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Abstract

Feline infectious peritonitis (FIP), a fatal immumediated disease, is caused by feline infectious
peritonitis virus (FIPV), the highirulence pathotype dfeline coronavirusHCoV). It is believed that the
FIPV is an accumulation of mutations of tlwvivirulence feline enteric coronavirus (FECV) favored by
extensive viral replication and transmission in a rnedti environment. However, the complete extent of
such etiological mutations has remained unestablishBae absence of FiBpecific clinicalsigns and
laboratory parameters further aggravates the diagnosis of FIP. Curem#gcurateFIP antemortem
diagnostic assaig uravailable. In this study, we aimed to establish a highlgitee FIPdiagnosticPCR
assay.

In the course of the invigation, we developed several quantitative 4t&#ak PCR (QRT-PCR)
targeting different genomic regisf FCoV, detecting FCoV via either mMRNA or genomic RNA (FIP M
gene mMRNA gRTPCR, FIP N gene mRNA gRFPCR, and FIP MN gene gRACR). We subsequently
evaluaedthe performance of the PGRy the use of thdevelopediuatlabelingimmunofluorescence (IF)
assay as the gold standaxtle concluded that the FIP MN gene gRTR is the most accurgféP diagnostic
assay, with 84% sensitivity at 100% specificity, resulting in 100% positive and 47% negative predictive
value. Upon discovering symmetrical distribution of the results in &l gene gRTPCRand the IF assay,
we evaluated the performance of the IF agsaysingthe MN gene gRTPCRas the gold standard. The IF
assay generated a%4ensitivity at 100% specificity, resulting in 100% positive 21 negative predictive
value Additionally, we pinpointeda seum albumin to globui  r at i avasthé moSmBIP-pertinent
clinical correlate We alsodetermined that mutations of the furin cleavage motif within the FCoV spike
protein that largely abrogate furin cleavage are associated with 58% of cases of FECV to FIPV conversion.

On the basis of this study, vestablishedhe FIP MN gene gR'PCR as a robust single assay that
greatlyovercomes the art@mortem diagnostic challenge of FIP. By demonstrating tHecalization of FIP
viral vesicles with macrophages, the high resolutié assay can be used as confirmatory FIP assay with

100% specificity.
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CHAPTER 1 LITERATURE REVIEW

1.1 BIoLOGY OF FELINE CORONAVIRUS

Classification and genome structure.Feline coronavirus (FCoV) belongs to the
family Coronaviridae order Nidovirales  Together with porcine transmissible
gastroenteritis virus (TGEV) and canine coronavirus dZC FCoV belongs to the
subfamily ofCoronaviridae genusAlphacoronavirusspecieg\lphacoronavirus 1 Feline
coronavirus is aenveloped, noisegmented singlstranded positiveense RNA virus. It
contains a large genome of ~30 kb in length, consisting of 11 putative open reading frames
(ORFs). The structural and accessory proteins occupies only abethiroin@ 0 kb, of the
viral genome, whereas the replicase gene encoding the nonstructural proteins (Nsps) makes
uptwot hi rd, about 20 kilobase (kb) of the ge
of the genome is capped and comprises an untranslated region (UTR) and selg@a€lece
that is responsible for RNA replication an
tail, allowing it to function as mMRNA for translation of the replicase and polyproteins (Fehr
and Perl man, 2015) . G e 1leadure UTR f rephcase 3piké i1 on 0 1
(S) - Envelope (E} Membrane (M)- Nucleocapsid (N} 3 Nj U ol (A) tail, with
accessory genes (8a, 7a and 7b) interspersed within

genome Fig. 1.1.7.
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Figure 1.1.1 Feline coronavirus genome organizationFCoV has a genome size of ~30 kb in length,
consisting of 11 putative open reading frames. The nonstructural proteins, ORF 1a and 1b occupies two
thirds, nearly 20 kb of the genome; the remaining structural and accesstaiyns make up only about ene

third, approximately 10 kb of the genom@&romTekes et al., 2008

Virion structure. The FCoV virion is nearly 125 nm in diameter as depicted in
Fig. 1.1.2. It consists of 4 structural proteins: spike (S) protegmbrane (M) protein,

nucleocapsid (N) protein, and envelope (E) protein.

