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Abstract

Porcine reproductive and respiratory syndrome virus (PRRSV) is one of the most
economically destructive viruses affecting swine worldwide. In the U.S. alone, annual estimates
indicate losses to national swine herds of $664 million. PRRSV isolates can be divided into two
different genotypes, PRRSV-1 or PRRSV-2, which share only about 70% identity at the
nucleotide level. Previous work showed that pigs lacking CD163 expression on macrophages are
protected from PRRSV-2 infection (Whitworth et al., 2016). This receptor is composed of nine
scavenger receptor cysteine-rich (SRCR) domains and two proline-serine-threonine (PST)-rich
regions, one between SRCR6 and SRCR7, and one between SRCR9 and the transmembrane
region and cytoplasmic tail.

The purpose of the first study was to identify domains in CD163 that are necessary for
infection with a PRRSV-2 isolate. The model system consisted of transfecting HEK cells with
plasmids that expressed various CD163 domain deletions and an enhanced green fluorescent
protein (EGFP) tag. After two days, the cells were infected with a P129 isolate expressing red
fluorescent protein (RFP). The results showed that transfected cells possessing a deletion of the
101 amino acid SRCR5 or disruption of any of the conserved disulfide bonds within SRCR5 of
CD163 were resistant to infection. Deletion of the 16 amino acid PSTII domain also has a
negative impact on infection. The importance of both SRCR5 and PSTII domains in PRRSV
infection indicates that the viral protein complex on the surface of the virion may form multiple
contacts with CD163.

A recent study showed that CD163 pigs containing a SRCR5 domain swap with the
corresponding homolog SRCR8 from the hCD163L1 protein became resistant to PRRSV-1 but

not PRRSV-2 (Well et al., 2017), showing that the viruses recognize different peptide sequences



within SRCR5. An analysis of various studies that demonstrated the requirement of SRCR5 for
PRRSV infection showed that some SRCR5 deletion constructs retained the ability to sustain a
low-level of infection when retaining the SRCR4/5 inter-domain region, AHRK. Thus, the
purpose of the second study was to identify the minimum changes in SRCR5 and the SRCR4/5
interdomain region sufficient to make HEK cells resistant to infection with both PRRSV
genotypes. The results from this study showed that the insertion of proline-arginine (PR) after
amino acids 57 and 99 inhibits infection with a PRRSV-1 isolate, whereas PR insertion after
amino acids 8, 47, 54 and 99, inhibits PRRSV-2 infection. Furthermore, the deletion of the
SRCR4/5 interdomain sequence, AHRK, also blocks infection.

A monoclonal antibody (mAb) 2A10 was previously produced by immunizing pigs with
porcine alveolar macrophages and has been used in various CD163-related experiments. There is
currently no information regarding the location of the epitope recognized by this antibody,
therefore, the goal of the last study was to determine this. By western blot analysis,
immunofluorescence antibody assay and flow cytometry, we identified SRCR1 as the region
recognized by the mAb 2A10.

The data presented in this dissertation provided valuable tools for refinement of in vitro

receptor editing approaches for prevention of PRRSV or other swine diseases.
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economically destructive viruses affecting swine worldwide. In the U.S. alone, annual estimates
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regions, one between SRCR6 and SRCR7, and one between SRCR9 and the transmembrane
region and cytoplasmic tail.
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infection with a PRRSV-2 isolate. The model system consisted of transfecting HEK cells with
plasmids that expressed various CD163 domain deletions and an enhanced green fluorescent
protein (EGFP) tag. After two days, the cells were infected with a P129 isolate expressing red
fluorescent protein (RFP). The results showed that transfected cells possessing a deletion of the
101 amino acid SRCR5 or disruption of any of the conserved disulfide bonds within SRCR5 of
CD163 were resistant to infection. Deletion of the 16 amino acid PSTII domain also has a
negative impact on infection. The importance of both SRCR5 and PSTII domains in PRRSV
infection indicates that the viral protein complex on the surface of the virion may form multiple
contacts with CD163.

A recent study showed that CD163 pigs containing a SRCR5 domain swap with the
corresponding homolog SRCR8 from the hCD163L1 protein became resistant to PRRSV-1 but
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within SRCR5. An analysis of various studies that demonstrated the requirement of SRCR5 for
PRRSV infection showed that some SRCR5 deletion constructs retained the ability to sustain a
low-level of infection when retaining the SRCR4/5 inter-domain region, AHRK. Thus, the
purpose of the second study was to identify the minimum changes in SRCR5 and the SRCR4/5
interdomain region sufficient to make HEK cells resistant to infection with both PRRSV
genotypes. The results from this study showed that the insertion of proline-arginine (PR) after
amino acids 57 and 99 inhibits infection with a PRRSV-1 isolate, whereas PR insertion after
amino acids 8, 47, 54 and 99, inhibits PRRSV-2 infection. Furthermore, the deletion of the
SRCR4/5 interdomain sequence, AHRK, also blocks infection.

A monoclonal antibody (mAb) 2A10 was previously produced by immunizing pigs with
porcine alveolar macrophages and has been used in various CD163-related experiments. There is
currently no information regarding the location of the epitope recognized by this antibody,
therefore, the goal of the last study was to determine this. By western blot analysis,
immunofluorescence antibody assay and flow cytometry, we identified SRCR1 as the region
recognized by the mAb 2A10.

The data presented in this dissertation provided valuable tools for refinement of in vitro

receptor editing approaches for prevention of PRRSV or other swine diseases.
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INTRODUCTION

Porcine reproductive and respiratory syndrome virus (PRRSV) was first described in the
USA in 1987 as an infectious agent responsible for “mystery swine disease”. Clinical signs after
infection include reproductive failure during late gestation, respiratory distress in young pigs,
and poor growth performance (Keffaber, 1989). PRRSV consists of two species: PRRSV-1
isolates are of European origin while PRRSV-2 originated in North America. PRRSV-1 and
PRRSV-2 share ~70% identity at the nucleotide level. In addition, each species can be further
divided into several clades or substrains. PRRSV, along with the closely related mouse virus,
lactate dehydrogenase-elevating virus (LDV), are part of the Arteriviridae family,

Variarterivirinae subfamily (Gulyaeva et al., 2017). Recently, the two PRRSV species have been



placed in genus Betaarterivirus, with Ampobartevirus and Eurpobartevirus as corresponding
subgenuses. Subsequently, Betaarterivirus suid 1 species was created for the original PRRSV-1
and Betaarterivirus suid 2 species for the PRRSV-2, respectively. The progenitor virus for
PRRSV-1 was first isolated and sequenced in The Netherlands in 1991 (Wensvoort et al., 1991)
and named Lelystad virus. This was followed by the isolation of VR-2332 in North America
(Collins et al., 1992, Benfield et al., 1992), perhaps through the introduction of Russian wild
boar (Plagemann, 2003). A separate course of evolution in North America produced PRRSV-2.
Perhaps the most remarkable aspect of PRRS virus evolution is the simultaneous emergence of
PRRSV-1 and PRRSV-2, which produce similar disease signs and possess a similar
epidemiology/ecology. Therefore, PRRSV is a good example of how a virus with unique
biological properties is able to effectively exploit unique ecological niches created by the modern
swine industry.

The PRRSV genome possesses at least ten open reading frames (ORFs) flanked by a 5
leader and 3' untranslated region followed by poly-A tail. The nonstructural proteins, encoded by
ORF1la and ORF1b, possess protease, replicase and host gene modulation functions. The 3" end
of the genome codes for at least eight structural proteins translated from a nested 3'-coterminal
set of subgenomic mMRNASs possessing a common leader, a hallmark feature of the genus and the
Nidovirus order. The major structural proteins, GP5, matrix (M), and nucleocapsid (N) are
encoded by ORFs 5, 6, and 7, respectively. GP5 and M generally exist as a GP5-M heterodimer;
however, GP5 homodimers have been identified (Matanin et al., 2008). GP2, GP3, and GP4 are
minor surface glycoproteins (GPs) derived from ORFs 2, 3, and 4, respectively. Two very small
unglycosylated proteins—2b (or E) and 5a—are translated from ORF2b and ORF5a, respectively

(Johnson et al., 2011; Wu et al., 2001). In 2013, Kappes et al. described the association of the



nonstructural protein, nsp2, with the virion. However, there are no published data demonstrating
that anti-nsp2 antibodies possess neutralizing activity.

The topological features of the virion surface are described in Spilman et al. (2009), who
performed cryo-electron microscopy followed by tomographic reconstruction of purified virions
derived from MARC-145 cells infected with a PRRSV-2 isolate. The surface of the virion is
smooth, reflecting the predominance of short peptide sequences formed by the ectodomains of M
and GP5. A small number of protrusions rise above the surface, formed by the large ectodomains
of GP2, 3, and 4. The ectodomain regions of surface proteins are illustrated in Figure 1.1.

The targets for PRRSV infection are cells of monocyte/macrophage origin. It is this
interaction between the virus and macrophage that is responsible for respiratory distress and
immune modulation, which are associated with the onset of the porcine respiratory disease
complex (PRDC). Van Breedam et al. (2010) were the first to propose a detailed model
describing how PRRSV interacts with, and then enters, the macrophage host. In this model,
PRRSYV infection occurs in three steps, which incorporate interactions between PRRSV and three
different receptor molecules on the macrophage cell surface. The first step is the initial
interaction between the PRRSV M protein and heparin sulfate (HS) (Delputte et al., 2002).
Blocking or removing HS does not completely abrogate infection, suggesting that the virion—HS
interaction is relatively nonspecific and is designed to bring the virion into closer proximity with
the macrophage surface. The second step is a higher affinity interaction between the glycosyl
residues on GP5 and sialoadhesin (Sn) on the macrophage. Support for Sn as a PRRSV receptor
was initially based on the characterization of monoclonal antibodies (mAbs) prepared against
macrophage antigens, which inhibited PRRSV infection. Sn was identified as the ligand for one

of the mAbs. Further support for Sn comes from making PRRSV non-permissive cells



permissive for infection after transfection with a plasmid expressing a porcine Sn cDNA
(Vanderheijden et al., 2003). However, the acquisition of Sn by nonpermissive cells did not
result in productive infection. Therefore, the role of Sn is to bind PRRSV to the macrophage
surface; nonetheless, this interaction is not sufficient for virus internalization. The third step for
infection is internalization, uncoating of the virion, and the release of virus nucleic acid in the
cytoplasm. This step occurs through the interaction of the virion with CD163, a PRRSV receptor
first described by Calvert et al. (2007). CD163 was identified based on the screening of cDNAS
from a macrophage library that rendered PRRSV permissiveness to a non-permissive cell line.
As indicated in the model of VVan Breedam et al. (2010), CD163 is not an attachment factor or
surface receptor, but participates in the later stages of internalization and release of the viral
genome into the cytoplasm.

The role of Sn as the primary PRRSV receptor protein was first called into question by
Welch and Calvert (2010), who observed that the transfection of non-permissive PK-15 cells,
which lack Sn, with a plasmid vector expressing a CD163 cDNA was sufficient to render cells
permissive for PRRSV infection. Furthermore, pigs possessing a knockout of the SIGLEC-1
gene did not express Sn on macrophages but retained the ability to support PRRSV infection to
the same level as Sn wild-type pigs (Prather et al., 2013). One explanation for how SIGLEC-1
knockout pigs can support infection is based on the presence of alternative SIGLEC proteins,

such as SIGLEC-10, which can substitute for the SIGLEC-1 protein (Xie et al., 2018).

CD163 as the sole receptor for PRRSV

Even though there exists a large body of work and several convincing arguments in

support of multiple PRRSV proteins interacting with multiple receptors and coreceptors on



macrophages and other pig cells, the overwhelming evidence supports the hypothesis that surface
expression of CD163 is necessary and sufficient to support PRRSV infection.

Porcine CD163 is a 130 kDa type | transmembrane protein and a member of the group B
protein cluster within the scavenger receptor cysteine-rich superfamily (SRCR-SF). Group B
proteins are involved in the regulation of cellular immune responses. Based on peptide sequence
homology and structure, group B proteins can be further divided into three subgroups. The first
subgroup consists of CD5, CD6, and SPa, which are expressed by T-cells and B-cells. The
second subgroup includes WC1, CD163, CD163-L1 and SCART, which are mostly found in
monocytes and macrophages. The third subgroup includes DMBT1, gp-340 and SAG, which are
involved in binding pathogens (Aruffo et al., 1991; Ligtenberg et al., 2007).

The porcine CD163 gene consists of 17 exons, which code for a peptide signal sequence
followed by nine SRCR domains consisting of approximately 100 amino acids in length. Each
domain possesses multiple cysteines, which form several internal disulfide bonds. SRCR6 and
SRCR7 domains are separated by a proline-serine-threonine (PSTI) polypeptide of 35 amino
acids. A second 16 amino acid PST domain, PSTII, connects SRCR9 with the transmembrane
domain, which is followed by a short cytoplasmic tail. A representation of porcine CD163
(pCD163) is shown in Figure 1.2. So far, only SRCR2, SRCR3 and SRCR5 are known to be
involved in biological processes. A 13-amino-acid motif in SRCR2 can bind erythrocytes and
bacteria (Fabriek et al., 2007, Fabriek et al., 2009). Hemoglobin-haptoglobin (Hb-Hp) complexes
are internalized after binding to SRCR3 (Kristiansen et al., 2001). SRCR5 participates in PRRSV
infection (Wells et al., 2017).

CD163 as a receptor for PRRSV was first described by Calvert et al. (2007). The results

showed that the transfection of non-permissive cell lines with CD163 cDNAs of simian, human,



canine, or mouse origin is sufficient to render cells fully permissive to infection. Furthermore,
Whitworth et al. (2016) showed that pigs possessing a knockout (KO) of the CD163 gene were
non-permissive for infection with a PRRSV-2 isolate. For these experiments, both CD163 KO
and WT pigs were comingled after infection, which allowed for the continuous exposure of the
CD163 KO pigs to virus shed by the infected WT pigs. In a subsequent study, macrophages from
CD163 KO pigs were shown to be resistant to infection with PRRSV-1 and PRRSV-2 (Burkard
etal., 2017).

