFN beta
mRNA compared to the wild type virus that does not comprise the [353R mutation. The triple-
mutant in figure 9A even produces about 8 times as much IFN beta mRNA compared to the wild

type virus.

As can be seen from figure 6B, a mutant such as T312A already shows a level of DUB-activity
that leads to a significantly denser alpha-flag lane, which represents the amount of remaining
ubiquitin conjugates, than that of the wild-type virus. The adjacent [353R lane, for which the
corresponding mutated virus shown in figure 9A produced four times as much IFN beta compared
to the wild-type virus, shows a density of the alpha-flag lane that is about twice as high as that of
the T312A lane.

For this reason, the inventors consider a virus that has a mutation in the PLP2 domain such that
said virus shows an increase in interferon beta mRNA induction to a level of at least twice,
preferably four, more preferably eight times the amount of interferon beta mRNA induction

shown by a wild-type virus, to be a virus having a decreased DUB/delSGylating activity.

For the purpose of this invention, a mutation can e.g. be a replacement, an insertion or a deletion,

as explained below.

In figure 3 an overview is given of the PLP2 domain of four different examples of Arteriviruses:
EAYV strain Bucyrus, and PRRSV strains GM2, Lelystad and VR-2332. An alignment of the
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sequences is made and relevant regions are indicated by boxes. This figure should be seen in
close connection with figures 2 and 4. Figure 2 shows the 3D-structure of the PLP2 domain of
EAYV and the way ubiquitin binds to this structure. Figure 4 shows the predicted 3 D-structure of
the PLP2 domain of PRRSV strains Lelystad and VR-2332 and the way ubiquitin binds to this
structure, side-by-side with the crystal structure of the PLP2 domain of EAV strain Bucyrus for
comparison.

Residues in figure 3 that are boxed with dotted lines represent residues that interact near the
active site with the RLRGG motif of ubiquitin. Mutating these residues is likely to affect the
polyprotein processing activity of the PLP2 domain and should thus preferably be avoided.
Residues boxed with thick lines represent residues that bind directly to the beta-grasp fold of
ubiquitin (i.e. the main body of ubiquitin), not near the active site.

The zinc-binding site and residues immediately surrounding this site form the majority of the
ubiquitin interactions surface of the PLP2 domain that binds the beta-grasp fold of ubiquitin and
likely the analogous region of the C-terminal domain of ISG15.

As said above (and as can be seen from the alignment in figure 3), it is the 3D-structure that
determines which amino acid residues form the ubiquitin interaction surface. This follows also
from figure 4C, where it is shown that for the PRRSV strain Lelystad, i.a. Thr478, Val479 and
Val520 are predicted to bind to ubiquitin, whereas for PRRSV strain VR-2332 this role is played
by Ala486, Leu487 andCys528 and for EAV strain Bucyrus, this role is played by Thr312, lle313
and I1e353.

In a preferred form of the first embodiment of the present invention, the replication-competent
Arterivirus, having a decreased DUB/delSGylating activity due to a mutation in the PLP2 domain
of nsp2 is selected from the group of viruses consisting of EAV and PRRSV.

Figure 3 represents structurally aligned sequences defining the ubiquitin interaction surface
alignment of 4 Arterivirus sequences representing major EAV and PRRSV strains. The alignment
is indeed structural in the sense that the boxes indicate regions of each of the PLP2 amino acid
sequences that in all cases interact with ubiquitin, according to either the crystal structure (EAV)
or the models (PRRSV) as shown side-by-side in figure 4.

From figure 3 and 4C, it can be seen which amino acids in one Arterivirus correspond to that of
another Arterivirus, for example 1313 in EAV =V479 in LV, and L487 in VR2332, with respect

to their position in the interaction surface with ubiquitin.

In order to obtain a replication-competent Arterivirus, having a decreased DUB/delSGylating
activity due to a mutation in the PLP2 domain of the non-structural protein nsp2, one would in

view of figure 3 preferably make mutations in and/or close to the regions boxed with thick lines
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in the structurally aligned PLP2 sequences.

The amino acid numbering in figure 3 is represented here for four examples of Arteriviruses: for
EAYV strain Bucyrus and for PRRSVs Lelystad, VR-2332 and GM2. It is clear that other
Arterivirus PLP2 sequences can equally be structurally aligned with the sequences already given
in figure 3. As indicated above, for ease of reference, the numbering of the amino acid sequence
of the PLP2 domain of EAV as given in figure 3 is used in order to refer to the various boxed

regions.

Thus, a more preferred form of this embodiment relates to a replication-competent Arterivirus
according to the invention, characterized in that said mutation in the PLP2 domain is located at
any of consensus positions 296-297 and/or 309-319 and/or 326-330 and/or 345-355 according to
the EAV numbering as depicted in figure 3. In this figure, the positions for PRRSV Lelystad are
463-464, 475-485, 492-496 and 512-522 respectively. For PRRSV VR-2332 and PRRSV GM?2,
the positions are 471-472, 483-493, 500-504 and 520-530.

An even more preferred form of this embodiment relates to a replication-competent Arterivirus
according to the invention, characterized in that said mutation in the PLP2 domain is located at
any of consensus positions 296-297 and/or 310-318 and/or 327-329 and/or 346-354 according to
the EAV numbering as depicted in figure 3.

Merely as an example; these positions for e.g. PRRSV Lelystad are 463-464, 476-484, 493-495
and 513-521.

A still even more preferred form of this embodiment relates to a replication-competent
Arterivirus according to the invention, characterized in that said mutation in the PLP2 domain is
located at any of consensus positions 296-297 and/or 311-317 and/or 328 and/or 347-348 and/or
351-353 according to the EAV numbering as depicted in figure 3.

The inventors demonstrated, as an example, through site directed mutagenesis that e.g. positions
Thr312, I1e313 and 11e353 of the EAV PLP2 ubiquitin interaction surface to be important for the
DUB activity of the enzyme and the ability of the EAV virus to suppress the IFN response. The
analogous positions in PRRSYV strains Lelystad (Thr478, Val479 and Val520) and VR2332
(Ala486, Leud87 and Cys528) and neighboring amino acids within the regions identified as
important for DUB and delSGylating activity can also mutated to achieve the same effect in
PRRSV. Given that positions Ile313 (Val479 of Lelystad PLP2, Leu487 of VR2332 PLP2) and
[le353 (Val520 of Lelystad PLP2, Cys528 of VR2332 PLP2) of the EAV PLP2 domain are on the
solvent-exposed surface of the ubiquitin interaction surface, these positions on Lelystad or
VR2332 PLP2 domains could be mutated to a variety of amino acids to selectively disrupt DUB
and delSGylating activity. Such amino acids e.g. include Ala, Arg, Ser, Thr, Trp (for which the
inventors already demonstrated that it can be tolerated at position 353 in the EAV PLP2 domain).
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The side chain of Thr312 of EAV PLP2 (Thr478 of Lelystad PLP2, Ala486 of VR2332 PLP2) is
packed within a tight loop, thus mutations at this position need to more conservative as they could
misfold the loop. Possible mutations at this position include e.g. Gly (for EAV, Lelystad and
VR2332), Ala or Ser (EAV and Lelystad).

A most preferred form of this embodiment relates to a replication-competent Arterivirus
according to the invention, characterized in that said mutation in the PLP2 domain is at consensus
position T312, 1313 or [353.

A specific form of this most preferred form relates to a replication-competent Arterivirus
according to the invention, characterized in that said Arterivirus is EAV and said mutation in the
PLP2 domain is T312A, 1313V, I353A, [353R, 1353S, I1353T or [353W

In addition to residues of the ubiquitin interaction surface of the PLP2 domain that bind directly
to ubiquitin (boxed by thick lines in Figure 3), there exist a number of residues that structurally
support the ubiquitin interaction surface and assist in defining the shape of this surface such that it
is complementary to the structure of ubiquitin (and ISG15). Based on the 3D crystal structure of
the EAV PLP2 domain and comparative molecular models of the PLP2 domain from PRRSV
strains Lelystad and VR-2332, residues 303-306 of EAV PLP2 (470-473 of Lelystad PLP2 and
478-481 of VR-2332 PLP2) play an important role in placing helix 2 underneath the ubiquitin
interaction surface of the PLP2 enzymes. Mutation of residues within this region could be used
to affect proper placement of helix 2, leading to distortion of the ubiquitin interaction surface and
thus reduced DUB/delSGylating activity. Given these residues are distant from the PLP2 active
site, their mutation could be used to reduce DUB/delS Gylating activity with minimal effect on

viral polyprotein processing.

Thus, another more preferred form of this embodiment relates to a replication-competent
Arterivirus according to the invention, characterized in that said mutation in the PLP2 domain is
located at any of consensus positions 303-306 according to the EAV numbering as depicted in
figure 3. In this figure, the positions for PRRSV Lelystad are 470-473. For PRRSV VR-2332, the
positions are 478-481.