Membrane protein Figure 1.12. Feline coronavirus
Nucleocapsid protein
RNA (FCoV) virion structure The size of

Spike protein FCoV virion is about 125 nm in

‘?ﬁ diameter. It contains 4 structural
e >~—" X

’ G proteins: spike (S) protein, membrane
|

W (M) protein, nucleocapsid (N) protein,
and envelope (E) protein. (From

Graham et al., 2013

The envelope is constituted of tig&protein, a 180to 200kDa glycoprotein
arranged in peplomers, which forms a large, bulbous surface projections of the virion, and

thus give it the appearance of a royal crown, giving the name, coronavirus. The S protein



is critical for cell entry and dermination of cell tropism, and thus is also the most variable
protein in the coronavirus genome (Licitra et al., 2013). It is a type | transmembrane
protein cleaved by a host cell furin protease intotemsinal (S1) domain responsible for
initial hostcell attachment and binding, and e&&minal (S2) domain responsible for the
subsequent fusion of host cellular and viral membrane. Due to the function of the S protein,
the S gene is considered the most variable region in the FCoV genome (Wu &%l., 20
In particular, the S1 domain is more variable than the S2 domain due to the intensive
immuneselectivepressure from host antibodies.

Several studies have investigated the correlation of functional mutations within the
S gene and a change of cellgism of the coronavirus (Chang et al., 2012; Licitra et al).
Different amino acid changes have been identified, yet not a single one has been confirmed
as the sole mutation that is responsible for the pathogenesis of feline infectious peritonitis
(FIP), which is caused by the pathogenic FCoV. The M protein-@t2kDa) is a smaller
protein with 3 transmembrane domains (Kuo et al., 2016). This protein is the most
abundant protein in the virion (Fehr and Perlman, 2015) and the essential component
involvedin virion morphogenesis (Neuman et al., 2011; Fehr and Perlman, 2015, Kuo et
al., 2016). The major function of the M protein is virion assembly and capture of other
structural proteins at the budding sites (Neuman et al., 2011). Also, the M genefis one o
the highly conserved regions of the coronavirus genome and therefore being used as a
target sequence for PCR testing (Simons et al., 2005). By detecting messenger RNA
(mRNA) of the M gene, the PCR is able to detect the active replication of the virus in

specimens, which is thought to be specific for FIP diagnosis (Simons et al)., 2005



The N protein (~ 50kDa) chaperones and packages the viral RNA genome to form
the flexible, helically symmetrical nucleocapsid (Fehr and Perlman, 2015). Its interaction
with M protein also enhances the efficiency of virion assembly (McBride et al., 2014; Fehr
and Perlman, 2015). As another conserved region of the coronavirus genome, the N gene
is also a target region for PCR design (Dye et al., 2008; Kiss et al., 200@Bat al.,

2003; Sharif et al., 2011; Balint et al., 2012The E protein (~9 kDa) is a small protein
that facilitates virion assembly and release (Kipar and Meli, 2014). Other properties of E
protein include artapoptosis during infection (Dediegt al., 2011) and an ion channel
function (Ruch and Machamer, 2012). Unlike M and N genes, the E gene is generally
highly divergent (Ruch and Machamer, 2012), however, whether this polymorphism of the
E protein sequence affect its function remains unoeted.

Life cycle. Infection of the host cell is initiated by interaction between the S protein
and its receptor on the host cell surface (Licitra, 2015). The S protein is cleaved by a host
protease into an{ierminal receptor binding domain (S1) and-ge@ninal fusion domain
(S2). The interaction between the S1 domain and the host cell surface receptor dictates the
viral cell tropism and host selection. This interaction triggers the furin proteolytic cleavage
of the S2 domain at two sites within thefein. The first cleavage enables the separation
of the receptor binding domain (S1) and the fusion domain (S2); the second cleavage
enables the exposure of fusion peptide that insert into the host membrane (Ruch and
Machamer, 2012). Subsequently, atigarallel sixhelix bundle is formed that allows the
fusion of the viral and host membranes. The viral nucleocapsid is then released into the

host cytoplasm where replication occurs (Ruch and Machamer).2012



The next step is to translate the replicaseegfrom the viral genomic RNA. The
replicase gene encodes two large ORFs, ORFla and ORF1b, which expréseéirca
polyproteins, ppla and pplab. In order to express two polyproteins from a single mRNA,
the virus utilizes a programméd ribosomal fameshifting {1 PRF) machinery involves
using the pseudoknot st {UULAAACK3eN])a n dw hsilcihp peenr:
differential protein translation of an mMRNA sequencing by changing the ORF (Li et al.,
2013). This frameshift only occurs in appiroately 10% of the replicase translations,
with the ribosome uncoiling the pseudoknot structure allowing the translation to continue
until it meets the ORFla stop codon (Ruch and Machamer, 2012). Occasionally, the
ribosome is not able to uncoil the psekigat structure while it is translating the mRNA.