Resistance to PRRSV infection localizes to a single CD163 domain, SRCR5. The
deletion of SRCRS in human embryonic kidney (HEK) cells transfected with CD163 cDNA
mutants (Van Gorp et al., 2010), or pigs lacking exon 7 in the pCD163 gene, are resistant to
PRRSV-1 infection (Burkard et al., 2018). Differences between PRRSV-1 and PRRSV-2 isolates
in the recognition of CD163 also localize to SRCR5. Macrophages from pigs possessing a
domain swap between pCD163 SRCR5 and an SRCR8 domain homolog from the human
CD163-like protein retain permissiveness to PRRSV-2 but are non-permissive to infection with
PRRSV-1 strains. This difference in recognition by PRRSV-1 and PRRSV-2 is located within
the 31 amino acid difference between human CD163-like SRCR8 and pCD163 SRCR5 (Figure
1.2). To date, the only available information on specific amino acid residues involved in the
recognition of SRCR5 by PRRSV is found in Ma et al. (2017), who prepared six pCD163
SRCR5 variants possessing substitutions of arginine or aspartic acid residues with alanine
residues, located along the SRCR5 polypeptide. A single arginine to alanine substitution at
position 561 in pCD163 SRCR5 was sufficient to significantly reduce infection of transfected

PK-15 cells. However, the requirement of R561 for PRRSV infection is unlikely, since the



human CD163-like SRCR8 domain possesses a naturally occurring histidine substitution at the
same 561 position (Figure 1.2).

Van Gorp et al. (2010) showed that other pCD163 domains, besides SRCRS, participate
in PRRSV infection. For these experiments, HEK cells were transfected with pPCDNA 3.1
expression plasmids possessing deletions in pCD163 or domain swaps with the human CD163-
like protein. Deletion of PSTII or SRCR 7-9 resulted in complete loss of infection. Deletion of

PSTI produced a significant reduction in infection (Figure 1.2).

The interaction between pCD163 and PRRSV glycoproteins

The corresponding PRRSV proteins involved in interacting with CD163 are described in
Das et al. (2010). For these experiments, plasmids containing ORF2 (GP2), ORF3 (GP3), ORF4
(GP4), or ORF5 (GP5) cDNAs were transfected singly or in combination into non-permissive
BHK-21 cells. High levels of PRRSV gene expression were attained by transfecting cells with an
expression plasmid that placed the PRRSV glycoprotein gene under the control of a T7 RNA
polymerase promoter, followed by infection of transfected cells with a vaccinia virus expressing
T7 polymerase. Immunoprecipitation (IP) was performed using monospecific polyclonal serum
or an antibody against flag-tagged PRRSV glycoproteins. As predicted, interactions were
observed between GP2, GP3 and GP4. Interestingly, GP4 coprecipitated with GP5. BHK-21
cells were made permissive for PRRSV infection after transfection with a pCD163 cDNA
plasmid. The BHK-CD163 cells were transfected with the different PRRSV GP plasmids and IP
performed using an anti-CD163 antibody. Only GP2 and GP4 formed specific interactions with

CD163. Together, these data confirm that GP2, 3 and 4 form a heterotrimer and that the



interaction with CD163 occurs through GP2 and 4. It is possible that GP2 and 4 form multiple
interactions between different domains in CD163.

As illustrated in Figure 1.1, GP2—4 possess multiple glycosylation sites. Das et al. (2011)
showed that all of the predicted N-glycosylation sites shown in Figure 1.1 are functional, but the
N-sites are glycosylated with different efficiencies. Figure 1.1 also identifies those glycosylation
sites on GP2, 3, 4, and 5 required for PRRSV infection. These observations are based on the
infection of cells with an infectious clone possessing N-glycosylation site mutations. For
example, an FL12 infections clone possessing a GP2 without the N184 glycosylation site was
unable to propagate in MARC-145 cells after electroporation of the infectious clone RNA. In
contrast, the removal of the N178 site had no effect on replication. For GP4, all four
glycosylation sites are conserved between PRRSV-1 and PRRSV-2 viruses (Figure 1.3).
However, the deletion of individual glycosylation sites in GP4 had no effect on FL12 replication.
In fact, infectious clones possessing deletions in individual N-glycosylation sites showed
increased virus yields compared to the parent FL12 virus. The enhancement of virus replication
in GP4 mutated viruses could not be explained. For GP5, Ansari et al. (2006) identified a
requirement for the N44 glycosylation site in the replication of FL12 mutant viruses.

As described above, CD163 in cells coprecipitates with GP2 and GP4. For GP2, there is
no correlation between the patterns of N-glycosylation, permissiveness of cells for infection, and
the ability of GP2 to interact with CD163. For example, even with the removal of the N184
glycosylation site, which blocked infection, GP2 retained the ability to interact with CD163. For
GP4, the removal of N37 and N84 glycosylation sites (Figure 1.3), which flank the putative
neutralization epitope, greatly reduced the interaction between GP4 and CD163, with the

unglycosylated form exhibiting the greatest reduction in binding.



Additional evidence for the importance of the GP2, 3, and 4 heterotrimer in the
interaction of virus with host cells is found in a large body of data supporting GP4 peptide
sequence domains as targets for neutralizing antibody. Kimpston-Burkgren et al. (2017)
constructed a chimeric virus composed of a PRRSV-1 SD01-08 infectious clone backbone
combined with ORFs 2-4 from a PRRSV-2 isolate, FL12. The chimeric virus, called SDFL24,
was replication-competent in MARC-145 cells and produced viremia following infection of pigs.
Vaccination of pigs with SDFL24 followed by challenge with FL12 or SD01-08 showed
significantly greater levels of protection in pigs challenged with FL12. This result demonstrates
that GP2—4 are antigen sources for homologous protection. This result was supported by high
levels of serum virus neutralizing activity in SDFL24 pigs against FL12, but not SD01-08.

PEPSCAN analysis of a PRRSV-1 proteome, Lelystad virus (LV), identified a reactive
oligopeptide, 57-GVSAAQEKISFG-68, in GP4 from LV-infected pigs (Vanhee et al., 2010),
Figure 1.3). Antibodies prepared against the oligopeptide neutralized the parent virus, LV, but
not PRSSV-1 isolates possessing the GP4 oligopeptides, 57-RVTAAQGRIYTR-68, or 57-

RTNTTQGKV----68 (underlined amino acids show the amino acid differences). A comparison

of several PRRSV-1 isolates shows that the GP4(57-68) region forms a hypervariable domain
(Vanhee et al., 2010). Presumably, the hypervariable domain is responsible for antigenic
variation in the epitope and eventual escape from neutralization by antibody. Further support for
the importance of GP4(57-68) is found in Costers et al. (2010), who characterized several
neutralizing mAbs prepared against LV. The mAbs reacted with the same GP4(57-68)
oligopeptide. Using a phage display approach to screen sera from pigs infected with the Danish
PRRSV-1 isolate, 111/92, Oleksiewicz et al. (2001) identified a reactive oligopeptide that

covered GP4(59-71). For PRRSV-2 isolates, the GP4(56-68) domain possesses a deletion of



three amino acids. As illustrated in Figure 1.3, the GP4(57—68) region is flanked by two N-
glycosylation sites, located at N37 and N84, suggest that these flanking sugar residues shield the
epitope from neutralizing antibody. Interestingly, the nucleotide sequence coding for the
GP4(57-68) epitope is located within the overlapping region between ORF3 and ORF4.

Even though the GP4(56-68) peptide sequence likely forms a major neutralizing epitope,
the participation of this peptide sequence in the formation of an interaction with CD163 remains
unclear. Recently, Chen et al. (2018) utilized a phage display library to identify peptide sequence
domains in CD163 that interact with GP4. Selection was based on the ability of phage to bind
immobilized recombinant GP4 derived from a PRRSV-2 isolate. The dodecapeptide,
WHEYPLVWLSGY (WHE), showed the highest affinity for GP4. The oligopeptide contains the
peptide sequence HEYPLYV, is similar to the sequence, HRKPRLYV (underlined are the identical
amino acids), located at the start of pCD163 SRCR5 polypeptide. A modeling computer
program—Spring On-line—identified the GP4(23-48) polypeptide as the predicted binding site

for the WHE oligopeptide.

PRRSV neutralization and escape from homologous and broadly neutralizing

activity through the GP5/M heterodimer

In previous work, we conducted virus neutralization (VN) assays using a panel of
PRRSV-2 strains along with a single PRRSV-1 isolate, LV. The results showed that pigs could
be placed into four distinct VN categories or groups (Popescu et al., 2017). Group 1 pigs possess
no detectable VN activity, even after vaccination and challenge. Group 2 pigs possess only VN
activity against the virus used for infection. This is the classic description of homologous VN

activity. Group 3 pigs neutralize more viruses than the one used for infection, but not all viruses
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in the panel. This is a good description of “heterologous” VN activity, where the breadth of
neutralization extends beyond the virus used for infection. And finally, Group 4 pigs possess
broad VN activity in serum, which further extends the capacity of to neutralize a broad range of
PRRSV-2 isolates to include PRRSV-1 strains (Robinson et al., 2015; Trible et al., 2015). For
experimentally infected pigs, only ~1% of pigs possess broadly neutralizing activity at 42 days
after infection.

We identify neutralizing epitopes for PRRSV by selecting for viruses that escape
neutralization in the presence of sera possessing homologous or broadly neutralizing activity.
The selection steps, described in Trible et al. (2015), begin with a 24-well plate in which every
well contains a different dilution of virus combined with a different dilution neutralizing serum.
After one-hour incubation at 37 °C, the entire well contents are transferred to a 24-well plate of
confluent MARC-145 cells. After four days of incubation, wells with the highest concentrations
of serum resulting in cytopathic effect (CPE) are pooled. For the second step, the concentration
of virus is increased by placing the pooled sample on MARC-145 cells in a T-25 culture flask in
the absence of anti-PRRSV serum. After three days, the virus is harvested, and the antibody
selection step repeated on a new 24-well plate. The selection process is complete when all wells
show CPE. To identify amino acids changes associated with escape, ORFs 2—7 corresponding to
the structural genes are sequenced and the amino acid sequence compared to the parent virus. We
prepared neutralization resistant viruses that escaped neutralization by homologous and broadly
neutralizing sera. The escape from homologous neutralization was mapped to mutations in a
hypervariable region in GP5, called HVR-2 in Figure 1.4. A deletion of the tyrosine at position
10 of the M protein in KS62 was associated with escape from broadly neutralizing serum. The

Tyr-10 deletion was next to the conserved cysteine at position 9, which forms a disulfide bond
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with Cys-48 in GP5. The importance of the Tyr-10 deletion was confirmed using reverse
genetics and an infectious clone to construct a recombinant virus with the same Tyr-10 deletion.
The recombinant deletion virus possessed all of the neutralization properties associated with the
parent virus possessing the Tyr-10 deletion. Other properties of the Tyr-10 deletion virus
included escape from broadly neutralizing sera from pigs infected with other viruses while
retaining sensitivity to serum possessing homologous neutralizing activity. These data show that
homologous and broadly neutralizing antibodies recognize different epitopes. Moreover, we
recognize that possibility that some of the antibody recognition sites may be more
conformational in nature.

As illustrated in Figure 1.4, the 61 amino acid ectodomain region of PRRSV-2 GP5
contains a peptide signal sequence along with two hypervariable regions (HVRSs). Mutations in
HVR-1 can create additional glycosylation sites and affect the location of the peptide signal
cleavage sites (Popescu et al., 2017). Two conserved N-glycosylation sites downstream of HVR-
1 are located at amino acid positions 44 and 51 for PRRSV-2, 46 and 53 for PRRSV-1, and 44
and 51 for LDV. Near the two N-glycosylation sites is a region occupied by a relatively
conserved linear epitope. By using a phage display approach, Ostrowski et al. (2002) identified a
peptide sequence, called Epitope B, which covered amino acids 37 to 45 of GP5. The peptide
sequence is found in a larger epitope characterized by Plagemann et al. (2002). In 2004,
Plagemann also identified similar epitopes in GP5 of PRRSV-1 and LDV (Figure 1.4). A second,
short hypervariable region, called HVR-2, is located just downstream of the N51 site (Delisle et
al., 2012). The escape of a virus from homologous neutralization is typically explained by the
process of antigenic variation in hypervariable regions of GP4 and GP5 (Vanhee et al., 2010;

Popescu et al., 2017). Figure 1.4 presents a proposed model to explain how a conserved linear
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epitope, such as the one identified in GP5, escapes neutralization by broadly neutralizing serum.
A possible explanation would be that mutations in the M protein, and HVR-1 and HVR-2 of GP5
can change epitope orientation in a manner sufficient to prevent antibody accessibility without
changing the conserved epitope’s peptide sequence or its function.