Similarly, residues 343-346 of EAV PLP2 (510-513 of Lelystad PLP2 and 518-521 of VR-2332
PLP2) assist in positioning helix 3 of the zinc finger motif, a structure that forms a number of key
binding interactions with Ub. Mutation of residues within this region could be created to distort

the position of the zinc finger motif and surrounding ubiquitin interaction surface to selectively
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reduce DUB/delSGylating activity without affecting viral polyprotein processing.

Therefore, again another more preferred form of this embodiment relates to a replication-
competent Arterivirus according to the invention, characterized in that said mutation in the PLP2
domain is located at any of consensus positions 343-346 according to the EAV numbering as
depicted in figure 3. In this figure, the positions for PRRSV Lelystad are 510-513. For PRRSV
VR-2332, the positions are 518-521.

Moreover, EAV PLP2 residue Phe350 (Val517 of Lelystad PLP2 and Val525 of VR-2332 PLP2)
is located on helix 3 of the zinc finger and participates in packing helix 3 against a-helix 2. Given
the importance of helix 3 in binding ubiquitin, mutation of EAV PLP2 residue Phe350 (Val517 of
Lelystad PLP2 and Val525 of VR-2332 PLP2) could be used to displace the helix 3, thereby
selectively reducing DUB/delSGylating activity.

Thus, still another more preferred form of this embodiment relates to a replication-competent
Arterivirus according to the invention, characterized in that said mutation in the PLP2 domain is
located at consensus position 350 according to the EAV numbering as depicted in figure 3. In this
figure, the position for PRRSV Lelystad is 517. For PRRSV VR-2332, the position is 525.

The types of residue mutations that can be introduced into the regions of the PLP2 enzymes
deemed important for DUB and delSGylating activity depend on the local environment of the
residue(s) to be mutated and can be determined by the skilled person without undue burden. For
example, if the residue is on the surface of the ubiquitin interaction surface and has a hydrophobic
side chain (e.g. Leucine) that packs against a hydrophobic region of ubiquitin, allowable
mutations could include: 1) complete removal of the side chain (i.e. substitute with glycine), 2)
substitution with a polar side chain to electrostatically disrupt the hydrophobic interaction (e.g.
Asp, Glu, Ser etc.), 3) Substitution with a large, bulky residue to sterically disrupt the interaction
(e.g. Trp, Arg, Lys). Note; Arg and Lys are both polar and bulky, which would provide a
synergistic effect, leading to considerable disruption of the interaction at this position.
Combinations of such mutations across the ubiquitin interaction surface could be used to achieve
maximal reduction in DUB and delSGylating activity.

If the targeted residue is a buried hydrophobic residue, then substitutions need to be more
conservative, this is, the substitution should preferably be another hydrophobic residue to retain
overall proper protein folding, but with an altered shape so as to distort the ubiquitin interaction
surface to reduce DUB and delSGylating activity.
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If the targeted residue forms an important electrostatic interaction needed for protein
stability, then only those substitutions that retain this interaction can be introduced at this
location.

Examples of the above mutagenesis guidelines can be observed for substitutions that have
been made in the EAV PLP2 enzymes (table 1). For example, the side chain of Thr312 is packed
within a tight loop, where additional bulk at position 312 likely distorts the shape of the loop,
possibly causing protein misfolding. Indeed, while T312A was tolerated, T312L and T312V were
lethal to the virus. T312L introduces a bulkier side chain, which likely disrupts the loop structure
and therefore lethal to the virus, whereas T312V removes a polar hydroxyl group that also
appears necessary for virus viability. In contrast, the side chain of I1e353 is fully exposed on the
ubiquitin interaction surface. In other words, the side chain of this residue does not pack against
or otherwise support any part of the PLP2 structure, therefore all side chain substitutions
examined at this position were tolerated (T353Ala, Arg, Ser, Thr, Trp).

Moreover, the EAV PLP2 crystal structure can now be used to explain the results of
substitutions made to the PLP2 domain by Sun et al (2010). For example, Cys429Ala, and
His498Ala substitutions yielded non-viable virus since these residues comprise catalytic residues
of the active site; however, Asp458Ala, while producing viable virus, had no effect of NF-KB
activation, since according to the EAV PLP2 structure, only the main chain carbonyl group of at
this position interacts with ubiquitin. Thus, with the exception of proline perhaps, side chain
substitutions at this position would not affect the catalytic function of PLP2. Ser462Ala however
also yielded viable virus with slightly reduced ability to suppress Ub-dependent NF«kB activation
(2-fold). Based on the EAV PLP2 structure, a polar residue at this position, such as Ser (SD-0180
PLP2) or Asp (EAV PLP2) is within hydrogen-bonding distance of Arg74 of ubiquitin, which is
very close to the PLP2 active site. Mutations at this site while suppressing DUB activity could
also suppress polyprotein processing, as evidenced by the reduced viral titer of the Ser462Ala
compared to the Asp458Ala mutant. A third viable mutation created by Sun et al (Asp465Ala)
exists within helix 2 at a position would not allow the residue to interact directly with ubiquitin.
This residue appears important for packing interactions within the three-helix bundle of the PLP2
domain and thus while this mutation did affect NFkB activation, it had the greatest negative effect
on virus titer, likely because disruption of the helical bundle adversely affects the overall stability
of the PLP2 domain.

In addition to side chain substitutions (point mutations generated by site directed mutagenesis),
deletions and/or insertions of a residue or residues within regions of the PLP2 domain that
comprise the ubiquitin interactions surface could be employed to specifically disrupt DUB and
deISGylating activity of the PLP2 domain. For example, insertion of additional residues within
the sequence 479 — 484 of PRRSV strain Lelystad (487-492 of VR-2332, 313-318 of EAV)

would introduce additional bulk on the enzyme surface at the ubiquitin interaction surface,



10

15

20

25

30

35

WO 2014/048955 PCT/EP2013/069915

17

thereby disrupting ubiquitin and ISG15 binding, without affecting the active site region and thus
polyprotein processing by the PLP2 domain. This strategy of inserting or deleting residues to
distort the ubiquitin interaction surface could be employed at any site within the PLP2 domain
that is indicated above as amenable to mutation. Preferably, the strategy of inserting or deleting
residues is applied to the PLP2 domain at any of consensus positions 296-297 and/or 303-306
and/or 309-319 and/or 326-330 and/or 343-355 according to the EAV numbering as depicted in
figure 3.

More preferably, this strategy is applied to the regions of the PLP2 domain boxed by the thick

lines in Figure 3.

It is generally known that spontaneous random mutations do happen in nature, and this means that
a mutation that is deliberately made in order to obtain a virus according to the invention may
undergo a further, spontaneous, mutation. In a worst case scenario, this mutation leads to a
reversion of a virus according to the invention to a virus that no longer shows a decreased
DUB/delSGylating activity. It is one of the advantages of the present invention that several
locations are now identified in which mutations leading to a decreased DUB/delSGylating
activity can be made. This means that it is now possible to make not just one mutation, but two or
more mutations in the regions as identified. Such mutants are even less prone to reversion,

because the already low chances of a reversion mutation taking place are even further decreased.

Therefore, a most preferred replication-competent Arterivirus according to the invention
comprises at least 2 mutations, each of which contributes to a decreased DUB/delSGylating
activity. It is emphasized that two consecutive mutations at the nucleotide level, together leading
to a mutation in a single amino acid are in this respect also considered to be comprised in the
definition of a replication-competent Arterivirus according to the invention comprising at least 2

mutations. An example of such mutation is the EAV I353R mutant described above.

Merely as an example of how to use the information of the 3D-structure to make mutations that
lead to viruses according to the invention: on the basis of the crystal structure (Fig. SA, B) and a
comparative molecular model of the PLP2 domain bound to ISG15 (Fig. SC, D), the following
can be seen: [1e353 is located at the C-terminal end of helix a3 next to C4 (Cys354) of the zinc
coordination site. It projects directly into the [le44 patch of Ub where it makes extensive van der
Waals interactions with Ile44, Val70 and Leu8 of Ub. Thr312 and Ile313 are located closer to the
active site, where they make additional hydrophobic interactions with residues Leu§, Leu71 and
Leu73 of Ub. Thr312 makes a critical hydrogen bonding interaction with Asn89 of ISG15 (Fig.
D).
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On the basis of this information, a variety of single, double and triple mutations has now been
made at three key positions (Ile353, Thr312 and Ile313) within the PLP2 domains’ Ub-binding
site.

An overview of the various mutations made is given in table 1.