GP5 as a principal target for neutralizing antibody, is supported by research conducted
using LDV. Similar to PRRSV-1 and PRRSV-2, LDV GP5 (also known as VP3) possesses two
conserved glycosylation sites along with a third site at position 35. Naturally occurring strains of
LDV lacking the N35 and N45 sites show a tropism for motor neurons. The cytopathic removal
of neurons results in paralysis. Interestingly, the N35/N45 deletion viruses are removed in
response to the induction of a strong neutralizing antibody response by the mouse. The
remaining residual viruses eventually reacquire both glycosylation sites and become persistent
(Plagemann, 2001). A similar role for N-glycan shielding in GP5 of PRRSV was demonstrated
using reverse genetics of an infectious PRRSV-2 cDNA clone (Ansari et al., 2006). The results
showed that viruses lacking N44 were non-viable in culture, indicating a requirement of N-
glycosylation for replication. The removal of the N34 and N51 glycosylation sites resulted in the
increased sensitivity of recombinant viruses to neutralization by antibody from pigs infected with
the parent or recombinant viruses. Faaberg et al. (2006) observed enhanced neutralization
activity after infection of pigs with naturally occurring variants of VR-2332, which lacked
N30/N33 in GP5. Similar to LDV, the deleted N-glycosylation sites were reacquired during
infection of pigs (Vu et al., 2011). The restoration of N-glycosylation in GP5 resulted in

prolonged infection and the resistance of viruses to neutralizing antibody.
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SUMMARY

Stringent biosecurity measures along with the application of effective vaccines provide
the best strategy for the control and eventual elimination of PRRS. To date, modified live
attenuated viruses provide the greatest levels of protection, but fall short in a variety of areas.
Inactivated virus, subunit, and vectored approaches are important options, but their development
is stymied by a failure to provide protective immunity. The complex nature of the PRRSV
neutralization response remains a serious obstacle to vaccine development. Several neutralizing
epitopes have been identified within the PRRS viral proteins. PEPSCAN analysis identified a
short peptide sequence in GP4 of PRRSV-1 as a linear epitope recognized by a mAb with
neutralizing activity (Meulenberg et al., 1997). Moreover, Vanhee et al. (2011) characterized
additional neutralizing epitopes in GP2 and GP3 proteins of PRRSV-1. In another study done by
Zhou et al. (2006), mAbs against GP3 of PRRSV-2 were used to identify neutralizing epitopes.
Antigenic variation in the viral proteins provides a logical rationale for how viruses can escape
homologous neutralizing antibody, but antigenic variation in these proteins fails to explain a
broadly neutralizing response directed against highly conserved peptide sequences. A conserved
oligopeptide in GP5 flanked by glycosylation sites and hypervariable regions presents an “ideal”
broadly neutralizing epitope.

Disrupting the interaction between PRRSV and CD163 can be used as an approach for
vaccine development. This review describes an apparent conundrum regarding CD163, its
corresponding ligand, GP4, and the overall nature of broad virus neutralization, which appears to
localize to GP5. The epitope in GP5 is consistent with a broadly neutralizing epitope; however,
the molecular basis for the interaction of the peptide sequence with a corresponding receptor on

the macrophage remains unclear and raises an important question: Is there an unidentified cell
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receptor that interacts with the ectodomain of GP5? The preparation of a panel of mAbs
possessing homologous, heterologous, and broad neutralization activities is needed to address

this conundrum.
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Figure 1.1. Representation of porcine reproductive and respiratory syndrome virus-2
(PRRSV-2) virion surface proteins. The proteins are shown for a representative PRRSV-2
isolate. The minor glycoproteins GP2—4 form a heterotrimer protruding from the virion surface.
The surface is dominated by GP5-M heterodimers. The M protein is unglycosylated. The
position of the glycosylation sites (circles) for GP2-5 are from Das et al. (2011) and Ansari et al.
(2006). Asterisks show those N-sites required for infection (Das et al., 2011; Ansari et al., 2006).
The dashed line identifies the disulfide bond between GP5 and M. The structures are not drawn

to scale.
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Figure 1.2. Porcine CD163 organization and SRCR5 peptide sequence. This illustration
shows the location of the different domains in porcine CD163 (pCD163). The shaded regions are
domains that participate in PRRSV infection of cDNA transfected human embryonic kidney
(HEK) cells (Van Gorp et al., 2010). The peptide sequences show a comparison between SRCR5
of pCD163 and SRCR8 from the human CD163-like protein (Wells et al., 2017). The asterisk
shows the location of the R561A mutation described in Ma et al. (2017).
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Figure 1.3. Functional domains in PRRSV GP4. The locations of the N-glycosylation sites are
shown for PRRSV-2 (PRRSV-1 in parentheses). The neutralizing epitope—GP4(56-68)—is
described in Vanhee et al. (2010). Asterisks show amino acids shared by PRRSV-1 and PRRSV-
2. The GPI anchor for PRRSV-2 and the proposed CD163 binding domains are described in Du
et al. (2012) and Chen et al. (2018), respectively. The illustration is based on GP4 from
representative PRRSV-1 Lelystad (LV) and PRRSV-2 VR-2332 (VR), GenBank M96262.2 and
U87392.3, respectively.
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Figure 1.4. Effect of mutations in GP5 and M proteins on the orientation of a conserved
linear epitope. Amino acid mutations (shown in red) influence the orientation of a conserved
linear neutralizing epitope. The mutations are sufficient to block neutralizing antibody without
affecting how the oligopeptide functions in its interaction with the host cell. N-glycosylation
sites provide further shielding. The right-hand figure shows the location of the N-glycosylation
sites (circles) and putative neutralizing epitope (dashed lines) for representative PRRS viruses
and for lactate dehydrogenase-elevating virus (LDV).
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Chapter 2 - Receptor editing approaches for domains and regions of
CD163 that are involved in infection with a porcine reproductive

and respiratory syndrome virus-2 (PRRSV-2)

INTRODUCTION

Genetically modified pigs that lack the full-length CD163 receptor on macrophages are
completely resistant to PRRSV infection (Whitworth et al., 2016). Since CD163 is involved in
heme sequestration which leads to down-regulation of inflammation, deletion of the entire
protein would have important negative consequences. A study done by Van Gorp et al. (2010)
used an in vitro system to identify SRCR5 of CD163 as important for infection with PRRSV-1.
In this system, non-permissive HEK293T (HEK) cells were transfected with CD163 constructs
possessing different domain deletions and domain swaps from the human CD163-like
(hCD163L1) protein. Besides demonstrating the requirement of SRCRS5, other domains were
identified as important for PRRSV-1 infection, including PSTII, and SRCR6-9.

The purpose of this study was to identify regions in CD163 important for infection with a
PRRSV-2 isolate. The approach is similar to the method described in Van Gorp et al. (2010)
except that the CD163 cDNA is fused with enhanced green fluorescent protein (EGFP) and the
transfected cells are infected with a PRRSV that expresses red fluorescent protein (RFP).
Therefore, infection is easily identified by cells with green and red fluorescence. The results
showed that transfected cells possessing a deletion of the 101 amino acid SRCR5 or disruption of
any of the conserved disulfide bonds within SRCR5 of CD163 were resistant to infection.

Deletion of the 16 amino acid PSTII domain also made transfected cells resistant to infection.
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The results can be used in the construction of genetically modified pigs that are resistant to

PRRSV without affecting CD163’s other biological functions.

MATERIALS AND METHODS

Virus and cells. The PRRSV-2 isolate was originally derived from an infectious clone of P129
strain that translated a green fluorescent protein (GFP) from a separate subgenomic mRNA (Pei
et al., 2009). The GFP was replaced with a red fluorescent protein cDNA (RFP; Chand, 2013).
The virus was derived by first transfecting HEK293T (HEK) cells with the P129-RFP infectious
clone plasmid DNA and incubated for 48 hrs at 37 °C and 5% COz. The cell culture supernatant
from the infectious clone-transfected HEK cells was used for propagation of the virus on
MARC-145 cells. Three days after infection of confluent MARC-145 cells, the presence of
infection was confirmed by the presence of red fluorescence. The virus was further amplified by
passage on MARC-145 cells. For titration of the virus stocks, different passages of viruses were
serially diluted 1:10 on 96-well plates of MARC-145 cells. Dilutions were performed in triplicate
and the titration endpoint was determined after an incubation for 3 days at 37 °C and 5% CO2as
the last well showing red fluorescence. The logio 50% tissue culture infectious dose (TCIDso)/ml
was calculated according to the method of Reed and Muench (1938). The MARC-145 cells used
for virus propagation together with the HEK cells used for transfections were maintained in
MEM medium containing 7% FBS, Pen-Strep antibiotics (80 U/ml and 80 pg/ml, respectively)

and 3 pg/ml Fungizone.

Construction of CD163 N-terminal and C-terminal deletion mutants. The backbone for the

preparation of the deletion constructs was a porcine CD163 cDNA (GenBank Acc No. EU016226)
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cloned into a pcDNA3.1-EGFP expression vector, which was generously provided by Dr.
Dongwan Yoo, University of Illinois. The CD163 cDNA constructs possessing truncations from
the N-terminal end were prepared using the primers listed in Table 2.1 and illustrated in Figure
2.1A (see constructs B through H). The primers possessed Kpnl and Xbal restriction sites on the
5’ and 3’ ends, respectively. PCR amplification of the CD163 cDNA was performed using the
GoTaqGreen® Master Mix (Promega) according to manufacturer’s instructions. PCR conditions
included 95 °C for 2 min, followed by 30 cycles of 94 °C for 30 s, 65 °C for 30°s, and 72 °C for 2
min, and a final extension at 72 °C for 10 min. The PCR products were cloned into pCR®2.1-
TOPO® vector (Invitrogen) and transformed into One Shot® TOP10 chemically competent E. coli
cells (Invitrogen). The CD163 fragments containing Kpnl and Xbal sites were cloned into the
Kpnl-Xbal sites of the pcDNA3.1-EGFP vector at a 1:3 ratio of vector:insert. Plasmids were
transformed into One Shot® TOP10 chemically competent E. coli cells. Three clones per sample
were selected from the overnight plates and transferred into Luria-Bertani (LB) agar with 100
pg/ml of Ampicillin. Clones were screened by double digestion with Kpnl and Xbal for the
presence of the target insert.

Constructs that possessed deletions at the C-terminal end of the ectodomain region of
CD163 (see Figure 2.1A) incorporated primers with Pacl restriction sites followed by an
additional nucleotide that ensured the in-frame deletion (see Table 2.1). Deletions were made
using a long PCR protocol designed to amplify the desired CD163 fragment along with the entire
pcDNA3.1-EGFP plasmid (as described above). The PCR products were cut with Pacl and the
plasmid containing the deleted region re-circularized by ligation with Anza™ T4 DNA Ligase
Master Mix (Invitrogen), and then transformed into One Shot® TOP10 chemically competent

cells. The resulting CD163 deletion constructs retained intact transmembrane and cytoplasmic
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domains along with an additional Pacl site (see constructs I through O in Figure 2.1A). Finally,
Construct P, which only contained the extracellular SRCR5 and PSTII domains was prepared by

incorporating construct D in Figure 2.1 as a backbone for PCR amplification.

Removal of disulfide bonds in SRCR5. As illustrated in Figure 2.4, there are eight cysteines
that form four disulfide bonds in SRCR5 (Ma et al., 2016). Individual disulfide bonds were
removed by substituting one of the partner cysteines with an alanine. Alanine to cysteines
substitutions were made for C1, C3, C5 and C7. For C1, C3 and C5, the codons for two existing
proline-arginine dipeptides, located at positions 1 and 84 of SRCR5, were changed to Sacll sites.
The CD163-EGFP plasmid was cut with Sacll and the intervening DNA sequence replaced with
a synthesized fragment (IDT, Inc.) possessing Sacll restriction sites on the ends. The proper
orientation of the cDNA insert was confirmed by DNA sequencing. Since C7 is located near the
PR-84, the alanine substitution was made by amplifying the plasmid using a unique primer pair

possessing Sacll restriction sites and the codon for the alanine substitution (see Table 2.1).

Construction of the Exon 13 and Exon 14 mutants. The 16 amino acid PSTII is divided into
two regions; the Exon 13 region composed of 12 amino acids and the Exon 14 portion consisting
of the four amino acids, GRSS, which are on the external surface of the plasma membrane. The
remainder of Exon 14 includes the transmembrane domain and a portion of the cytoplasmic tail.
The Exon 13 and Exon 14 constructs incorporated primers that possessed Sacll restriction sites.
The Sacll sites were placed in a reading frame to code for alanines. These primers were used to

amplify the SRCR domains of interest using the full-length CD163 cloned in the pcDNA3.1-
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EGFP expression vector as described above for the CD163 deletion constructs. All constructs

retained the N-terminal signal peptide. The primers used for amplification are listed in Table 2.1.

Transfection of non-permissive HEK cells and infection with a PRRSV-2 isolate. The
CD163-EGFP generated constructs were transfected into HEK cells using FUGENE® HD reagent
(Promega) according to manufacturer’s instructions. Briefly, the day before transfection, cells
were plated on 24-well plates at a density of 8x10* cells/well. When the cells were 80-90%
confluent, the mixtures of plasmid and transfection reagent were added into the cell culture. At
24-48 hrs post-transfection, the cells were examined for the presence of EGFP expression under
a fluorescence microscope (Nikon ECLIPSE TE2000-S). The transfected HEK cells were
infected with the P129-RFP virus at a MOI of approximately 0.1. After 48 hrs, the infection of
CD163-expressing cells by PRRSV was clearly evident by the co-localization of green and red

fluorescence in the same cell.

Western blot. Cell monolayers on 24-well plates transfected with different CD163 plasmids
were analyzed by western blot. Two days post-transfection, the cells were washed once with cold
PBS and re-suspended in 300 pl NP-40 lysis buffer (Invitrogen). The remaining cell material was
removed with a cell scraper and transferred to a microcentrifuge tube. After 30 min on ice under
constant agitation, the supernatant was removed by centrifugation and proteins separated on a
10% SDS-PAGE gel. The SDS-PAGE gel was rinsed in PBS-Tween 20 (PBST) and the PVDF
membrane (0.45 um) was submerged in methanol for membrane activation, followed by rinsing
in double-distilled water for 10 minutes. Prior to assembly, the gel, filter paper (0.83 mm) and

PVDF membrane were soaked for 20 minutes in 1x transfer buffer (0.03 M glycine, 0.04 M tris
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base, 0.04% SDS, and 20% methanol). The blot apparatus was assembled, and electrophoretic
transfer performed on a Mini Trans-Blot® Electrophoretic Transfer Cell (BIO-RAD) following
the manufacturer’s instructions. After transfer, the membrane was blocked in PBS with 5% non-
fat dry milk (PBS-NFDM) for 1 hr at room temperature (RT). The CD163-EGFP fusion proteins
were detected with horseradish peroxidase (HRP)-conjugated goat anti-GFP antibody (R&D
Systems), diluted 1:1000 in PBS-NFDM and incubated for 1 hr at RT. Peroxidase activity was
visualized using a CN/DAB Substrate Kit (Thermo Scientific Pierce) according to the kit

instructions.