Amino acid 261 270 312 332 353 386
Wild-type GYNPPGDGACGYRCLAF. . 25. . FQLSPTETVY | PGGRVCPNAKYAMICDKQHWRVKRAKGVGLCLDESCFRGICNCQRMS . . 20 . . FGNVRV
C270A/H3328 = —==------ S s
T3124 0 ———m—————e ———- R e e TR e
T312L = e oo e e e e e e e
T312V e e e -
1353a fmmmm———————
I353R
3538 2= ~emmmmmemmeeeeeeeeee - — — 5 e e
1353W B o -- --
T3124/1313V = —mrmmmemmemee— — e o . . 1 . . . . 7 . P 7 7 7 . . .
T312A/I313V/I353R ——~—=m—m—mmmmmmmmm e BY—————— S A — .
T312A/I313V/IZE3R o mmim i m om o 0 e 1 1 e e 2 o s e
T312A/I313V/I353W e AV ——m e e
Table 1.

Before proceeding to infection experiments with recombinant viruses carrying these mutations,
the inventors used two easy to use in vitro tests that allow for the fast screening of PLP2 mutants.
These two tests are described below and details are provided in the Examples section and the
results are shown in table 1.

The first test is based upon the fact that it is not necessary to try and produce a recombinant
mutant virus carrying a mutation in the PLP2 domain through reverse genetics, followed by
launching that virus in a cell culture system in order to test for its replication competence.
Replication competence, in the context of these PLP2 experiments basically relies on the
capability of a mutant PLP2 domain to perform nsp2/nsp3 cleavage and this can easily be tested
in an in vitro system. The inventors used ectopic expression of the PLP2 domain and an in vitro
assay to characterize the effect of various mutations at the above-mentioned positions on EAV
replicase polyprotein processing and DUB/delSGylating activities. To this end, mutations were
introduced into a mammalian expression vector encoding a self-cleaving nsp2-3 polyprotein
carrying an N-terminal HA tag. Upon expression of wild-type nsp2-3 in HEK293T cells, PLP2
mediated cleavage of the nsp2/nsp3 junction (Figure 6A). As expected, a PLP2 active site mutant
(C270A/H332A) did not display any processing of the nsp2/nsp3 site and solely produced the
nsp2-3 precursor (Figure 6A). Seven single site mutants, in which the Ub-binding site was
targeted by replacement of Thr312 or Ile353, displayed wild-type levels of nsp2/nsp3 cleavage,
suggesting that polyprotein processing is not notably affected by these mutations (Figure 6A). In
addition, combinations of mutations at positions Thr312, [le313, and I1e353 were tested, with

essentially similar results (Figure 6A). Longer exposure times did reveal some nsp2-3 precursor
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protein, even in the case of wild-type PLP2, but this amount only marginally increased when two
or three mutations were combined (Fig. 7B, 8).

The second test is based upon the fact that it’s not necessary to make a replication-competent
recombinant Arterivirus having a mutation in the PLP2 domain, in order to test for a decreased
DUB/delSGylating activity of such mutated PLP2. The effect of mutations on PLP2 DUB activity
can be tested by transfecting mammalian cells with plasmids encoding nsp2-3 carrying wild-type
or mutant PLP2 combined with a plasmid expressing FLAG-tagged Ub. Ectopic expression of
FLAG-UD leads to FLAG-tagged ubiquitination of a wide range of cellular targets, which can be
visualized by Western blot analysis using an anti-FLAG antibody. As expected, expression of
wild-type PLP2 strongly decreased the accumulation of Ub-conjugates, while expression of the
active site mutant had a negligible effect (Figure 6B). A selection of PLP2 mutants displaying the
most pronounced reduction of DUB activity is presented in figure 6B. These Ub-binding site
mutants displayed varying degrees of DUB activity, with phenotypes ranging between that of
wild-type and the active site mutant (Figure 6B). A similar experiment was used to assess the
effect of these mutations on the delSGylating activity of PLP2. For this assay, mammalian cells
were co-transfected with a combination of plasmids encoding ISG15 and the E1 (UbE1L) and E2
(UbcM8) enzymes essential for its conjugation, resulting in the ISGylation of a population of
cellular proteins which can be visualized on Western blot using an anti-ISG15 antibody (Figure
8). Again, expression of wild-type PLP2 strongly decreased the accumulation of ISGylated
proteins (Figure 8), while expression of the active site mutant did not (Figure 8). It should be
noticed, that the effect of mutations on the de[SGylating activity of the PLP2 domain is more
modest than their effect on DUB activity (Figure 8).

An in vitro assay is performed to provide a more detailed analysis of the effect of mutations in
PLP2 on activity towards Ub, ISG15, and an RLRGG-peptide substrate that represents the C-
terminal tail of Ub or ISG15 that enters the active site of PLP2. For this assay, the inventors
focused on mutants [353R and T312A/1313V/I353R, since these showed a pronounced effect on
DUB activity in the cell culture-based assay, displayed a level of inhibition of IFN-f§ promoter
activity similar to the active site mutant (described below), and yielded workable titers upon

launching of the mutated virus in BHK-21 cells (described below).

The kinetics of peptidase enzymes follow the Michaelis-Menten (MM) equation:
d(P] _ kea[E]LS]

= In which [P] is the concentration of product, t is time, [S] is the
dt K, +[5]

concentration of substrate, [E] is the total concentration of enzyme and k., and K., are the
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Michaelis parameters. The effects of amino acid point mutations on enzyme activity are best

cat

k
described by the how they affect the specificity of the enzyme as described by the ratio X

m

Normally the k.; and K,,, parameters are obtained separately from full-fledged Michaelis-Menten

: _k : :
analysis. However, the ratio =<€al can also be independently and accurately obtained from

m

integrating the MM equation at low substrate concentrations:

kuIE]

(D
The equation above can be used to quantify PLP2 activity in vitro using the fluorescent labelled
substrates ubiquitin-aminomethylcoumarin (Ub-AMC), ISG15-aminomethylcoumarin (ISG15-
AMC) or the C-terminal peptide motif of these substrates, RLRGG-AMC (Boston Biochem).
PLP2 removes AMC from these substrates. The liberated AMC has a much higher fluorescence
quantum yield than when it is coupled to Ub, ISG15 or the RLRGG peptide, and it thereby
provides a fluorescence signal that is proportional to PLP2 activity. By comparing the activity of
PLP2 mutants against Ub-AMC or ISG15-AMC (which require the ubiquitin interaction surface)
versus their activity against RLRGG-AMC (which binds to the active site region only), PLP2

mutants with a selective reduction in DUB or delSGylating activity can be identified.

Since Ub-AMC and ISG15-AMC exhibit relatively poor solubility in water, complete

MM analysis is difficult. Alternatively, equation 1 provides a useful method to circumvent

N o kegr : :
solubility issues and determine —cat inq rapid and reliable fashion. Because the product
m
fluorescence is proportional to its concentration, the evolution of product fluorescence over time
proceeds according to the following modification of equation-1 at low substrate concentrations:
k_[E
kLB

F=A,1-¢ &

(1a)
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Where F is the measured fluorescence and A, is a constant parameter. Thus, the time- profile of

the fluorescence evolved after PLP2 has been added to a solution containing AMC-labelled

o .k
substrate at a concentration significantly below the Km can be used to determine —<2- |

m

The Examples section provides ample examples of replication-competent Arteriviruses having a
decreased DUB/delSGylating activity due to a mutation in the PLP2 domain of the non-structural

protein nsp2.

The skilled person who wants to make additional Arteriviruses having a decreased
DUB/delSGylating activity due to a mutation in the PLP2 domain of nsp2, may use the in vitro
tests as discussed above for determining nsp2/nsp3 protease activity and the DUB/delSGylation
activity, as described above and as described in a detailed manner in the Examples, for the fast

screening of PLP2 mutants.

As mentioned above the crystal structure of the PLP2 domain bound to ubiquitin could be
determined due to the fact that such crystals could now for the first time be made in a stable form.

The formation of such crystals was possible through the mixing of ubiquitin to a purified nsp2
fragment that comprises a PLP2 domain, under conditions allowing covalent binding of ubiquitin
to the PLP2 domain in order to form a PLP2-ubiquitin complex. The PLP2 domain may be the
domain as such (e.g. the amino acids from position 261-392 of the EAV nsp2), or it may
comprise the PLP2 domain and a further part of the nsp2 protein.

The same approach applies to the formation of such crystals through the mixing of ISG15 to a
purified nsp2 fragment that comprises a PLP2 domain, under conditions allowing covalent
binding of ISG15 to the PLP2 domain in order to form a PLP2-ISG15 complex.

Therefore, another embodiment of the present invention relates to a PLP2-ubiquitin complex
comprising ubiquitin and at least the PLP2 domain of nsp2 of an Arterivirus, wherein said PLP2
domain is covalently bound to said ubiquitin, or a PLP2-ISG15 complex comprising ISG15 and at
least the PLP2 domain of nsp2 of an Arterivirus, wherein said PLP2 domain is covalently bound
to said ISG15.