Flow cytometry for surface expression of CD163. At 48 hrs after transfection with CD163
plasmids, HEK cells were washed twice with PBS and detached with TrypLE™ Express
(Thermofisher Scientific) according to manufacturer’s instructions. Cells were adjusted to a
concentration of approximately 2x107 cells/ml in PBS with 10% mouse serum (PBS-MS) or goat
serum (PBS-GS) and a total volume of 100 pl of the cell suspension was placed in 12 mm x 75
mm polystyrene flow cytometry tubes. After a 15 min incubation at 4 °C, the cells were pelleted
by centrifugation and re-suspended in 100 pl of either R-Phycoerythrin (RPE) conjugated mouse
anti-porcine CD163 mAD at a concentration of 10 pg/ml in 2% PBS-MS (Clone 2A10/11, BIO-
RAD) or rabbit anti-CD163 pAb (Biorbyt) followed by incubation with goat anti-rabbit Alexa
Fluor 647 (AF647) conjugate. After a 30 min incubation on ice, the cells were washed twice with
2% PBS-MS/GS, brought to a final volume of 300-500 ul and analyzed on the BD LSR Fortessa
X-20 Flow Cytometer (BD Biosciences) with FCS Express 5 software (De Novo Software). A

minimum of 10,000 cells were analyzed for each sample. Unstained, GFP-only and RPE/AF647-
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only samples along with an isotype control consisting of HEK cells stained with an RPE-

conjugated mouse 1gG1 negative control (BIO-RAD) were included in each experiment.

RESULTS

Infection of HEK cells transfected with CD163 deletion mutants.

The experimental system used in this study incorporated a CD163-EGFP fusion protein
expressed in HEK cells followed by infection with a PRRSV-2 isolate expressing RFP. As
shown in Figure 2.2, infection of CD163 receptor-expressing cells is easily identified by the co-
localization of green and red fluorescence. The CD163 deletion constructs tested for PRRSV-
RFP permissiveness are shown in Figure 2.1A. All constructs produced EGFP fluorescence
within 48 hrs after transfection. Western blots stained with anti-GFP antibody confirmed that all
CD163-EGFP proteins migrated according to their predicted size (Figure 2.1C).

As shown in Figure 2.1B, the N-terminal deletion mutants B, C and D, which retained the
SRCR5 domain were positive for infection; whereas; the constructs E, F, G, which lacked
SRCR5, were negative for infection. The results for the C-terminal deletions lacking the PSTII
domain (constructs I, J, K), were negative for infection; even though constructs J and K retained
the SRCR5 domain. Constructs N and O, which were identical to J and K, but retained the PSTII
domain were positive for infection. Construct O, which lacked domains 8 and 9, showed reduced
infection compared to the wild-type CD163, Construct A. Construct P, which possessed only
SRCR5 and PSTII as external domains, was positive for infection, but at a greatly reduced level.
Staining live cells with anti-CD163 antibodies followed by flow cytometry confirmed that all

constructs expressed CD163 on the HEK cell surface (see Figure 2.3). The only exceptions were
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Construct H, which lacked the transmembrane domain for anchoring CD163 to the cell surface;
and Construct P, which lacked the epitopes recognized by the CD163 antibodies.

When taken together, the results showed that SRCR5 and PSTII are the major domains
required for infection with a PRRSV-2 isolate. Using a PRRSV-1 isolate, Van Gorp et al. (2010)

reported the same requirements for SRCR5 and PSTII.

All disulfide bonds in SRCR5 are required for infection.

As illustrated in Figure 2.4A, SRCR5 is predicted to possess four disulfide bonds formed
by the eight cysteine residues located at amino acid positions 10, 26, 39, 44, 70, 80, 90 and 100.
To investigate the role of disulfide bonds for PRRSV-2 infection, we removed individual
disulfide bonds by replacing the cysteines at C1, C3, C5 or C7 with alanine. As summarized in
Figure 2.4A, HEK cells transfected with the wild-type CD163 showed an infection rate of 61.2%
of EGFP expressing cells compared to 0.8% for the alanine substitution at C1; 1.0% for the
alanine substitution at C3; 1.2% for the alanine substitution at C5; and 1.3% for the alanine
substitution at C7. In order to confirm that the negative result in infection was due to the lack of
interaction with the PRRSV proteins and not due to the lack of surface expression, the constructs
bearing cysteines to alanine mutations were assessed by flow cytometry. As shown in Figure
2.4B, all constructs showed similar levels of surface expression when compared to the WT after
staining with the anti-CD163 mAb 2A10. These data showed that the disruption of any of the
disulfide bonds results in a dramatic reduction in infection and provides an explanation for the
protective effect of the partial deletion. Guo et al (2019) showed that deletion of a 41 aa region
within SRCR5 renders pigs resistant to PRRSV-2 infection. This data supports our hypothesis, as

deletion of this region corresponds to the elimination of three out of four disulfide bonds.
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Contributions of Exon 13 and 14 of PSTII to permissiveness.

The results in Figure 2.1 predict that PSTII is required for infection with a PRRSV-2
isolate. Therefore, we prepared a CD163 construct that lacked PSTII. As illustrated in Figure
2.5A and 2.5B, the 16 amino acid PSTII domain of porcine CD163 is composed of 12 amino
acids contributed entirely by Exon 13 combined with four amino acids, GRSS, contributed by
Exonl4. With this structure in mind, the removal of Exon 13 provides a convenient means to
genetically modify CD163. The contribution of the four amino acid peptide sequence in Exon 14
to infection was evaluated by replacing GRSS with three alanines (see Construct R in Figure
2.5B). The rationale for inserting the alanines was to create a spacer between SRCR9 and the cell
surface. As shown in Figure 2.5B, constructs A and Q were positive for infection, although
construct Q showed a lower level of infection compared to the WT CD163. In contrast, construct
R was negative for infection (Figure 2.5B). The negative infection result for construct R could be
the product of the absence of CD163 expression on the cell surface, a result of removing the
PSTII linker domain, located near the transmembrane. Therefore, transfected cells were stained
with anti-CD163 mAb, 2A10. All constructs showed surface levels of CD163 expression similar

to WT CD163 (see Figure 2.5C).

SUMMARY AND CONCLUSIONS
The genetic modification of pigs lacking CD163 expression on macrophages results in
the resistance of macrophages to infection with PRRSV-1 and PRRSV-2 isolates (Whitworth et
al., 2016). At the molecular level, the deletion of CD163 PSTII or SRCR5 domains in CD163 is
sufficient to block the infection of CD163-transfected HEK cells (see Figure 2.1 and Van Gorp et

al. (2010)). The importance of SRCR5 is further evident by the inability of macrophages from

29



genetically modified pigs to support infection with PRRSV-1 and PRRSV-2 isolates (Burkard et
al., 2017). In addition, Yu et al. (2020) generated SRCR5 deletion in MARC-145 cells using
CRISPR-Cas9 to show the requirement of SRCR5 in PRRSV-2 infection. However, a distinct
difference between PRRSV-1 and PRRSV-2 is found in how the SRCR5 domain is recognized
(Wells et al., 2017). For example, alveolar macrophages from pigs possessing a domain swap
between porcine CD163 SRCR5 and hCD163LI homolog SRCR8 support infection with
PRRSV-2, but not PRRSV-1 isolates.

To better understand the difference in how PRRSV-1 and PRRSV-2 recognize CD163,
experiments were performed to determine the effect of domain deletions in CD163 on
transfected HEK cells infected with PRRSV-2. This study shows that the requirement of SRCR5
or PSTII domain deletions on PRRSV infection is similar for PRRSV-1 and PRRSV-2 isolates.
The deletion of other domains, such as SRCR7, 8 and 9, had a lesser effect on infection. Van
Gorp et al., 2010 observed similar results using a PRRSV-1 isolate. Therefore, these data
indicate that the difference between PRRSV-1 and PRRSV-2 in the recognition of CD163
locates to SRCRS.

In addition to making whole deletions in SRCR5, Guo et al (2019) showed that making a
partial 41 bp deletion in SRCR5 was sufficient to provide resistance of pigs to PRRSV-2
infection. The rationale for preparing the partial deletion was to eliminate a ligand binding
pocket domain. However, an alternative explanation for resistance conferred by the 41 amino
acid deletion is the removal of conserved disulfide linkages, which are required to maintain the
tertiary structure of the cysteine rich SRCR5 domain. The crystal structure of SRCR5

polypeptide shows four disulfide bonds, which are formed by C1-C4, C2-C7, C3-C8, and C5-C6
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linkages. As illustrated in Figure 2.4, the 41 amino acid deletion eliminates three of the four
disulfide bonds.

The current model for the interaction between CD163 and PRRSV involves the
participation of a minor population of heterotrimers formed by the surface glycoproteins, GP2,
GP3 and GP4 (Das et al., 2010). GP2 and GP4 are co-precipitated with CD163 in pull-down
assays. The surface of the virion is also heavily populated by GP5-M homodimers. The fact that
both PSTII and SRCR5 are required for infection, but spatially separated from each other within
the CD163 protein, suggests that multiple viral envelope proteins may form multiple contacts

with CD163.
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Table 2.1. Primers for amplification of CD163 constructs shown in Figure 2.1. The
underlined nucleotides identify restriction sites; in italics is represented the nucleotide that
was added after the Pacl site to ensure an in-frame construct.

Construct  Primer Sequence

B F-GGTACCATGGGATCTGATTTAGAGATGAGG
R-TCTAGATTGTACTTCAGAGTGGTCTCC

C F-GGTACCATGGGAGCAGACCTGAAACTG
R-TCTAGATTGTACTTCAGAGTGGTCTCC

D F-GGT ACCATGCACAGGAAACCCAGGC
R-TCTAGATTGTACTTCAGAGTGGTCTCC

E F-GGTACCATGTACACACAAATCCGC
R-TCTAGATTGTACTTCAGAGTGGTCTCC

= F-GGTACCATGAGTGGTCAACTTCGCCTG
R-TCTAGATTGTACTTCAGAGTGGTCTCC

G F-GGTACCATGAAAATAAGACTTCAAGAAGGAAACACT
R-TCTAGATTGTACTTCAGAGTGGTCTCC

H F-GGTACCATGGGAAAAGACAAGGAG
R-TCTAGATTCTGAGCACGTCACAGC

| F-ATTATTAATTAAGTTTGTTGCACTTGCAATCTTTGGGGT
R-ATCATTAATTAAATTTAAGCAAATCACTCCAGCATCCTCAG

j F-ATTATTAATTAAGTTTGTTGCACTTGCAATCTTTGGGGT
R-ATCGTTAATTAATCTTGAGCAGACTACGCCG

K F-ATTATTAATTAAGTTTGTTGCACTTGCAATCTTTGGGGT
R-CAGTTTAATTAACTCTGAGCAGATGACTCCTGC

L F-CACTTTAATTAAGTACACACAAATCCGCTTGGTGAATG
R-CATATTAATTAAGGCTGAGCAGGTAATTTTGGCTTC

M F-ATTATTAATTAAGATTGCAAAGAGCCGAGAATCCCTACATG
R-ATCATTAATTAAATTTAAGCAAATCACTCCAGCATCCTCAG

N F-ATTATTAATTAAGATTGCAAAGAGCCGAGAATCCCTACATG
R-ATCGTTAATTAATCTTGAGCAGACTACGCCG

0 F-ATTATTAATTAAGATTGCAAAGAGCCGAGAATCCCTACATG
R-CAGTTTAATTAACTCTGAGCAGATGACTCCTGCCGCAGGAGTCATCTGCTGA

P F-ACACCCGCGGGAAATTGCAAAGAGCCGAGAATCCCTACA
R-CCACCCGCGGTGAGCAGACTACGCCGACGTCCC

0 F-CACACCGCGGCTTTTGTTGCACTTGCAATCTTTGGGGTCATTCTGT
R-CCCACCGCGGCTGTGGCATGTAGGGATTCTCGGCTCTTT

R F-CACACCGCGGGTCGCTCATCTTTTGTTGCACTTGCAATCTTT
R-AACACCGCGGCTGAGCACGTCACAGCAGCATCCT

C7to A  F-CAACCCGCGGCCTGACGGGACAGCCAGCCAC

R-ACAACCGCGGTGCTACTGGGCAGAGTGAAAGGTGGGACTC
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Figure 2.1. CD163 constructs used to identify domains involved in PRRSV-2 infection. (A)
Deletion mutants used in the transfection of HEK cells. Ovals and squares identify the SRCR and
PST domains, respectively. (B) Result for PRRSV infection of transfected HEK cells. Key:
(+++), similar to results for wild-type CD163 including numerous large clusters of infected cells;
(++), several small clusters of infected cells; (+), multiple single infected cells, but no clusters;
(+/-), a few scattered infected cells; (-), no detectable infected cells. (C) Results for western blots
using anti-GFP antibody for the detection of the CD163-EGFP fusion proteins.
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PRRSV-2