In a preferred form of this embodiment the Arterivirus is selected from the group of viruses
consisting of EAV and PRRSV.

Again another embodiment of the present invention relates to live attenuated vaccines for the

protection of mammals against Arteriviral infection, characterized in that such vaccines comprise



10

15

20

25

30

35

WO 2014/048955 PCT/EP2013/069915

22

a replication-competent Arterivirus according to the invention, and a pharmaceutically acceptable

carrier.

As a starting material for making a live attenuated vaccine according to the invention, either a
wild-type or a live attenuated viral strain may be used. Methods for the attenuation of viruses, e.g.
through serial passage over different cell lines have been extensively described in the art. They

are well-known to the skilled person.

However, for the skilled person in need of a vaccine for PRRSV or EAV according to the
invention who wants to start with an attenuated virus strain, there is in principle no need to
develop new live attenuated Arteriviruses. Live attenuated PRRSV and EAV have been described
in the literature and they are commercially available. Therefore, such viruses can form a very
suitable starting material for the skilled person wanting to develop a live attenuated vaccine

according to the invention.

An overview of commercially available live modified PRRSV-vaccines, their characteristics and
their producers is given i.a. by Murtaugh, M.P. and Genzow, M. (Vaccine 29: 8192-8204
(2011)).

An overview of live modified EAV-vaccines is given i.a. by McCollum, W.H. (American Journal
of Veterinary Research 47: 1931-1934 (1986)), and by Summers-lawyer, K.A. et al., (Journal of
Equine Veterinary Science Volume 31: 129-138 (2011)). A live attenuated EAV virus has i.a.
been licensed in the USA.

Usually, the vaccine according to the invention will be administered through the parenteral route.
Preferably, the vaccine will be administered intramuscularly.

A suitable amount of a virus according to the invention in a vaccine would range between 10” and
10® TCIDs, depending on the level of attenuation of the virus used. The literature cited above and
the knowledge in the art with regard to EAV and PRRSV vaccination gives the skilled person
ample guidance to determine the amount of virus needed. In case a vaccine strain is based upon
an existing, commercially available virus strain comprising an attenuating deletion, the
manufacturer’s instructions would provide good guidance regarding the amount of virus to be
used. As a rule of thumb, for live attenuated viruses, an amount of between 10* and 10° TCIDs,

would be considered a very suitable amount of virus.

Next to diseases caused by Arteriviruses, horses and swine often suffer from a variety of other
viral, parasitic and bacterial diseases. For this reason they are frequently vaccinated against such
diseases.

Therefore there are good reasons from a point of animal welfare, ease of use and cost saving to

combine several vaccines and administer such combination vaccines in one single administration.
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Thus, a preferred form of this embodiment relates to a vaccine according to the invention,
characterized in that said vaccine comprises an additional immunogen of a virus or micro-
organism pathogenic to the animal to be vaccinated, an antibody against said immunogen or

genetic information encoding an immunogen of said virus or micro-organism.

Amongst the most frequently seen examples of viruses/micro-organisms pathogenic to swine are
Brachyspira hyodysenteriae, African Swine Fever virus, Nipah virus, Porcine Circovirus, Porcine
Torque Teno virus, Pseudorabies virus, Porcine influenza virus, Porcine parvo virus, Porcine
Epidemic Diarrheal virus (PEDV), Foot and Mouth disease virus, Transmissible gastro-enteritis
virus, Rotavirus, Escherichia coli, Erysipelo rhusiopathiae, Bordetella bronchiseptica,
Salmonella cholerasuis, Haemophilus parasuis, Pasteurella multocida, Streptococcus suis,
Mycoplasma hyoprneumoniae and Actinobacillus pleuropneumoniae.

Thus a more preferred form of this embodiment relates to a vaccine according to the invention,
characterized in that said virus or micro-organism pathogenic to swine is selected from the group
consisting of Brachyspira hyodysenteriae, African Swine Fever virus, Nipah virus, Porcine
Circovirus, Porcine Torque Teno virus, Pseudorabies virus, Porcine influenza virus, Porcine
Epidemic Diarrheal virus (PEDV), Foot and Mouth disease virus, Transmissible gastro-enteritis
virus, Rotavirus, Escherichia coli, Erysipelo rhusiopathiae, Bordetella bronchiseptica,
Salmonella cholerasuis, Haemophilus parasuis, Pasteurella multocida, Streptococcus suis,

Mycoplasma hyoprneumoniae and Actinobacillus pleuropneumoniae.

Amongst the most frequently seen examples of viruses/micro-organisms pathogenic to equines
are Equine Influenza virus, Clostridium tetani, Equine Herpesvirus 1 and Equine Herpesvirus 4.
Thus an equally more preferred form of this embodiment relates to a vaccine according to the
invention, characterized in that said virus or micro-organism pathogenic to equines is selected
from the group consisting of Equine Influenza virus, Clostridium tetani, Equine Herpesvirus 1

and Equine Herpesvirus 4.

A pharmaceutically acceptable carrier can be, or may include, stabilizers, diluents and buffers.
Suitable stabilizers are for example SPGA, carbohydrates (such as dried milk, serum albumin or
casein) or degradation products thercof. Suitable buffers are for example alkali metal phosphates.
Diluents include water, aqueous buffers (such as buffered saline), alcohols and polyols (such as

glycerol).

Vaccines in general, but especially vaccines comprising live attenuated viruses must be stored at
low temperature, or they have to be in a freeze-dried form. Freeze-dried vaccines can be kept

under moderate cooling conditions or even at room temperature. Often, the vaccine is mixed with
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stabilizers, e.g. to protect degradation-prone proteins from being degraded, to enhance the shelf-
life of the vaccine, or to improve freeze-drying efficiency. Useful stabilizers are i.a. SPGA,
carbohydrates e.g. sorbitol, mannitol, trehalose, starch, sucrose, dextran or glucose, proteins such
as albumin or casein or degradation products thereof, and buffers, such as alkali metal
phosphates.

Therefore, preferably, a vaccine according to the invention is in a freeze-dried form.

In addition, the vaccine may be suspended in a physiologically acceptable diluent. Such buffers
can e.g. be sterile water, a buffer and the like.

It goes without saying, that diluents and compounds for emulsifying or stabilizing viruses are also

embodied in the present invention.

Still another embodiment of the invention relates to a replication-competent Arterivirus according

to the invention for use as a medicament.

Again another embodiment of the invention relates to a replication-competent Arterivirus

according to the invention for use in a vaccine.

And again another embodiment of the invention relates to a replication-competent Arterivirus

according to the invention for use in the prophylaxis of Arterivirus infection in a mammal.

Examples
Example 1

Plasmids, cells and antibodies. For bacterial expression of EAV PLP2, a cDNA fragment
encoding residues 261-392 of EAV ppla and an in-frame C-terminal HISe purification tag was
inserted downstream of a Ub fusion partner in the pASK3 vector (Gohara et al., 1999), yielding
plasmid pASK3-ePLP2. A mammalian expression construct encoding an EAV nsp2-3
polyprotein was made by cloning residues 261-1064 of EAV ppla in-frame with an N-terminal
HA tag in the pcDNA3.1 vector (Invitrogen). All mutants were engineered by site-directed
mutagenesis using Pfu DNA polymerase (Fermentas). Primer sequences are available upon
request. All constructs were verified by sequence analysis. The following mammalian expression
plasmids were described elsewhere: pLuc-IFN-f (Fitzgerald et al., 2003), pRL-TK (Promega),
PEBG-RIG-I2carpy (Gack et al., 2007), pcDNA-eGFP (van Kasteren et al., 2012), pCMV-FLAG-
Ub (Gack et al., 2009), pPCAGGS-HA-mUbEILL, pCMV2-FLAG-UbcMS, and pCAGGS-V5-
hISG15 (Versteeg et al., 2010).
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HEK?293T cells were cultured in Dulbecco’s modified Eagle medium (Lonza)
supplemented with 10% fetal bovine serum (FBS), and 2 mM L-glutamine. BHK-21 cells were
cultured in Glasgow minimum essential medium (Lonza) supplemented with 5% FBS, 10%
tryptose phosphate broth, and 10 mM HEPES (pH 7.4). Primary equine lung fibroblasts (ELF)
were cultured in minimum essential medium (Lonza) supplemented with 10% FBS and grown on
collagen-coated plastics. All culture media contained 100 U/ml of penicillin and 100 mg/ml of
streptomycin.

The following commercially available antibodies were used: a-HA (ab18181; Abcam), a-
FLAG (F3165; Sigma-Aldrich), a-GST (sc459; Santa Cruz), a-B-actin (A5316; Sigma-Aldrich),
donkey-a-mouse-Cy3 (715-165-151; Jackson ImmunoResearch), and goat-a-rabbit-AL488 (A-
11008; Invitrogen). The following antibodies were described elsewhere: a-hISG15 (clone 2.1)
(Malakhov et al., 2003) and a-EAV N protein (clone 3E2) (MacLachlan et al., 1998). Rabbit
antisera recognizing the EAV PLP2 domain and GFP were raised using recombinant proteins
purified from Escherichia coli.

Purification and crystallization of the EAV PLP2 domain bound te Ub. E. coli BL21-
Gold(DE23) cells were transformed with pASK3-ePLP2 and cultured to an optical density (ODggo)
of 0.7 in LB medium at 37°C. The culture was then supplemented with 200 ng/ml of anhydrous
tetracycline and incubated for 3 hrs at 28°C with shaking to induce expression of the Ub-PLP2-
HIS; fusion protein. The cells were pelleted and resuspended in ice-cold lysis buffer (20 mM
MES pH 7, 500 mM NaCl, 10% glycerol, 5 mM imidazole pH 7.4, 0.5 mM TCEP) and lysed
using a French pressure cell (AMECO). The lysate was clarified by centrifugation and loaded
onto a Ni-NTA column (Qiagen) pre-equilibrated with lysis buffer. After washing with lysis
buffer supplemented with 15 mM imidazole, recombinant PLP2 was eluted from the column
using an equilibration buffer supplemented with 150 mM imidazole and exchanged into 50 mM
Tris, pH 8.0, 300 mM NaCl and 5 mM DTT before storing at 4 °C. The endogenous DUB activity
of the PLP2 domain resulted in the efficient removal of the N-terminal Ub-tag from the fusion
protein during expression in F. coli; therefore, affinity chromatography yielded highly pure PLP2
carrying a C-terminal HIS¢ purification tag only.

The mechanism-based suicide inhibitor Ub-7s-3—bromopropylamine (Ub—3Br) was
prepared according to Messick et al (Messick et al., 2008) and Borodovsky et a/ (Borodovsky et
al., 2002) as described by James er a/ (James et al., 2011). Ub-Br3 was covalently bound to
purified PLP2 by gently mixing the proteins in a 3:2 molar ratio for one hour at 37°C. The
resulting PLP2-Ub complex was purified by gel filtration (Superdex 75) followed by anion
exchange (Source 15Q) chromatography and then exchanged into 20 mM Tris, pH 8.0, 50 mM
NaCl before concentrating to 10 mg/ml and storing at 4°C.

The PLP2-Ub complex was crystallized by hanging-drop vapor diffusion at 10 mg/ml in
mother liquor consisting of 100 mM MES pH 6.2, 18% PEG 20,000. Crystals were flash-cooled
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and stored in liquid nitrogen after sweeping them through mother liquor supplemented with 20%

glycerol.

X-ray data collection and crystal structure determination. X-ray diffraction data for a
multiwavelength anomalous dispersion (MAD) experiment were collected at the Canadian Light
Source (beam line 08ID-1). Data were collected at three different wavelengths over the
absorption edge of zinc from a single crystal of the PLP2-Ub complex held at 100K in a N> (g)
stream. The data were processed using MOSFLM and SCALA (Collaborative Computational
Project Number 4, 1994) and structure factor phases were determined using phenix.autosol
(Adams et al., 2010). Initial phases generated by SOLVE were improved by density modification
using RESOLVE within the PHENIX package. After reserving a random subset of reflections for
cross-validation using the free R-factor (Brunger, 1992), a model was built using
phenix.autobuild (Adams et al., 2010) and manually completed and refined using COOT (Emsley
and Cowtan, 2004) and phenix.refine (Adams et al., 2010).

Comparative molecular modeling of the PLP2 domain from PRRSY strains Lelystad and
VR2332

Comparative molecular models of the PLP2 domain from PRRSV strains Lelystad and VR2332
were built using the program MODELLER 9.10 (Eswar, N. et al., 2006) based on a multiple
sequence alignment of the full-length nsp2 sequences of PRRSV strains Lelystad, VR2332 and
GM2, and the sequence of the crystallized PLP2 domain from EAV Bucyrus (nsp2 residues 261-
387) (Fig. 3). The multiple alignment was generated using the ClustalW algorithm within the
Geneious Pro 5.1.7 software package. Modeled residues for Lelystad (420-555) and VR2332
(428-566) were those that aligned to crystal structure of the EAV Bucyrus PLP2 domain. Loop
structures unique to the Lelystad and VR2332 PLP2 domains (i.e. not present within the EAV
PLP2 crystal structure) were optimized using the ‘loopmodel” subroutine with MODELLER 9.10.
Models of the Lelystad and VR2332 PLP2 domains bound to ubiquitin were generated by
superposing the models of these PLP2 domains onto the PLP2 domain of the crystallographic
complex of the EAV PLP2 domain bound to ubiquitin using the program PyMOL (DeLano WL
(2002) The PyMOL Molecular Graphics System (DeLano Scientific, Palo Alto, CA, USA.).).
The alignment revealed that the PRRSV models could readily accommodated ubiquitin in the
same binding orientation and C-terminal tail conformation as observed when bound to the EAV
PLP2 crystal structure. No serious structural clashes between ubiquitin and the PRRSV models
were observed, including within the tight groove leading to the enzyme active site that binds the
C-terminal RLRGG of ubiquitin. The zinc atom was added to the Lelystad and VR2332 PLP2
models using the same superposition, revealing that cysteine residues within these models cluster

about the superposed zinc atom and providing strong evidence for a zinc finger motif to be
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present within this region of these PRRSV PLP2 domains similarly to that observed for the EAV
PLP2 crystal structure.

Corresponding comparative molecular models of the PLP2 domain from other PRRSV strains
have been made. For this, the following attenuated PRRSV vaccine strains were used: the strain
as present in the former USDA approved PRRSV vaccine PrimePac (as marketed by Schering-
Plough, Summit NJ; see GenBank accession number DQ779791.1) and the strain as present in the
MSD Animal Health product Porcilis® PRRS (commonly known as the “DV strain”). This
revealed that the PLP2 domain of these strains are similar as those of the other two PRRSV
strains and in effect, have the same residues predicted to bind ubiquitin relative to the EAV

ubiquitin biding sites (see figure 4D/4E).

Cell-culture based assays. To assess nsp2/nsp3 cleavage by the various PLP2 mutants,
HEK293T cells were grown to 80% confluence in 10 cm® wells and transfected using CaPO, with
4 pg plasmid DNA encoding nsp2-3 containing wild-type or mutant PLP2. After 16 h at 37°C,
cells were lysed in 2x Laemmli Sample Buffer (2xLSB; 250 mM Tris, 2% SDS, 20% glycerol,
0.01% bromophenol blue, 2 mM DTT, pH 6.8). Samples were loaded on SDS-polyacrylamide
gels, which were blotted to Hybond-P polyvinylidene difluoride membranes (GE Healthcare)
using a semi-dry transfer cell (Bio-Rad). After incubation with the appropriate antibodies, protein
bands were visualized using the Amersham ECL Plus detection reagent (GE Healthcare).

To assess the DUB activity of the various PLP2 mutants, HEK293T cells were grown to
80% confluence in 4 cm” wells and transfected using CaPO, with a combination of plasmids
encoding FLAG-Ub (0.25 ng), GFP (0.25 pg), and nsp2-3 containing wild-type or mutant PLP2
(1.5 ng). After 16 h at 37°C, cells were lysed in 2xLSB and analyzed by SDS-PAGE as described
above.

To assess delSGylation activity of the various mutants, HEK293T cells were grown to
80% confluence in 4 cm” wells and transfected using CaPO, with a combination of plasmids
encoding hISG15 (0.75 pg), HA-mUDbEILL (0.25 pg), FLAG-UbcMS (0.25 pg), GFP (0.25 pg)
and nsp2-3 containing wild-type or mutant PLP2 (0.5 pg). After 48 h at 37°C, cells were lysed in
2xL.SB and analyzed by SDS-PAGE as described above.

Luciferase-based IFN-f§ promoter activity assay. HEK293T cells, grown to 80% confluence in
2 em”® wells, were transfected in quadruplicate with a combination of plasmids encoding firefly
luciferase under control of the IFN-f3 promoter (50 ng), renilla luciferase (5 ng), RIG-Ixcarp) (25
ng) and nsp2-3 containing wild-type or mutant PLP2 (500 ng) using Lipofectamine2000
(Invitrogen). The total amount of DNA used for transfection was adjusted to 1 pg per well by the
addition of the appropriate amount of empty vector. After 12 h at 37°C, three out of four wells
were lysed in 100 pl passive lysis buffer (Promega), and samples were assayed for luciferase

activity using the Dual-Luciferase reporter assay system (Promega) on a Mithras LB 940
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multimode reader (Berthold Technologies). The remaining wells from each of three independent
experiments were lysed in 2xL.SB, mixed in a 1:1:1 ratio and analyzed by SDS-PAGE as
described above.