Figure 2.2. Co-localization of CD163-EGFP and P129-RFP in HEK cells. Non-permissive
HEK cells were transfected with different CD163 deletion constructs (represented in green). At
24-48 hrs post-transfection, the cells were infected with P129-RFP (represented in red). A
positive result for infection is recorded as a cell expressing both green and red fluorescence.
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Figure 2.3. Surface expression of CD163 constructs expressed in transfected HEK cells.
Letters refer to the constructs shown in Figure 2.1A. The top row of histograms are cells stained
with a rabbit anti-CD163 antibody prepared against an oligopeptide in SRCR9 (Biorbyt). The
bottom histograms show cells stained with a mouse mAb 2A10 (BIO-RAD). The GFP
expression is represented in green, the mAb 2A10 staining in red and the isotype control in gray.
Cells were stained 48 hrs after transfection. The CD163 staining results are shown as percentage
of CD163-positive cells from the GFP-positive gated population.
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Figure 2.4. Effect of cysteine to alanine substitutions in SRCR5 on PRRSV infection. (A)
Disulfide bonds in SRCR5 were removed by making cysteine to alanine substitutions at C1, C3,
C5 or C7. The locations of the different disulfide bonds are according to Ma et al. (2016). The
number above each cysteine is the location within the SRCR5 peptide sequence. The number in
parentheses is the fraction of infected cells compared to the wild-type CD163 as the positive
control. All infections were performed on the same 24-well plate. The percent of green cells
infected for the wild-type CD163 was 61.2%. The locations of the 41 amino acid deletion
described by Guo et al. (2019) and ligand binding pocket (LBP; bold underlined letters) are
identified in the SRCR5 peptide sequence. (B) shows the surface expression of CD163 for the
cysteine to alanine mutated constructs. The GFP expression is represented in green, the mAb
2A10 staining in red and the isotype control in gray. Cells were stained 48 hrs after transfection.
The mAb 2A10 staining results are shown as percentage of CD163-positive cells from the GFP-

positive gated population.
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Figure 2.5. Infection of HEK cells expressing CD163 PSTII constructs. (A) shows the
peptide sequence for the PSTII region covered by Exons 12, 13 and 14. The letters in bold show
the amino acid of the PSTII domain. (B) is a diagram of the PSTII constructs used for
transfection of HEK cells. The shaded box shows the location of the substitution of the GRSS
peptide sequence with three alanine residues. The key for infection is the same as described in
Figure 2.1. (C) shows the surface expression of CD163 for the PSTII constructs. The GFP
expression is represented in green, the mAb 2A10 staining in red and the isotype control in gray.
Cells were stained 48 hrs after transfection. The mAb 2A10 staining results are shown as
percentage of CD163-positive cells from the GFP-positive gated population.
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Chapter 3 - Peptide sequences in scavenger receptor cysteine rich
(SRCR) protein domain 5 of porcine CD163 involved in infection
with a porcine reproductive and respiratory syndrome virus

(PRRSV)

INTRODUCTION

Work by us and others (Van Gorp et al., 2010) showed the importance of SRCR5 for
infection with both PRRSV-1 and PRRSV-2 viruses. These results are supported by two recent
reports. Burkard et al. (2017) showed that pulmonary alveolar macrophages (PAMSs) or
peripheral blood monocyte-derived macrophages (PDMs) from genetically modified pigs
possessing a complete deletion of SRCR5 are resistant to infection with both viruses. Ma et al.
(2016) carried out structure-based mutational studies to identify that the arginine residue at
position 561 (Arg561) in the long loop region of SRCR5 is important for infection with two
PRRSV-2 isolates.

Wells et al. (2017) demonstrated that the substitution of CD163 SRCR5 with the human
CD163 like (hCD163L1) protein rendered macrophages and pigs resistant to infection with
PRRSV-1 isolates. However, pigs with the hCD163L1 domain swap retained the ability to
support replication of PRRSV-2 viruses. These results show that PRRSV-1 and PRRSV-2
recognize different peptide sequences within SRCR5 of CD163. Therefore, the overall goal was
to identify the minimum changes in SRCR5 sufficient to make cells resistant to infection with

PRRSV. Proline-arginine insertions (PR) in the SRCR5 polypeptide were used to identify
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regions involved in infection of transfected HEK293T (HEK) cells with PRRSV-1 or PRRSV-2
isolates.

An analysis of previous studies that demonstrated the requirement of SRCR5 for
infection showed that some SRCR5 deletion constructs retained the ability to sustain a low-level
of infection when retaining the SRCR4/5 inter-domain region, alanine-histidine-arginine-lysine
(AHRK). Therefore, mutations were created in the inter-domain region of a CD163-EGFP
construct. After transfection onto HEK cells, the permissiveness of each mutation was assessed
by infection with two PRRSV isolates.

The results from this study showed that the insertion of proline-arginine (PR) after amino
acids 57 and 99 inhibits infection with a PRRSV-1 isolate, whereas insertion of PR dipeptides
after amino acids 8, 54 and 99, inhibits PRRSV-2 infection. Furthermore, the deletion of the
SRCR4/5 interdomain sequence, AHRK, also blocks infection. Together, these mutant constructs

provide a means to express CD163 receptors that are resistant to PRRSV infection.

MATERIALS AND METHODS

Viruses and cells. The PRRSV-1 isolate, Lelystad, was grown on MARC-145 cells in media
containing 7% FBS, Pen-Strep antibiotics (80 U/ml and 80 pg/ml, respectively), 3 pg/ml
Fungizone, and 25 mM HEPES for 3 days at 37 °C in 5% CO.. The resulting virus were titered
on 96-well plates of MARC-145 cells by preparing 10-fold dilutions in a total volume of 200 pul
per well. Dilutions were performed in triplicate and the titration endpoint was determined as the
last well showing cytopathic effect (CPE). The logio 50% tissue culture infectious dose
(TCIDso)/ml was calculated according to the method of Reed and Muench (1938). The PRRSV-2

isolate, a P129 strain expressing a red fluorescent protein (RFP; Chand, 2013), was propagated
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and titered on MARC-145 cells similarly to the PRRSV-1 strain. The titration endpoint was
determined as the last well showing red fluorescence. All cell lines used in this study were

maintained in MEM medium with 7% FBS and antibiotics.

Preparation of AHRK SRCR4/5 interdomain constructs. The CD163 constructs used to study
mutations within SRCR4/5 interdomain are described in Table 3.2. The backbone for the
preparation of the constructs was a porcine CD163 cDNA (GenBank Acc No. EU016226) cloned
into a pcDNA3.1-EGFP expression vector generously provided by Dr. Dongwan Yoo, University
of Illinois. The mutations were obtained by using the PCR primers listed in Table 3.1 and a
LongAmp® Taq DNA Polymerase kit (New England Biolabs Inc.). PCR conditions included 94
°C for 30 s, followed by 30 cycles of 94 °C for 30 s, 65 °C for 1 min, and 65 °C for 8 min, followed
by a final extension at 65 °C for 10 min. The PCR products were re-circularized by ligation with
Anza™ T4 DNA Ligase Master Mix (Invitrogen) according to manufacturer's instructions.
Plasmids were transformed into One Shot® TOP10 chemically competent E. coli cells
(Invitrogen). Three clones per sample were selected from the overnight plates and transferred into
Luria-Bertani (LB) agar with 100 pg/ml of Ampicillin. The successful mutation of each construct

was confirmed by DNA sequencing.

Insertional mutagenesis of SRCR5. The insertion of proline-arginine (PR) dipeptides was
accomplished by the in-frame insertion of a Sacll restriction site into the pcDNA3.1-EGFP
expression vector. The primers are listed in Table 3.3. The intact p)cDNA3.1 CD163-EGFP plasmid
was used as PCR template and the entire plasmid amplified using LongAmp® Taq DNA

Polymerase as described above. The PCR products were cut with Sacll and the plasmid re-
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circularized by ligation with Anza™ T4 DNA Ligase Master Mix (Invitrogen) according to
manufacturer's instructions. Plasmids were transformed into One Shot® TOP10 chemically
competent E. coli cells. Constructs were screened by double digestion with Sacll and Xbal, in

order to confirm the addition of the Sacll restriction site.

Transfection and infection of HEK cells. Different CD163-EGFP deletion constructs were
transfected into HEK cells using FUGENE® HD reagent (Promega) as described below. The day
before transfection, HEK cells were plated on 24-well plates at a density of 8x10* cells/well and
after reaching 80-90% confluency, the mixtures of plasmid and transfection reagent were added
into the cell culture. After transfection, the cells were examined daily for the presence of EGFP
expression under a fluorescence microscope. Forty-eight hrs post-transfection, the cells were
infected with either Lelystad or P129-RFP at a MOI of approximately 0.1. The PRRSV-2
infected cells were detected by the co-localization of green and red fluorescence in the same cell.
At 3 days post-infection with Lelystad virus, the cells were washed with PBS and fixed
for 10 min with 4% paraformaldehyde at room temperature (RT), followed by permeabilization
with 0.1 Triton-X for 5 min at RT. For detection of infected cells, the wells were stained with
PRRSV N-protein-specific mAb (SDOW-17; Rural Technologies Inc.) diluted 1:1000 in PBS
with 1% FBS (PBS-FBS) (Sigma-Aldrich). After 1 hr of incubation at 37 °C, the cells were
washed with PBS and stained with Alexa Fluor 594-labeled anti-mouse IgG (Thermo Fisher
Scientific) diluted 1:400 in PBS-FBS. The plates were incubated for 30 min in the dark at 37 °C,

washed with PBS, and viewed under a fluorescence microscope.
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PRRSV-2 titration on transfected HEK cells and preparation of growth curves. CD163 WT,
PR-9, PR-55 and PR-100 constructs were transfected into HEK cells using FUGENE® HD reagent
as described above. At 48 hrs post-transfection, the cells were infected with 10-fold serial dilutions
of the P129-RFP recombinant virus at a starting concentration of 6.5 log10TCIDso/ml. After 48 hrs
of incubation at 37 °C in 5% CO,, the RFP-positive cells were counted in each well and the results
were shown as percent infection of CD163-positive cells after 3 individual experiments in

comparison to the wild-type.

Growth curve experiment. The wild-type, PR-9, PR-55 and PR-100 constructs were transfected
on HEK cells as previously described. After 48 hrs, the cells monolayers were infected in
quadruplicate with passage 3 of the P129-RFP recombinant virus at a 1:10 dilution for a final
volume of 1 ml/well. After 2 hrs of incubation at 37 °C in 5% COz, the inoculum was removed,
the cells were washed twice with PBS and fresh media was added to the cells. At 3, 12, 24, 36,
and 48 hrs post-infection, 200 pl were removed from each well and placed at -80 °C. The virus
stocks were thawed and clarified by centrifugation at 1100 x g for 10 minutes. The virus was
then serially diluted at 10-fold dilutions and was used to infect MARC-145 monolayers of cells
on 96-well plates in triplicate. After incubation for 3 days at 37 °C in 5% COg, the titration
endpoint was determined as the last well showing red fluorescence. The logio 50% tissue culture
infectious dose (TCIDso)/ml was calculated according to the method of Reed and Muench

(1938).

Measurement of surface expression of CD163 on transfected HEK cells. Forty-eight hours

post-transfection, cells were washed twice with PBS, detached with TrypLE™ Express
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(Thermofisher Scientific) and approximately 2x107 cells/mL were re-suspended in PBS with 2%
mouse serum (PBS-MS) and placed in 12 mm x 75 mm polystyrene flow cytometry tubes. Cells
were pelleted by centrifugation and re-suspended in 100 pl of 10% PBS-MS. After a 15 min
incubation at 4 °C, the cells were pelleted by centrifugation and re-suspended in 100 pl of R-
Phycoerythrin (RPE) conjugated mouse anti-porcine CD163 mADb at a concentration of 10 pg/ml
in 2% PBS-MS (Clone: 2A10/11, BIO-RAD). After a 30 min incubation at 4 °C, the cells were
washed twice with 2% PBS-MS and brought to a final volume of 300-500 ul and analyzed on the
BD LSR Fortessa X-20 Flow Cytometer (BD Biosciences) with FCS Express 5 software (De
Novo Software). A minimum of 10,000 cells were analyzed for each sample. Unstained, GFP-
only and RPE-only samples along with an isotype control consisting of HEK cells stained with

an RPE-conjugated mouse 1gG1 negative control (BIO-RAD) were included in each experiment.

Model prediction of the effect of PR insertions. Coordinates for CD163 SRCR5 were located
through the RCSB Protein Data Bank (PDB code 5JFB; deposited by Ma et al. (2016)). The
structural predictions for the proline-arginine (PR) insertion mutations were generated using the
PyMOL molecular graphics and modeling system (DeLano, 2002). The I-TASSER V5.1
simulator (Yang et al., 2015) was used for the refinement of the predicted conformational
changes. C-scores between 1.0 and 2.0 were considered highly accurate. For simulations that
gave multiple model structures, the prediction with the highest C-score value was chosen. For
visualization, the generated structures were loaded into the open source program, UCSF Chimera

(Petterson et al., 2004).
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RESULTS

The effects of modifications in the SRCR4/5 interdomain peptide sequence, AHRK, on
infection.

The peptide sequence, AHRK, is located between SRCR4 and SRCR5 domains. Table
3.2 shows the effect of mutations in AHRK on PRRSV-1 and PRRSV-2 infection. CD163
construct B, which possesses a complete deletion of AHRK produced a dramatic reduction in
infection with both PRRSV-1 and PRRSV-2. However, there were several differences between
viruses. For example, PRRSV-2 infection with HEK cells expressing the substitution of AHRK
with AAAA (construct C) showed reduced infection. Further substitution of AHRK with AAAK
(construct D), AARA (construct E), or AKKK (construct J) produced similar results. Examples
of how the insertion of an amino acid can affect infection are found in the results for constructs L
and M. However, when probed against a PRRSV-1 isolate, only constructs B and G showed a
great impact on infection when compared to the WT (construct A). All constructs showing a
reduced level of infection were further tested by flow cytometry for expression of CD163. As
shown in Figure 3.1, all inter-domain constructs showed high levels of CD163 surface
expression. Together, these results demonstrate that amino acid deletions, insertions and
substitutions within the SRCR4/5 interdomain region affect the ability of CD163 to function as a

receptor for PRRSV.

The effects of PR dipeptide insertions in SRCR5 on PRRSV-2 infection.
The approach for probing the regions within SRCR5 involved in infection incorporated
the insertion of single PR dipeptides located about every 10 amino acids along the 101 amino

polypeptide sequence. The results after infection of transfected HEK cells with P129-RFP,
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summarized in Figure 3.2, showed a wide range of infection rates. In general, PR insertions
located in the N-terminal half of the SRCR5 polypeptide had a greater impact on infection than
the mutations in the C-terminal half. Three PR insertions, PR-9, PR-55 and PR-100, produced
the greatest reduction in infection, with only a small percentage of CD163-EGFP cells showing
RFP fluorescence after 48 hrs. One possibility for decreased infection was that CD163 may not
have been expressed on the surface of the transfected HEK cells; thereby, preventing access of
the virus to the receptor. However, staining with the anti-CD163 mAb 2A10 by flow cytometry
confirmed that the mutant CD163 proteins were expressed on the cell surface (see Figure 3.3).
A more detailed analysis of the effect of the PR-9, PR-55 and PR-100 mutations on
PRRSV-2 infection was performed by conducting titration endpoint and growth curve
experiments on HEK cells expressing the different mutated CD163 proteins. Results for three
independent experiments, presented in Table 3.4, showed that for the WT CD163, 59.3% +/- 3.6
of EGFP-expressing cells were infected in the first well with an endpoint of 10 for two out of
the three experiments. In contrast, the infection of HEK cells expressing PR-9, PR-55 or PR-100
constructs showed only a few infected cells at the initial concentration of virus (between 0.8%
and 3.0% of infected EGFP-positive cells) and the endpoints for PR-9 and PR-100 were 1072,
The titration endpoint for PR-55 was 101, The results for the titration experiments were
supported by growth curves, shown in Figure 3.4. After infection for one hr and washing, the
residual virus remaining in the well was 4 logio TCIDso/ml for the mutant CD163 constructs. The
concentration of virus for HEK cells transfected with the wild-type CD163 increased over time;
reaching a peak of 7 logio TCIDso/ml, which represented a 3-log increase in virus concentration.
In contrast, virus infection of the PR mutants showed no increase in virus over time. In fact, the

amount of virus decayed, reaching undetectable levels for all three CD163 mutants by 36 hrs

45



after infection. These data show that cells expressing PR-9, PR-55 or PR-100 CD163 mutations
failed to support a productive virus infection.

Finer mapping studies were performed by making additional PR insertions around the
PR-55 mutation (see Figure 3.2B). A PR insertion placed just three amino acids downstream of
PR-55 showed no effect on infection. However, a PR insertion placed after VVal-47 reduced
infection to levels similar to the PR-55 mutation (Table 3.5). Attempts were made to insert PR

dipeptides between PR-48 and PR-55. However, no viable clones were obtained.

Effect of PR insertions on PRRSV-1 infection.

In a previous study, we showed that pigs possessing a domain swap of SRCR5 for a
homolog peptide sequence, SRCR8 from human-like CD163 were resistant to PRRSV-1, but not
PRRSV-2 (Wells et al., 2017). The peptide sequences for SRCR5 and SRCR8 possess a
difference of 31 amino acids, which are scattered throughout the polypeptide domain. In total,
the results support the idea that PRRSV-1 and PRRS-2 require SRCR5 but recognize different
peptide in SRCR5 for infection. The experiment represented in Figure 3.2 was repeated using a
PRRSV-1 isolate and the results summarized in Table 3.5. Only four of the 14 PR mutations
produced the same results for PRRSV-1 and PRRSV-2. Of the mutations that produced the
greatest effect on infection, there was only agreement for PR-100, which is located on the C-

terminal end of the SRCR5 polypeptide.

Effect of Glu to Lys substitution at position 58 (E58K) of SRCR5. The results in Table 3.5

show that the PR-58 insertion had no effect on PRRSV-2 infection, but a dramatic impact on

infection with the PRRSV-1 isolate. This observation is similar to the effect of the domain switch
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of SRCR5 for hCD163L1 SRCR8. A comparison of the SRCR5 and SRCR8 peptide sequence
shows a glutamic acid at position 58. Therefore, we hypothesized that Glu-58 was involved in
the resistance of SRCR8 to infection with PRRSV-1. As shown in Figure 3.5A, HEK cells
transfected with the mutated receptor or WT CD163 showed successful transfection at 48 hrs. In
order to demonstrate the importance of E58K, we carried out PRRSV-1 and PRRSV-2 infection
assays. At 2 days post-infection, cells were stained with PRRSV N-protein-specific mAb and
Alexa Fluor 594-labeled anti-mouse 1gG and visualized under a fluorescence microscope.
Similar to the WT, the E58K mutated receptor showed the same level of PRRSV-2 infection
(Figure 3.5A). In contrast, when probed for infection with PRRSV-1, the mutation resulted in a
lower level of infection (Figure 3.5A). Overall, the E58K receptor showed a 64.9% decrease in
permissiveness to PRRSV-1 (Figure 3.5B). These results are based on three independent

experiments.

Orientation of PR insertions within the SRCR5 and effect on secondary and tertiary
structures.

Based on the X-ray crystallographic structure of porcine CD163 SRCR5, reported in Ma
et al. (2016), we prepared a computer model of the predicted locations of the PR insertion
locations on SRCR5. Figure 3.6B shows the location and effect of each PR insertion on PRRSV-
2 infection. Even though the peptide sequence in Figure 3.2A shows that the PR-48 and PR-100
insertions are separated by 52 amino acids, they are brought together in close proximity within
the 3-D model structure. The PR-9 and PR-55 mutations are also located within the same
proximity, as are the PR-48 and PR-100 mutations. Based on the data in Table 3.5, it was

expected that the pattern of mutations affecting PRRSV-1 infection would be different from
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PRRSV-2. As illustrated in Figure 3.6A, the two mutations having the greatest effect on
infection, PR-58 and PR-100, overlap with the general region occupied by the PR-9-48-55-100
mutations shown in Figure 3.6B. The location of the mutations placed on a surface model of
SRCRS is illustrated in Figure 3.7. The locations for the different PR mutations associated with
PRRSV-1 or PRRSV-2 are located on the same face of the SRCR5 polypeptide.

The rationale for making the dipeptide PR insertions was the opportunity to affect
PRRSYV interaction by making localized disruptions in secondary structure. Ribbon models
showing the predicted effect of each PR insertion are illustrated in Figure 3.8 and summarized in
Table 3.6. The PR-100 mutation, which affects infection of transfected HEK cells by PRRSV-1

and PRRSV-2 isolates show no visible alteration of the SRCR5 structure.

SUMMARY AND CONCLUSIONS

Genetically modified pigs lacking only CD163 SRCR5 are completely resistant to
infection with PRRSV-1 or PRRSV-2 isolates (Whitworth et al., 2016). However, a distinct
difference between PRRSV-1 and PRRSV-2 is found in how the SRCR5 domain is recognized
(Wells et al., 2016). For example, alveolar macrophages from pigs possessing a domain swap
between porcine CD163 SRCR5 and hCD163L1 homolog SRCR8 support infection with
PRRSV-2, but not PRRSV-1 isolates. There are 31 amino acid differences between porcine
CD163 SRCR5 and hCD163LI SRCR8. The only available information on specific amino acid
residues involved in the recognition of SRCR5 by PRRSV was recently reported by Ma et al.
(2016), who prepared six SRCR5 variants possessing substitutions of arginine or aspartic acid
residues with alanine. The selection of amino acids for substitution was based on peptide

sequence comparisons between SRCR5 and the other eight CD163 SRCR domains. The results
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showed that a single arginine to alanine substitution at position 561, R561A, was sufficient to
reduce infection of transfected PK-15 cells. However, infection was only reduced by a single log.
It should be noted that human CD163-like SRCR8 possesses a naturally occurring histidine
substitution at the same 561 position. Since macrophages and pigs possessing a SRCR5 swapped
with a human SRCRS8 are susceptible to infection with PRRSV-2 isolates (Wells et al., 2017), it
is unlikely that the R561A mutation is important.

In the present study, the approach for identification of peptide sequences and structures in
SRCR5 involved in recognition by PRRSV was the insertion of single PR dipeptides along the
SRCR5 polypeptide sequence. One rationale for the insertion of a PR dipeptide is to produce
significant, but localized interruptions of primary, secondary and tertiary protein structures. On
first analysis, only the PR mutations PR-58 and PR-100 produced an impact on the PRRSV-1
infection (Table 3.5, Figure 3.6A). On the other hand, PR-9, PR-55, or PR-100 produced the
greatest impact on the PRRSV-2 infection of CD163-transfected HEK cells (see Table 3.5,
Figures 3.2A and 3.6B). Finer mapping within the PR-55 region identified a fourth mutation, PR-
48, which had a similar effect on PRRSV-2 infection (Figure 3.2B). Even though the relevant PR
insertions are scattered throughout the SRCR5 peptide sequence, they come together within the
folded protein (Figure 3.6B). The four mutations do not localize to ligand-binding pocket or CD6
loop 5-6 structure domains, which were previously described as putative PRRSV-binding sites
(see Figure 3.2A; Van Gorp et al, 2010; Graversen et al., 2002). The four PR mutations
encompass a possible binding pocket consisting of a two anti-parallel B strands and two opposing
loop structures. The PR insertions likely prevent the interaction between PRRSV and CD163, by
disrupting the antiparallel B strand structure, or by creating kinks in the opposing loop structures

(see Figure 3.8).
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Table 3.1. Primers for amplification of CD163 inter-domain constructs shown in Table 3.2.
The underlined nucleotides identify restriction sites.

Construct

Primer Sequence

B

F-AGCACCGCGGCCTGACGGGACATGTAGCC
R-ACAACCGCGGTGAGCAGGTAATTTTGGCTTCGT
F-ACACCCGCGGCTGGTTGGAGGGGACATTCCC
R-AACTCCGCGGTGCTGCGGCGGCTGAGCAGGTAATTTTG
F-ACACCCGCGGCTGGTTGGAGGGGACATTCCC
R-AACTCCGCGGTTTTGCGGCGGCTGAGCAGGTAATTTTGGC
F-ACACCCGCGGCTGGTTGGAGGGGACATTCCC
R-AACTCCGCGGTGCAGCGTGGGCTGAGCAGGTAATTT
F-TCAGCCGCAAGGGCTCCGCGGCTGGTTGGAGGG
R-AACCAGCCGCGGAGCCCTTGCGGCTGAGCAGGTAATTT
F-ACACCCGCGGCTGGTTGGAGGGGACATTCCC
R-AACTCCGCGGTTTCCTGGCGGCTGAGCAGGTAATTTTGGC
F-CACAGGAGGCCGCGGCTGGTTGGAGGGGACATTCCC
R-AACCAGCCGCGGCCTCCTGTGGGCTGAGCAGGTAAT
F-GCCCACAAGAAACCGCGGCTGGTTGGAGGGGACATTCCC
R-TCCAACCAGCCGCGGTTTCTTGTGGGCTGAGCAGGTAAT
F-AAGAAACCGCGGCTGGTTGGAGGGGACATTCCCTGC
R-AACCAGCCGCGGTTTCTTCTTGGCTGAGCAGGTAATTTTG
F-GGAAACCGCGGCTGGTTGGAGGGGACATTCCCT
R-ACCAGCCGCGGTTTCCTGTGATCTGAGCAGGTAATTT
F-CTAAACCGCGGCTGGTTGGAGGGGACATTCCCTGCT
R-AACCAGCCGCGGTTTAGCCCTGTGGGCTGAGCAGGTAATT
F-AGGAAACCGCGGCTGGTTGGAGGGGACATTCCCT
R-AACCAGCCGCGGTTTCCTAGCGTGGGCTGAGCAGGTAATT
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Table 3.2. Peptide sequence modifications in the SRCR4/5 that affect infection.

Peptide Sequence Infection*
Construct SRCR4 Inter-domain SRCR5 PRRSV-1 PRRSV-2

A KITCS AHRK PRLVG +++ +++
B ... —_——— ... + +/-
c ... .AAA L., +++ +/-
D ... JAAL L. +++ +/-
E ... JAA L. +++ +++
F ... .ALA L. +++ +/-
G ..., AL L. + +++
H ... ..R L. +++ +++
M L. ..K. Lo, +++ ++
N KK, L. +++ +/-
K ..., D...  ..... +++ +++
L ... AHRAK = ..... +++ +/-
M L. AHARK = ..... +++ +

*Key: ++++, infection of multiple cells with foci containing clusters of infected cells; +++,

fewer number of infected cells, but still possessing foci containing clusters of infected cells;
++, several single cells infected with virus; + a small number of cells showing infection; +/-
only one or two infected cells in the well.
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Table 3.3. Primer sequences for the preparation of SRCR5 mutations. Sacll restriction
sites are underlined.