An unpaired two-tailed Student’s ¢ test was used to determine the statistical significance
of the results, which were obtained in three independent experiments. P values <0.05 were

considered to be statistically significant.

In vitro PLP2 domain activity assay

k
Examples of experimentally determined values of —<2L for the cleavage of Ub-AMC and
m

RLRGG-AMC by a wild-type EAV PLP2 domain and a variant containing a single point
mutation on the ubiquitin interaction surface (Ile353Arg) are shown in Table X. Steady-state
fluorescence spectra were measured on a Fluorolog-3 Horiba Jobin Yvon spectrofluorometer
(Edison, NJ). The sample was held ina 10 x 3 mm” disposable cuvette. The data were analyzed
with Sigma Plot (Point Richmond, CA) software. Measurements were performed at room
temperature in 50 mM tris at 150 mM ionic strength (NaCl) buffer pH 8 from Sigma (St-Louis,
MO). Substrate concentrations were kept at 50 uM and 200 nM for the RLRGG-AMC and Ub-
AMC substrates respectively, while the enzyme concentrations were used at final concentrations
between 1.7-2.6 uM for the RLRGG-AMC substrate and 116-174 nM for the Ub-AMC substrate.
The samples were excited with 360 nm light and the time-dependent emission was collected at
460 nm.

i S k
The excitation and emission silts were set to a 3 nm bandpass. Values of =l meagured for the
m

wild-type and mutant are given Table 3.
As can immediately be seen from this table, the k../K;, value for RLRGG-AMC of the wild-type

virus and the mutant I353R is comparable, whereas the k../K;, value for Ub-AMC of the mutant
[353R 1s 20 times lower than that of the wild-type virus.

Enzyme  Substrate

RLRGG-AMC Ub-AMC
kcat/ K M kcat/ KM

Wild-type 48+8M's? 21000+ 2000 M's™
I353R 71+ 8M'st 1100+ 100 M's?!

Table 3: Experimental k../Kysvalues for the wild-type and I353R mutant EAV PLP2 enzymes
determined with respect to the RLRGG-AMC and Ub-AMC substrates.
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Reverse genetics. Mutations in the EAV PLP2-coding sequence were engineered in an
appropriate shuttle vector by site-directed mutagenesis using Pfiz DNA polymerase (Fermentas)
and subsequently transferred to pEANS551/AB, which is a derivative of EAV full-length cDNA
clone pEANSS51 carrying additional (translationally silent) AflIl and BspEI restriction sites
(Posthuma et al., 2008). The virus derived from pEANS51/AB was used as wild-type control in
all experiments. All constructs were verified by sequence analysis.

In vitro RNA transcription from XAo/-linearized wild-type or mutant EAV full-length
c¢DNA clones was performed using the mMESSAGE mMACHINE T7 Kit (Ambion). Five ug of
in vitro synthesized EAV RNA was electroporated into 5.0°10° BHK-21 cells using the Amaxa
Cell Line Nucleofector Kit T and the program T-020 of the Amaxa Nucleofector (Lonza)
according to the manufacturer’s instructions. Cells were resuspended in the appropriate medium,
seeded in 75 cm’ flasks and incubated at 39.5°C. Virus-containing supernatants were harvested at
24 h post transfection and titers were determined by plaque assay on equine lung fibroblast cells
as described before (Nedialkova et al., 2010).

To verify the presence of the correct mutations, RNA was isolated from virus-containing
supernatants using the QIAamp Viral RNA Mini Kit (Qiagen) and converted to DNA using
RevertAid H Minus reverse transcriptase (Fermentas) and random hexameric primers. The region
of the PLP2 domain encoding the mutations was subsequently PCR amplified using Pfirt DNA

polymerase (Fermentas) and sequenced.

Quantitative real-time PCR. Confluent equine lung fibroblast cells were infected with wild-type
or mutant EAV at an m.o.1. of 0.25 and incubated at 37°C. At 20 and 24 h p.i., cell lysates were
harvested in TriPure Isolation Reagent (Roche). After the addition of chloroform, the aqueous
phase was mixed in a 1:1 ratio with buffer RA1 of the Nucleospin RNA 1II kit (Macherey-Nagel)
and RNA was isolated as per manufacturer’s instructions. Isolated RNA was subsequently used as
a template for cDNA synthesis using RevertAid H Minus reverse transcriptase (Fermentas) and
oligo(dT)20 primer. Finally, samples were assayed by quantitative real-time PCR (qRT-PCR) on
a CFX384 Touch Real-Time PCR detection system (BioRad) using iTaq SYBR Green Supermix
with ROX (BioRad). Primers targeting equine GAPDH, Actin-f3, IFN-f, and the EAV genome
were designed using Primer3 (Rozen and Skaletsky, 1998) and sequences are given in Table 2.
The real-time PCR program was followed by a melting-curve analysis, to verify specificity of the
reaction. Results were quantified using the standard curve method and normalized against the

geometric mean of the relative quantities of GAPDH and Actin-f.

Target (Accession) Forward primer (5°-3) Reverse primer (5°-3”)
Equine GAPDH (NM_001163856) TGCCGCCTGGAGAAAGCTGC GAGGGCAATGCCAGCCCCAG
Equine Actin- (NM_001081838) CCACGCCATCCTGCGTCTGG ACCGCTCGTTGCCGATGGTG

Equine IFN-§ (NM_001099440) AGGTGGATCCTCCCAATGGCCC GGGGCAACGTTGAGGGGCTC
EAYV genome (NC_002532) CCGACCCGGTGTGACCGTTG AAGGGTCGCGGGTGCCAATG
Table 2.
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Figure 9 shows the results of the qPCR. In figure 9B, it can be seen that the amount of viral
mRNA produced in primary equine lung cells infected with wild type virus, a single mutant
(I353R) and a triple mutant (T312A/1313V/I353R) is practically equal. This shows that in these
mutant viruses the replication level is practically unchanged compared to that of wild-type virus,
indicating that the mutants are capable of polyprotein processing.

In figure 9A it can be seen that the induction of I[FN beta mRNA is significantly higher in the
mutants than in the wild-type virus. It can also be seen that the triple mutation has an even lower
inhibitory effect on the induction of IFN beta than the single mutant. It is clear from this figure
that indeed the mutants show a very significant decrease in DUB/delSGylation activity, which
directly relates to a significant attenuation of the inhibitory effect on [FNbeta induction that the
wild-type virus does display through its DUB/delSGylating activity. This indicates that mutant
viruses according to the invention trigger a better cellular immune response than the wild-type

versions, and thus indeed provide improved vaccines.

Example 2: In vivo experiment

Experimental design. Twenty SPF Shetland horses (mares) were used for this study. They were
allotted to three groups: Nine mares in Group 1 (n=9), nine mares in Group 2 (n=9), and two
mares in Group 3 (n=2). Animals in Group 1 received the cell-culture adapted wild-type EAV
vaccine (EAV-wt; a clone derived from the strain Bucyrus). Animals in Group 2 got a mutant
EAYV vaccine (EAV-PLP2; triple mutant as described in connection with Figure 9). For both
groups a 1 ml dose was used containing 1x10” PFU of the respective virus, the suspension was
given intramuscularly (IM) into the cervical muscle. Animals in Group 3 were not vaccinated and
served as unvaccinated controls for the challenge.

Approximately five weeks after vaccination, all mares were infected with a virulent EAV
strain (EAV Kentucky 84 strain, commonly referred to as KY84). Virus was applied intranasally
(IN) by dosing 5 ml of a virus suspension containing 2x10* PFU per ml, using a nozzle attached
to a syringe. After infection (i.e. vaccination and challenge), rectal temperatures were taken
daily from O to 14 days post-infection, and at 21 and 28 days post-infection. After challenge, all
mares were observed for clinical signs daily from 0 to 14 days post infection.

Blood samples of the mares were taken at day 0, before the vaccination and challenge,
and 2, 4, 6, 8, 10, 12, 14, 21, and 28 days after cach of the infections. Blood samples were tested
for the presence of EAV and EAV-specific antibodies.

Virus neutralization test. Serum was prepared from the blood samples collected in tubes without

anti-coagulant. After clotting of the blood for at least 4 hours at room temperature, serum was



10

15

20

25

30

35

WO 2014/048955 PCT/EP2013/069915

31

collected by centrifugation at 700xg for 15 minutes at 4°C. Until use, the sera were stored at -
20°C.