Construct Primer Sequence
F-ATTACCGCGGCCCTGCTCTGGTCGTGTTG

PR9 RATTACCGCGGAATGTCCCCTCCAACCAGCC

op.gs  F-CACCCCGCGGGAAGTACAACATGGAGACACGTGGGG
R-ACCACCGCGGAACACGACCAGAGCAGGGAATGTC

or, F-ATTACCGCGGTGGGGCACCGTCTGTGATTC
R-GTGACCGCGGCGTGTCTCCATGTTGTACTTCAAC

op.ay F-TATACCGCGGCTGGAGGCGGCCAGCGT
R-CGCTCCGCGGAGAGAAGTCAGAATCACAGACGGTGC

orag  F-GATACCGCGGCTGTGCAGGGAACTACAGTGCGGCACT
R-TATACCGCGGCACGCTGGCCGCCTCCAGAGAGAA

op, F-ATCCCCGCGGCTACAGTGCGGCACTGTGGTTTCC
R-ATCACCGCGGTTCCCTGCACAGCACGCTGGC

oy FCACACCGCGGTGCGGCACTGTGGTTTCC
R-TAACCCGCGGCTGTAGTTCCCTGCACAGCACG

op4g F-CACACCGCGGGTTTCCCTCCTGGG
R-CCCACCGCGGCACAGTGCCGCACTGTAG

opss  F-CAACCCGCGGCACTTTGGAGAAGGAAGTGGACAGATCTGGGC
R-ACACCCGCGGAGCTCCCCCCAGGAGGGAAACCAC

opsg  F-CAACCCGCGGGAAGGAAGTGGACAGATCTGGGCTGAAGA
R-ATTACCGCGGTCCAAAGTGAGCTCCCCCCAGGA

orgy F-CAACCCGCGGCAGATCTGGGCTGAAGAATTCCAGTGT
R-CACACCGCGGTCCACTTCCTTCTCCAAAGTGAGCTCCC

org7 F-CACCCCGCGGGAATTCCAGTGTGAGGGGCACGAG
R-ACCCCCGCGGTTCAGCCCAGATCTGTCCACTTCC

op7g  F-AAGGCCGCGGTCACTCTGCCCAGTAGCACCCC
R-CACACCGCGGAAGGTGGGACTCGTGCCCCTCACA

orgg  F-CCGACCGCGGACATGTAGCCACAGCAGGGACGTC
R-TATACCGCGGCCCGTCAGGGCGGGGTGC

om0 F-COCGCCGCGGTGCTCAAGATACACACAAATCCGE

R-CAACCCGCGGGACTACGCCGACGTCCCTGC
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Table 3.4. Percent infection of HEK293T cells transfected with different PR dipeptide
insertion constructs*.

Exp. 1 Exp. 2 Exp. 3 Mean+/- SD
107! Dilution of Virus

WT 55.3 62.3 60.4 59.3+/-3.6
PR-9 2.1 3.0 1.6 2.2+/-0.7
PR-55 1.7 1.6 1.4 1.6+/-0.2
PR-100 0.8 1.1 1.2 1.0+/-0.2
102 Dilution of Virus

WT 28.5 28.5 30.6 29.2+/-1.2
PR-9 0.7 1.0 0.6 0.8+/-0.2
PR-55 0.0 0.0 0.0 0

PR-100 0.4 0.5 0.4 0.4+/-0.1
10" Dilution of Virus

WT 3.2 4.5 6.6 4.8+/-1.7
PR-9 0 0 0 0

PR-100 0 0 0 0

10 Dilution of Virus

WT 0 1.3 1.4 0.94/-0.8
10" Dilution of Virus

WT 0 0 0 0

*Cells were infected with different dilutions of P129-RFP
virus (starting concentration = 6.5 log1oTCIDso/ml). Results are
shown as percent infection of CD163-positive HEK293T cells
at 72 hrs after infection. Each experiment was performed on a
single 24-well plate. Transfection efficiency, as determined by
the percentage of green fluorescent cells for the CD163-EGFP
plasmid constructs was between 60 and 70% (data not shown).
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Table 3.5. Comparison of infection results for PRRSV-1 and PRRSV-2*.

Infection results
Mutation PRRSV-1 PRRSV-2

PR-9 +++ +/-
PR-15 +++ +++
PR-22 +++ +
PR-32 + +
PR-38 ++ +++
PR-42 +++ +++
PR-48 +++ +/-
PR-55 +++ +/-
PR-58 +/- +++
PR-62 ++ ++
PR-67 +++ +
PR-78 T++ T++
PR-89 + ++

PR-100 +/- +/-

*Gray shaded rows show viruses with the
same infection results. The key for results is
the same as described in Figure 3.2.
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Table 3.6. Effect of PR insertions on secondary structure of SRCR5*.

Name Mutation Effect on 2" Structure
PR-9 8-1s0-Pro-Arg-Pro No effect on 2" structure
PR-48 47-Val-Pro-Arg-Val Truncation of p4

PR-55 54-Ala-Pro-Arg-His Disappearance of 4
PR-58 57-Glu-Pro-Arg-Gly Disappearance of 4
PR-100  100-Val-Pro-Arg-Cys Truncation of g7

*The results are based on the structures illustrated in Figure 3.8. The
PR insertion is shown in bold for each mutation.
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Figure 3.1. Surface expression of CD163 interdomain constructs expressed in transfected
HEK cells. Letters refer to the constructs shown in Table 3.2. Surface expression of CD163
constructs expressed in HEK cells. The histograms show the GFP expression green, the mAb
2A10 staining in red and the isotype control in gray. Cells were stained 48 hrs after transfection.
The mAb 2A10 staining results are shown as percentage of CD163-positive cells from the GFP-
positive gated population.
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Figure 3.2. Location and effect of PR insertions in SRCR5 on PRRSV-2 infection. (A) The
SRCR5 peptide sequence is from GenBank No. EU016226. The arrows show the location and
direction of beta strands and the dotted lines, the location of alpha helices. The asterisks show the
location of the proline-arginine insertions. Below each construct is the result for infection of
transfected HEK cells. (B) Additional PR substitutions in the vicinity of PR-55. Key: (+++),
similar to results for wild-type CD163 including numerous large clusters of infected cells; (++),
several small clusters of infected cells; (+), multiple single infected cells, but no clusters; (+/-), a
few scattered infected cells; (-), no detectable infected cells.
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Figure 3.3. Surface expression of SRCR5 PR insertion constructs expressed in HEK cells.
The histograms show the GFP expression green, the mAb 2A10 staining in red and the isotype
control in gray. Cells were stained 48 hrs after transfection. The mAb 2A10 staining results are
shown as percentage of CD163-positive cells from the GFP-positive gated population.
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Figure 3.4. Growth curves for HEK293T cells transfected with wild-type and mutant
CD163 constructs. HEK cells transfected with different mutant constructs and after 24 hrs
infected with PRRSV P129-RFP. Two hours post-infection, the cells were washed, and media
was collected every 12 hrs. The TCIDsp was calculated by titration of viruses on MARC-145
cells. Results are shown for a single experiment.
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Figure 3.5. Effect of Glu to Lys substitution at position 58 (E58K) of SRCR5. (A) Non-
permissive HEK cells were transfected with either E5S8K mutation or WT CD163 (represented in
green). At 24-48 hrs post-transfection, the cells were infected with PRRSV-1 at a MOI of 0.1 and
with PRRSV-2 with a MOI of 1. Following staining against the PRRSV N-protein (represented
in red), a positive result for infection was recorded as a cell expressing both green and red
fluorescence. (B) The infection on HEK cells transfected with the E58K mutation was measured
as percent of PRRSV positive cells. Data represents means from three independent experiments.
A p < 0.05 indicates significantly reduced level of infection for PRRSV-1.
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Figure 3.6. Predicted location and of PR insertions in SRCR5. Each amino acid pair in the
ribbon structure identifies the location of each PR insertion. The structures are based on the
X-ray crystallography data deposited in RCSB Protein Data Bank (PDB code 5JFB) and viewed
using UCSF Chimera (Pettersen et al., 2004). The key for the infection rate for each mutation is

described in Figure 3.2.
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Green  Both PRRSV-1 and 2

Figure 3.7. Surface location of mutations in SRCR5 that affect PRRSV-1 and PRRSV-2
infection. The figure is a surface model showing the location of the PR insertions in color. Each
colored region represents the same dipeptides shown in Figure 3.2. Orientation A shows all
mutation sites. Orientation B shows a 180° rotation of the polypeptide.
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Figure 3.8. Predicted effects of PR insertions on the secondary structure of SRCR5. The
ribbon model structures were computer-generated using the same modeling software described in
Figure 3.6. The mutation name and C-value are shown for each structure. Red shows the location
for each insertion and the green represents the PR dipeptide. The wild-type structure is in the
middle.
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Chapter 4 - Characterization of monoclonal antibody 2A10 against

different porcine CD163 deletion constructs

INTRODUCTION

Several antibodies against the CD163 protein have been generated as useful tools in
studying its function or involvement in different processes. The monoclonal antibody (mAb)
2A10 was produced by immunizing pigs with porcine alveolar macrophages (Bullido et al.,
1997) and was shown to recognize the porcine CD163 expressed on cells of the
monocyte/macrophage lineage (Sanchez et al., 1999). Since then, the antibody has been used
extensively as a marker for differentiated macrophages, for confirming the presence or absence
of CD163 expression in different edited cell lines or pigs (Burkard et al., 2017; Wells et al, 2017)
and to block PRRSV infection in vitro (Van Gorp et al., 2008; Van Gorp et al., 2010).
Nonetheless, these previous studies that used CD163 deletion constructs showed that in some
edits, the mAb 2A10 fails to react with the recombinant proteins. Our hypothesis is that the
CD163 antibody recognizes an epitope that was deleted from those constructs. Therefore, the
purpose of this study is to identify the localization of the 2A10 epitope by using the large number

of CD163 deletion constructs that were previously generated.

MATERIALS AND METHODS

Preparation of the N-terminal deletion construct (construct B). To prepare this recombinant
N-terminal deletion construct, primers were designed with Kpnl and Xbal restriction sites on the

5’ and 3’ ends, respectively. The primers used for amplification and cloning of the construct are
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listed in Table 4.1. Wild-type CD163 cloned in pcDNA3.1-EGFP vector (construct A) provided
by Dr. Dongwan Yoo (University of Illinois, College of Veterinary Medicine, USA) was used as
a template. The fragment was amplified using the GoTaqGreen® Master Mix (Promega)
according to manufacturer’s instructions and a protocol as follows: 95 °C for 2 min, 30 cycles
(94 °C for 30's, 65 °C for 30 s, and 72 °C for 2 min), and 72 °C for 10 min. The PCR product
was cloned into pCR®2.1-TOPO® vector (Invitrogen) according to manufacturer’s instructions.
The plasmid was transformed into One Shot® TOP10 chemically competent E.coli cells
(Invitrogen), according to manufacturer’s instructions. Several clones per sample were selected
from the transformation plate and transferred into Luria-Bertani (LB) agar with 100 pg/ml of
Ampicillin. Clones were screened by double digestion with Kpnl and Xbal for the presence of
the target insert. The successful clone was double-digested with Kpnl (New England Biolabs
Inc.) and Xbal (New England Biolabs Inc.) and cloned in frame into the Kpnl-Xbal sites on the
original pcDNA3.1-EGFP vector using a 1:3 ratio vector:insert. The new plasmid was
transformed into One Shot® TOP10 chemically competent E.coli cells and three clones were

checked for the in-frame deletion of SRCR1 by DNA sequencing.

Preparation of the C-terminal deletion constructs (constructs C and D). For these
recombinant proteins, primers were designed with Pacl restriction sites followed by an additional
nucleotide that ensured the in-frame deletion (Table 4.1). As described above, wild-type CD163
in pcDNA3.1-EGFP vector (construct A) was used as a template. For this PCR we used the
LongAmp® Tag DNA Polymerase (New England Biolabs Inc.) with a protocol as follows: 94 °C
for 30 s, 30 cycles (94 °C for 30 s, 65 °C for 1 min, and 65 °C for 8 min), and 65 °C for 10 min.

The PCR products were digested with Pacl and religated using Anza™ T4 DNA Ligase Master
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Mix (Invitrogen) according to manufacturer's instructions and transformed into One Shot®
TOP10 chemically competent E.coli cells. Based on restriction endonuclease enzyme analysis

and DNA sequencing, E. coli colonies harboring plasmids with correct deletions were selected.

Transfection of HEK293T (HEK) cells. Constructs A through D were transfected into HEK
cells using FUGENE® HD reagent (Promega) according to manufacturer’s instructions. Briefly,
HEK cells were plated at a density of 8x10* cells on a 24-well plate. After 24 hrs, when the cells
were 80-90% confluent, the mixtures of transfection reagent and plasmid were added into the
cell culture at a 3:1 ratio. At 24-48 hrs post-transfection, the cells were examined for the
presence of EGFP expression under a fluorescence microscope (Nikon ECLIPSE TE2000-S) and
stained by immunofluorescence antibody (IFA) assay or analyzed by flow cytometry and western

blot.

Western blot analysis on transfected cells. Cell monolayers were washed once with cold PBS,
re-suspended in NP-40 lysis buffer (Invitrogen) and detached using cell scrapers. The detached
cells were placed on ice in 1.5 mL Eppendorf tubes for 30 min under constant agitation. Lysates
were centrifuged and the supernatants were loaded immediately into wells of 10% SDS-PAGE
gels at 150V for 45 minutes, according to manufacturer's instructions (Invitrogen). The proteins
were blotted onto 0.45 um PVDF membranes (Amersham), blocked using 5% non-fat dry milk
in PBS (NFDM) and incubated for 1 hr at room temperature (RT). Following the blocking step,
the membranes were washed with PBS-Tween20 and incubated with either horseradish
peroxidase (HRP)-conjugated goat anti-GFP antibody (R&D Systems), diluted 1:1000 in PBS-

NFDM or with mouse anti-porcine CD163 mAb (Clone: 2A10/11, BIO-RAD), diluted 1:500 in
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NFDM, followed by an incubation with HRP-conjugated goat anti-mouse 1gG antibody (KPL;
1:3000 dilution). After 1 hr of incubation at RT, the reaction was visualized using the CN/DAB
Substrate Kit (Thermo Scientific Pierce) by adding the substrate to the membrane and incubating
it for 5 to 10 minutes at RT until color developed. The reaction was stopped by rinsing the
membrane with double-distilled water. A picture of the membrane was acquired using the UVP
GelDoc-1t™ Imaging System. The membranes stained with the anti-CD163 antibody were run

under non-reducing conditions.