The neutralizing antibody titers of the test sera were determined in duplicate in 96-well plates.
Briefly, two-fold serial dilutions of the sample (in duplicate) were made in microtitre plates and
mixed with a fixed amount of live EAV virus. After an incubation period of 1 hour, Vero cells
were added. The plates were incubated for four days at 37°C in the presence of CO, whereafter
the monolayer was examined for cytopathic effect (CPE). Each well was either scored negative
(no CPE) or positive (CPE). The EAV neutralizing antibody titre was calculated as the reciprocal

of the highest serum dilution at which no CPE was observed and expressed as log,.

Total RNA isolation from whole blood and quantitation of EAV RNA. RNA from whole
blood collected with a Tempus™ Blood RNA Tube was isolated using a ‘MagMAX™ for
Stabilized Blood Tubes RNA Isolation Kit” according to the manufacturer’s instructions
(Invitrogen). RNA (800 ng) from total blood was reverse transcribed using RevertAid H Minus
RT (Fermentas) and oligo(dT)20 primer. Samples were subsequently assayed by quantitative real-
time on a CFX384 Touch Real-Time PCR detection system (BioRad) using iTaq SYBR Green
Supermix with ROX (BioRad). A primer set was designed using the common software program

Primer3.

Results. The test was valid since the non-vaccinated control mares stayed EAV-negative until
challenge. In addition, the non-vaccinated animals developed clear viremia and clinical signs due
to challenge with strain K'Y84. The vaccinated animals in group 1 and 2 had hardly any
noticeable clinical signs. Based on these results it may be concluded that the mutant strain was
able to effectively protect against virulent challenge, at least at the same level as the known
Bucyrus vaccine strain. This was confirmed by analyzing the body temperatures and virus

neutralization test as indicated below.

Body temperatures

Based on individual data of the measured body temperatures, mean values were calculated for
each group of horses. These values are shown in Figure 10. Between 1 and 6 days post
vaccination a clear (and comparable) rise of the body temperature was observed for both the
vaccinated groups (EAV-wt and EAV-PLP2 vaccine).

After challenge, the control group showed a peak of the body temperature between 3 and 10 days,
whereas the body temperatures of the vaccinated groups did not increase and stayed in the normal

range.
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Virus neutralization test

Based on individual data mean values were calculated. A graphical summary of the VN titers is
given in Figure 11. At the start of the experiment all horses were negative for neutralizing
antibodies to EAV. After vaccination, EAV specific VN antibody titres were detectable reaching
a plateau of + 7.5 log; for both group 1 (EAV-wt) and group 2 (EAV-PLP2). After challenge,
specific VN antibody titers were detectable for the control group and the challenge infection did

not further increase the VN titers of the animals of both vaccinated groups.

Detection of EAV present in blood by an EAV-specific qPCR
The amount of EAV was determined by real-time qRT-PCR analysis of total RNA extracted from
whole blood samples. Virus RNA titers in both Groups 1 and 2 reached their maximum at around
four days post vaccination at about the same level, after which they slowly declined. The
mutations that were introduced in the EAV-PLP2 mutant seemed to have caused some slight
additional attenuation ix vivo as the observed EAV-PLP2 titers were slightly lower at most tested
time points as compared to the titers reached by the parent strain EAV-wt. Despite this possible
slight attenaution, it may however be concluded that the EAV-PLP2 mutant grows considerably
well in vivo, in line with what could be seen in the in vitro experiments (Example 1).

After challenge infection, both non-vaccinated animals (group 3) displayed high viral
RNA titers in their blood, demonstrating that the challenge infection was successful. In four out
of nine animals vaccinated with EAV-wt (group 1) viral RNA of the challenge strain could be
detected in their blood at either 4, 6, and/or 8 days post-challenge, while challenge strain RNA
could not be detected in any of the group 2 animals at these time points. This is a clear indication
that the mutant strain induces an improved immune response when compared to the wild-type

strain.

Legend to the figures.

Figure 1: Structure of the EAV PLP2-Ub complex and superposition with yeast OTU1 and
CCHFYV OTU. A) Structure of EAV PLP2 (violet) bound to Ub (orange). B) Electron density for
the C4 zinc finger motif. Blue density is a maximum-likelihood weighted 2 F,-F, map contoured
at 1.0c. Green density about the zinc atom (grey) is a F,-F, omit map contoured at 5.0c. C) The
catalytic triad of the EAV PLP2 active site. Blue density is a maximum-likelihood weighted 2 F,-
F. map contoured at 1.0c. The cysteine nucleophile (Cys270) is covalently linked to Ub via the
3NC linker, which replaces Gly76 of Ub. Asn263, which orients the imidazole ring of His332
occurs in two alternate conformations. D) Superposition of EAV PLP2 (violet), CCHFV OTU
(green) and yeast OTUI (red). PLP2 shares a conserved core of two central helices and a four-
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stranded beta sheet with CCHFV OTU and yeast OTU1. E) Superposition of EAV PLP2 and
CCHFV OTU complexed with Ub. Both enzymes grasp Ub in a similar orientation, with the C4
zinc finger motif of EAV PLP2 replacing the B-hairpin of CCHFV OTU. Topology diagrams for
EAV PLP2, CCHFV OTU and yeast OTU1 are shown in panels F, G, and H, respectively. The
region that is conserved amongst the enzymes is outlined (dashed box). The four cysteine
residues coordinating the zinc atom in EAV PLP2 are shown as yellow circles. Structural images

were prepared using PyMOL (DeLano, 2002).

Figure 2: EAV PLP2 structure (based on PISA analysis). The grey area defines the ubiquitin
interaction surface on the PLP2 enzyme (617 A®) that should be targeted to selectively disrupt
DUB and ISGylating activity. The catalytic nucleophile cysteine 270 (C270) within the enzyme
active site is covalently bound to the C-terminus of ubiquitin, resembling the acyl-enzyme

intermediate step of the catalytic reaction.

Figure 3: Multiple sequence alignment of EAV and PRRS sequences. This figure represents
the structurally functional alignment for the Arteriviral PLP2 domain. The EAV numbering is
used to denote the consensus positions (for example, in PRRSV Lelystad, “position T478” is the

same as “‘consensus position T312”),

Figure 4: Structure models of PRRSV PLP2 domain based on the crystallographic
structure of Arteriviral PLP2 domain bound to Ub. A) Molecular model of the PLP2 domain
bound to ubiquitin from PRRSV strain Lelystad. B) Molecular model of the PLP2 domain bound
to ubiquitin from PRRSV strain VR-2332. C) Molecular model of the PLP2 domain bound to
ubiquitin from EAV strain Bucyrus. D) Table showing PRRSV PLP2 residues that are in place of
residues Thr 312, [le 313, Ile 353 of the EAV PLP2 domain. E) Table showing PRRSV PLP2
residues of two other strains that are in place of residues Thr 312, Ile 313, Ile 353 of the EAV
PLP2 domain.

Figure 5: Ub-binding site of the EAV PLP2 domain and comparative model of ISG1S5 bound
to the EAV PLP2 domain. A) EAV PLP2 (dark grey) bound to Ub (light gray), with the 612 A®
Ub-binding site shown as a surface. Residues targeted for mutational analysis to disrupt DUB and
delSGylating activities are indicated by arrows. B) Close-up of the EAV PLP2-Ub binding
interface. EAV PLP2 residue Ile353 forms van der Waals interactions with Ile44, LeuS8, and
Val70 of Ub, whereas residues Thr312 and Ile313 interact with a hydrophobic patch on Ub
(formed by residues Leu, Val70, Leu71, and Ile73) closer to the active site of PLP2. C)
Comparative molecular model of the EAV PLP2 domain bound to ISG15. The model was
constructed by superposing the C-terminal Ub-like domain of ISG15 (from PDB 1Z2M) onto the
Ub molecule of the EAV PLP2-Ub complex. The model predicts that the EAV PLP2 domain
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binds [SG15 such that it can accommodate the additional bulk present on ISG15 that is absent in
Ub. D) Close-up of the modeled EAV PLP2-ISG15 binding interface showing a hydrogen
bonding interaction between residues Asn89 of ISG15 and Thr312 of the EAV PLP2 domain
believed to be important for ISG15 binding.

Figure 6: Decoupling of the polyprotein processing and DUB activities of the EAV PLP2
domain.

A) HEK293T cells were transfected with plasmids encoding nsp2-3 containing wild-type or
mutant PLP2. After 16 h at 37°C, cells were lysed and results were analyzed by Western blot.
Proteolytic processing of the nsp2|3 junction by wild-type PLP2 resulted in the release of HA-
tagged nsp2 from the nsp2-3 precursor. Except for mutant C270A/H332A, which is catalytically
inactive (van Kasteren et al., 2012), all mutants displayed efficient processing of the nsp2|3
cleavage site.