Indirect immunofluorescence assay on transfected cells. Forty-eight hours post-transfection
with the recombinant proteins, HEK cells were washed three times with PBS and fixed with 4%
paraformaldehyde (Thermofisher Scientific) for 10 min at RT and permeabilized with 0.1%
Triton-X for 5 min at RT. The cells were then incubated with mouse anti-porcine CD163 mAb
(Clone: 2A10/11, BIO-RAD), 1:200 dilution in PBS, for 1 hr at 37 °C. After three washes with
PBS, the cells were incubated with Alexa Fluor 594-conjugated goat anti-mouse IgG (H+L)
antibody (Thermofisher Scientific), diluted 1:400 in PBS, for 1 h at 37°C. The cells were
counterstained with DAPI for 5 min at RT, washed three times with PBS and examined under the

fluorescence microscope.

Measurement of surface expression by flow cytometry. Forty-eight hours post-transfection,
cells were washed twice with PBS and detached with TrypLE™ Express (Thermofisher
Scientific). Approximately 2x107/mL cells were re-suspended in an appropriate volume of PBS
with 10% mouse serum (PBS-MS) and incubated for 15 min at 4 °C. Cells were pelleted by

centrifugation and re-suspended in 100 ul of R-Phycoerythrin (RPE) conjugated mouse anti-
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porcine CD163 mAb (Clone: 2A10/11, BIO-RAD). After a 30 minutes incubation the cells were
washed twice with 2% PBS-MS and brought to a final volume of 300-500 ul and analyzed on the
BD LSR Fortessa X-20 Flow Cytometer (BD Biosciences) with FCS Express 5 software (De
Novo Software). A minimum of 10,000 cells were analyzed for each sample. GFP-only and
RPE-only samples along with an isotype control consisting of HEK cells stained with an RPE-

conjugated mouse 1gG1 negative control (BIO-RAD) were included in the experiment.

Production of recombinant SRCRL1 in E. coli. The porcine CD163 sequence (GenBank Acc
No. EU016226) was used for the preparation of the SRCR1 recombinant protein. The
corresponding nucleotide sequence was codon optimized for expression in E. coli and
synthesized by Integrated DNA Technologies (IDT). Sacll and EcoRI restriction sites were
incorporated into the 5’ and 3’ ends of the synthesized fragment. The SRCR1 domain was cloned
into a pHUE bacterial expression vector which expresses a 6xHis ubiquitin fusion protein
(Catanzariti et al., 2004). The plasmid was transformed into E. coli BL21 (DE3) competent cells
(New England Biolabs) and the successful cloning of the SRCR1 domain was confirmed by
DNA sequencing. For the purpose of recombinant protein expression, BL21 cells containing the
pHUE plasmid and the SRCR1 protein, were grown in LB media at 37 °C until the optical
density (OD600) reached the 0.4-0.6 range. Protein expression was induced by the addition of
Isopropyl B-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.1 mM. After addition
of IPTG, the bacterial cells were grown for an additional 4 hours and then harvested by
centrifugation 4000 x g for 10 minutes. Aliquots of 1 ml were taken at 0 hr and 4 hrs after the
addition of IPTG. The aliquots were pelleted and suspended in 100 ul of SDS sample buffer

(sodium dodecyl sulfate with Tris-HCI1 pH 6.8, glycerol, -mercaptoethanol,
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ethylenediaminetetraacetic acid (EDTA) and bromophenol blue) for analysis by SDS-PAGE.
The recombinant protein was purified from the bacterial pellet using PrepEase His-Tagged
Protein Purification Kit (USB), using a protocol incorporating 0.3% Sarkosyl and 0.5 M CAPS
buffer. Affinity purification was performed on a nickel column that captures the 6x His-tagged
protein and the purity assessed by SDS-PAGE. Specificity of the recombinant protein was
verified by western blot as described above using either an anti-His tag mAb (Clone J099B12,;
Biolegend; 1:1000 dilution) or the anti-CD163 mAb (Clone 2A10; 1:500 dilution), followed by
incubation with an HRP-conjugated goat anti-mouse 1gG (KPL; 1:3000 dilution). The results
were visualized using the CN/DAB Substrate Kit (Thermo Scientific Pierce) by adding the
substrate to the membrane and incubation at room temperature until the color developed. The
reaction was stopped by rinsing the membrane with double-distilled water. A picture of the

membrane was acquired using the UVP GelDoc-I1t™ Imaging System.

RESULTS

Reactivity of anti-CD163 monoclonal antibody in HEK cells transfected with different
CD163 constructs.

The reactivity of the mAb 2A10 was first assessed by western blot, IFA and flow
cytometry against different CD163 deletion constructs that were transfected into HEK cells. This
approach was used for identification of the region recognized by the mAb 2A10. The different
CD163 deletion constructs used in this study are represented in Figure 4.1A. As shown in
Figures 4.1B and 4.1C, at 48 hrs post-transfection, the HEK cells expressing CD163 constructs
fused to enhanced green fluorescent protein (EGFP) were analyzed by western blot using either

an anti-GFP Ab (see Figure 4.1B) or the mAb 2A10 (see Figure 4.1C). When detected using the
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anti-GFP Ab, all constructs (A through D) resulted in a band of the predicted molecular weight
(Figure 4.1B) whereas, only constructs A, C and D reacted positively when tested on a western
blot against the mAb 2A10 (Figure 4.1C). The result suggests that the anti-CD163 mAb 2A10
recognizes an epitope within CD163 SRCR1 under non-reducing conditions. This seems to be in
accordance with the results from the IFA and flow cytometry assays on the HEK cells
transfected with different CD163 constructs. As shown in Figures 4.2 and 4.3, the anti-CD163
mAD failed to recognize construct B, whereas constructs C and D were recognized at a similar
level compared to the WT CD163 (construct A). Taken together, these data show that the
negative result seen in construct B comes from the lack of specificity of the antibody against

SRCR1, rather than from a conformational change and therefore absence of recognition.

Specificity of mAb 2A10 against SRCR1 recombinant protein.

In order to confirm the results from the first experiments, SRCR1 from the porcine
CD163 was cloned in a pHUE expression vector. This E. coli expression vector was used
because of its 6x histidine tag and ubiquitin; the His tag allows for simple affinity column
purification and the fusion of cloned proteins to ubiquitin increases the bacterial expression and
solubility of the peptides. The expression and purification of the SRCR1 recombinant protein
resulted in a band of the predicted molecular weight (Figure 4.4A). The purified protein also
reacted positively when tested on a western blot against the anti-histidine antibody, confirming
the successful cloning in the pHUE vector (Figure 4.4B). Using the purified SRCR1 recombinant
protein, the mAb was also tested for its reactivity on a western blot. As shown in Figure 4.4C,
the antibody specifically detected a protein band just above the 10 kDa protein marker, which

corresponds to the predicted size of the recombinant protein.
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SUMMARY AND CONCLUSIONS

There is currently no information regarding the location of the epitope recognized by the
commercial anti-CD163 mAb (Clone 2A10). Based on their limited CD163 deletion constructs,
Van Gorp et al. (2010) showed that the epitope recognized by this antibody is present in one of
the first three N-terminal domains but failed to point to a more accurate location. The approach
used in our study relies on the systematic deletion of individual SRCR domains in CD163 that
allows for a more accurate localization of the epitope. We successfully generated different
constructs (see Figure 4.1A) that we transfected in HEK cells which do not express CD163;
according to the western blot, IFA and flow cytometry data (see Figures 4.1-4.3), this system
allowed us to identify SRCR1 domain as the region recognized by the anti-CD163 antibody.
Furthermore, in order to confirm the specificity of the antibody for the first N-terminal domain of
CD163, we cloned this region in a pHUE vector and expressed it in a bacterial system. As shown
in Figure 4.4, the mAb 2A10 recognized the SRCR1 recombinant protein under non-reducing
conditions. This result explains the inability of the anti-CD163 antibody to block PRRSV
infection (Van Gorp et al., 2010), as PRRSV has been shown to interact with CD163 SRCR5, not
SRCR1. Nonetheless, future studies are needed in order to identify the exact epitope within

SRCR1 that the antibody recognizes.
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Table 4.1. Primers for amplification of CD163 deletion constructs shown in Figure 4.1. The
underlined nucleotides identify restriction sites.

Construct Primer Sequence

F-GGTACCATGGGATCTGATTTAGAGATGAGG

B R-TCTAGATTGTACTTCAGAGTGGTCTCC

. F-ATTATTAATTAAGTTTGTTGCACTTGCAATCTTTGGGGT
R-ATCATTAATTAAATTTAAGCAAATCACTCCAGCATCCTCAG

5 F-ACTGCCGCGGCACAGTGGCGGCCGCTCGAGTCTAGAATG

R-ATCGCCGCGGGTACCAAGCTTAACTAGCCAGCTTGGGTCTCCC
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Figure 4.1. CD163 constructs used to characterize the CD163 mAb 2A10. (A) Deletion
mutants used in the transfection of HEK cells. Ovals and squares identify the SRCR and PST
domains, respectively. (B) Result for western blot using anti-GFP antibody for the detection of
the CD163-EGFP fusion protein. (C) Results for western blot using the anti-CD163 mAb 2A10.
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Nucleus CD163 expression mAb 2A10 staining Merged

Figure 4.2. Detection of CD163 expression in transfected HEK cells by immunofluorescence
antibody assay using the mAb 2A10. HEK cells were transfected with different CD163
deletion constructs and after 48 hrs were visualized under the fluorescence microscope for GFP
expression (green); the transfected cells were fixed and incubated with a CD163 specific mAb
(2A10 clone), followed by an incubation with Alexa Fluor 594-conjugated goat anti-mouse 1gG
secondary antibody (red). Cells were counterstained with DAPI (blue).
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Figure 4.3. Surface expression of CD163 deletion constructs expressed in HEK cells. The
histograms show the GFP expression green, the mAb 2A10 staining in red and the isotype
control in gray. Cells were stained 48 hrs after transfection. The mAb 2A10 staining results are
shown as percentage of CD163-positive cells from the GFP-positive gated population.
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Figure 4.4. Production of CD163 SRCR1 domain. (A) SDS-PAGE of His-tagged SRCR1
recombinant protein preparation, followed by Coomassie blue staining. (B) Western blot analysis

using anti-His tag mAb. (C) Western blot analysis using anti-CD163 mAb (2A10 clone). For all
panels, the left lane shows the molecular weight marker.
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Chapter 5 - Final remarks

Worldwide, porcine reproductive and respiratory syndrome (PRRS) is the most
economically challenging infectious disease to ever face the swine industry. As a result of
respiratory disease, reproductive failure and reduced weight gain in pigs, PRRS causes more than
$600 million in annual losses to the US industry (Holtkamp et al., 2013). For more than two
decades, vaccines have proved to be ineffective in controlling this disease and a new generation
of vaccines able to overcome the inability to provide broad cross-protection is most likely still
years away.

Recent studies have focused on gene editing as an alternative to cure PRRS. In 2016,
Whitworth et al. showed that genetically modified pigs lacking CD163, the PRRSV receptor, fail
to support infection by a PRRSV-2 isolate. Since CD163 is involved in different biological
processes, such as heme sequestration and modulation of inflammation, the deletion of the entire
CD163 protein has important negative consequences. This led to the identification of SRCR5 of
CD163 as the key component for PRRSV-1 infection. To demonstrate this, Van Gorp et al.
(2010) used an in vitro system based on non-permissive HEK293T (HEK) cells transfected with
cDNA possessing different CD163 domain deletions and substitution of SRCR5 and the human
CD163-like 1 (hCD163L1) protein homolog, SRCR8. However, pigs and macrophages carrying
the same domain substitution were resistant to PRRSV-1 infection, but not PRRSV-2.

Therefore, the first goal of this dissertation was to identify the CD163 domain involved in
recognition by PRRSV-2. The approach that we used involved the transfection of HEK cells with
various domain-deleted CD163 constructs fused to enhanced green fluorescent protein (EGFP)
followed by infection with a recombinant PRRSV expressing red fluorescent protein (P129-

RFP). This model system identified SRCR5 and Exon 13 region of PSTII as required for
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PRRSV-2 infection, similarly to the results reported by Van Gorp (2010). Together, the work
done by us and others showed that PRRSV-1 and PRRSV-2 recognize different peptide
sequences within SRCR5 of CD163 and that the SRCR4/5 interdomain region, AHRK, might
play a role in infection.

The second goal of this dissertation was to evaluate mutations in SRCR5 or SRCR4/5
interdomain region that confer different degrees of permissiveness to PRRSV infection. The
approach consisted of preparation of various amino acid mutations within the SRCR4/5
interdomain region along with insertion of proline-arginine (PR) dipeptides along the SRCR5
polyprotein that were probed against infection with PRRSV-1 and PRRSV-2. Based on the rate
of infection we identified similarities, but also differences in receptor recognition by the two
viruses. Future studies will be directed towards genetically modified pigs with promising CD163
modifications that will be tested for resistance to infection and the capacity of CD163 to retain
normal biological function.

The final goal of this dissertation was to identify the location of the epitope recognized
by the monoclonal antibody (mAb) 2A10, a commercial antibody widely used in CD163-related
studies. The approach used in our experiments was based on the systematic deletion of individual
SRCR domains in CD163. As shown by immunofluorescence antibody assay, flow cytometry
and western blot, the mAb 2A10 recognizes an epitope within CD163 SRCR1. Future studies
will use the same system to further map the exact location of the epitope that this antibody
recognizes.

The use of in vitro infection models provides comprehensive tools for understanding
virus-receptor interactions. The approaches described herein can be used as control strategies for

disrupting the interaction between CD163 and specific viral proteins. On a bigger picture, these
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various in vitro approaches based on the genetic modification of virus receptors on host cells
create the means to also understand the role of surface proteins in infection with different other

swine diseases.
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