B) HEK293T cells were transfected with a combination of plasmids encoding nsp2-3 containing
wild-type or mutant PLP2 and FLAG-Ub. Expression of FLAG-UD leads to FLAG-tagged
ubiquitination of a wide range of cellular proteins, which can be visualized on Western blot using
an anti-FLAG antibody. Expression of wild-type PLP2 strongly decreased ubiquitination, while
expression of the C270A/H332A mutant did not. Ub-binding site mutants showed varying
degrees of DUB activity, with phenotypes ranging between wild-type and the active site mutant.

Figure 7: PLP2 Ub-binding site mutations attenuate inhibition of IFN-f promoter
activation.

A) Luciferase-based reporter assay to assess the effect of various PLP2 Ub-binding site mutations
on inhibition of IFN-B promoter activity. HEK293T cells were transfected in quadruplicate with a
combination of plasmids encoding firefly luciferase under control of the IFN-B promoter, renilla
luciferase, RIG-I2carp), and nsp2-3 containing wild-type or mutant PLP2. Wild-type PLP2
strongly inhibited activation of the IFN-B promoter, while the active site mutant showed only
minor inhibitory activity. Ub-binding site mutants showed varying degrees of inhibition. Data
was obtained in three independent experiments and analyzed using an unpaired two-tailed
Student’s ¢ test. Error bars represent standard deviation and p-values are relative to wild-type.

B) Lysates obtained from the remaining wells in each of three experiments described under A

were mixed in a 1:1:1 ratio and analyzed by Western blot for the expression of nsp2-3.

Figure 8: HEK293T cells were transfected with a combination of plasmids encoding nsp2-3
containing wild-type or mutant PLP2, ISG15, and E1 (UbE1L) and E2 (UbcM8) enzymes.
Expression of [ISG15 and its E1 and E2 enzymes results in the [SGylation of a population of

cellular proteins, which can be visualized on Western blot using an anti-ISG15 antibody.
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Expression of wild-type PLP2 decreased ISGylation, while expression of the active site mutant

did not. Ub-binding site mutations had only a mild effect on delSGylating activity.

Figure 9: Quantitative real-time PCR. This figure shows the effect of several mutations in the
PLP2 domain on viral growth (quantification of EAV genome in Figure 9B) and and on
DUB/delSGylation activity (assayed by the quantification of [FNbeta mRNA induction as a result
of the infections in Figure 9A, which directly (reciprocally) correlates to the DUB-ISGylating
activity).

Figure 10: Mean body temperature of animals vaccinated with EAV-wt, the EAV mutant strain
EAV-PLP2 and non-vaccinated animals before and after challenge.

Figure 11: Mean EAV virus neutralizing antibody titers of animals vaccinated with EAV-wt, the

EAYV mutant strain EAV-PLP2 and non-vaccinated animals before and after challenge.
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A live attenuated vaccine comprising a replication-competent Arterivirus, characterized
in that said virus has a decreased DUB/delSGylating activity due to a mutation in the
PLP2 domain of the non-structural protein nsp2, and a pharmaceutically acceptable
carrier.

A live attenuated vaccine according to claiml, characterised in that the virus has a
mutation in at least 2 different consensus position regions chosen from the group
consisting of consensus position regions 296-297, 303-306, 309-319, 326-330 and 343-
355 according to the EAV numbering as depicted in figure 3.

A live attenuated vaccine according to claim 2, wherein the virus has a mutation in at
least 3 different consensus position regions of the said group of consensus position
regions.

A live attenuated vaccine according to claim 1, characterised in that the virus has a
mutation at one or more of the consensus positions T312, 1313 and 1353 according to the
EAYV numbering as depicted in figure 3, and a pharmaceutically acceptable carrier.

A live vaccine according to any of the claims 1 to 4, characterised in that said Arterivirus
is selected from the group of viruses consisting of Equine arteritis virus (EAV) and
Porcine respiratory and reproductive syndrome virus (PRRSV).

A live vaccine according to claims 2 or 3, characterized in that said mutations in the
PLP2 domain are located at consensus position regions 296-297, 303-306, 310-318, 327-
329 or 343-354 according to the EAV numbering as depicted in figure 3.

A live vaccine according to claim 6, characterized in that said mutations in the PLP2
domain are located at consensus position regions 296-297, 303-306, 311-317, 328, 343-
346, 347-348 or 350-353 according to the EAV numbering as depicted in figure 3.

A live vaccine according to claim 7, characterized in that said mutations in the PLP2
domain are at consensus positions T312, [313 or I353.

A live vaccine according to claim 8, characterized in that said Arterivirus is EAV and
said mutations in the PLP2 domain are chosen from T312A, 1313V, I353A, I353R,
13538, I353T or I353W.

A live vaccine according to claim 4, characterized in that said virus comprises at least 2
mutations, each of which contributes to a decreased DUB/delSGylating activity.

A live vaccine according to any of the preceding claims, characterized in that said
vaccine comprises an additional immunogen of a virus or micro-organism pathogenic to
the animal to be vaccinated, an antibody against said immunogen or genetic information
encoding an immunogen of said virus or micro-organism.

A live vaccine according to claim 11, characterized in that said the virus or micro-

organism pathogenic to the animal to be vaccinated is selected from the group of
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Brachyspira hyodysenteriae, African Swine Fever virus, Nipah virus, Porcine Circovirus,
Porcine Torque Teno virus, Pseudorabies virus, Porcine influenza virus, Porcine
Epidemic Diarrheal virus (PEDV), Foot and Mouth disease virus, Transmissible gastro-
enteritis virus, Rotavirus, Escherichia coli, Erysipelo rhusiopathiae, Bordetella
bronchiseptica, Salmonella cholerasuis, Haemophilus parasuis, Pasteurella multocida,
Streptococcus suis, Mycoplasma hyoprneumoniae and Actinobacillus pleuropneumoniae.

13) A live vaccine according to claim 11, characterized in that said the virus or micro-
organism pathogenic to the animal to be vaccinated is selected from the group consisting
of Equine Influenza virus, Clostridium tetani, Equine Herpesvirus 1 and Equine
Herpesvirus 4.

14) A method of making a replication-competent Arterivirus which has a decreased
DUBY/delSGylating activity due to a mutation in the PLP2 domain of the non-structural
protein nsp2, characterised in that the mutation is made by recombinantly introducing the
mutation.

15) A method according to claim 14, characterised in that the virus has a mutation in 2
different consensus position regions chosen from the group consisting of consensus
position regions 296-297, 303-306, 309-319, 326-330 and 343-355 according to the
EAYV numbering as depicted in figure 3.

16) A method according to claim 14, characterised in that the virus has a mutation at one or
more of the consensus positions T312, 1313 and 1353 according to the EAV numbering as
depicted in figure 3.

17) A replication competent Arterivirus obtainable by a method according to any of the
claims 14 to 16.

18) A replication-competent Arterivirus, characterized in that said virus has a decreased
DUB/delSGylating activity due to a mutation in the PLP2 domain of the non-structural
protein nsp2.

19) A PLP2-ubiquitin complex comprising ubiquitin and at least the PLP2 domain of nsp2 of
an Arterivirus, wherein said PLP2 domain is covalently bound to said ubiquitin, or a
PLP2-ISG15 complex comprising ISG15 and at least the PLP2 domain of nsp2 of an
Arterivirus, wherein said PLP2 domain is covalently bound to said ISG15.

20) A PLP2-ubiquitin complex or PLP2-ISG15 complex according to claim 19, characterized
in that said Arterivirus is selected from the group of viruses consisting of EAV and
PRRSV.
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Residues of PRRSV PLP2 domains predicted to bind Ub based on

structure/function studies of the EAV PLP2 domain

PLP2 domain: PRRSV (Lelystad) PRRSV (VR-2332) EAV (Bucyrus)
Functionally Thr 478 Ala 486 Thr 312
homologous Val 479 Leu 487 lle 313
Residues:

Val 520 Cys 528 lle 353

Figure 4D
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Residues of PRRSV PLP2 domains predicted to bind Ub based on
structure/function studies of the EAV PLP2 domain

PLP2 domain: PRRSV (DV) PRRSV EAV (Bucyrus)
(PrimePac)
Functionally Thr 478 Ala 486 Thr 312
homologous Val 479 Leu 487 lle 313
Residues:
Val 520 Cys 528 lle 353

Figure 4E
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A live attenuated vaccine comprising replication-competent
Arterivirus characterized in that the virus has decreased
DUB/delISGylating activity due to a mutation in the PLP2
domain of the non-structural protein nsp2, a method of
making that virus as well as the virus per se.

2. claims: 19, 20

The crystal structure of the PLP2 complexed with either
ubiquitin or ISG15
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