As a consequence, the ribosome shifts back by 1 nucleotide and translates a new frame
shifted ORF. By utilizing th&1 PRF machinery, the virus is able to deliver the precise
ratios of polyproteins requide for efficient viral replication (Plant, 2010). These
polyproteins are then cleaved into separate Nsps, which are subsequently assembled into
the viral replicatiortranscription complex (RTC) (Sawicki, 2007

Upon synthesis of a fulength negativeseng RNA by RTC, a discontinuous
transcription follows and produces a nested set ofgamomic negativsense RNAsS
(Stadler et al., 2003). It is believed that during the transcription, RNA dependent RNA
polymerase (RdRp) pauses randomly at any one of tdg banslational regulatory
sequences (TRS) and either continues elongation to the next TRS or switches to transcribe
the | eader sequences Fgtl.l8 (Fehr andNPedmarg 2006). t h e
These newly synthesized negatsense intermedi@s serve as templates for the synthesis

of positivesense messenger RNAs (mMRNAs) (Wu and Brian, 2010). This transcription



mechanism ensures that each produced mRNA has the same leader sequence, and thus PCR
that target the leader sequence along withvendtream genspecific primer would allow,
via subgenomic (Sg) mMRNA detection, the identification of replicating FCoV (Simons et

al., 2005).

Lcadfr IRS TMinus strand synthesis a lRepucation Body TRS
: N - Eﬂ 3
C
< e——p
Nascent minus strand [e—
transferred tc leader TRS e—
f—

I Subgenomic mRNA

Figure 1.13. FCoV RNA replication mechanismDuring replication, FCoV produces a nested set of sub

genomic negatvs e ns e mMRNAs t hat al | possess identical 5 Nj
discontinuous transcription, RNA dependent RNA polymerase (RdRp) encounters one of the body
trandational regulatory sequences (body TRS) and either continues elongation to the next TRS or switches

to transcribe the | eader sequences at the 5N end o
templates for the synthesis of viral MRNAs. (FrBaiman and Netland, 2009

These positivesense mMRNAs are then translated into viral structural proteins S, E
and M, which are inserted and folded into the endoplasmic reticulum (ER), where N protein
is translated in the cytoplasm. (Fung and Liu, 2014)E,%nd M proteins migrate along
the secretory pathway into the endoplasmic reticuamigi intermediate compartment
(ERGIC) for virion assembly. Proteprotein interactions play an important role in virion

assembly. Virus like particles (VLPs) are orfficiently produced and released when



both E and N protein are -@xpressed with M protein (Siu, 2008; Fehr and Perlman, 2016).
S protein is not involved in virion assembly, yet it is incorporated into virions by interacting
with M protein. Following wrion assembly, mature virions bud into the ERGIC and are
exported via the secretory pathway in smewetlil vesicles and released by exocytosis
(Fung and Liu, 2014). For FCoV in particular, a portion of the S protein is inserted into
the plasma membranastead of being incorporated into the virion. These S proteins
mediate fusion of the infected cell with adjacent uninfected cells, resulting in formation of
a syncytium, a large, multinucleated cell. This allows the virus to spread without being
releasedrnito the extracellular space (Fung and Liu, 2014).

Serotypes. FCoV has 2 serotypes: type | and type Il based on spike protein
homology (Motokawa et al., 1996). Type | strains are exclusively feline, whereas type Il
strains are more closely related to CCoV than type | strains according to the sequence
similarity of S protein (Motokawa et al., 1996; Wesseling et al., 1994). Other than S
protein, comparative sequence analyses have demonstrated that type | and type Il strains
share high sequence similarity in the genes encoding ORF 7ab, M, and N proteins
(Herrewegh eal., 1998). Collectively, the evidence suggests that type Il FCoV strains are
continuously generated by homologous RNA recombination between CCoVs and type |
FCoV strains (Herrewegh et al.1998, Motokawa et al., 1996; Wesseling et al., 1994). This
serotye classification is not necessarily related to the virulence since each biotype is
comprised of low virulence feline enteric coronavirus (FECV) strains and high virulence
feline infectious peritonitis virus (FIPV) strains (Borschensky and Reinacher).2014

However, some studies showed potentially conflicting evidence for association of

either type | or type Il FCoV with FIP. Kummrow et al. (2005) found that type | strains



induced higher antibody titers than type Il strains, and predominantly associttdelRvi
clinical manifestation, whereas Lin et al. (2009) found that type Il strains were more
associated with FIP disease manifestation. Most studies reported that type | strains are
more prevalent in the cat population worldwide (Addie et al, 2003; Barattal., 2004;
Kummrow et al., 2005; Lin et al., 2009; Wang et al., 2014), however, mixed infections of
both type have also been reported (An et al., 2011). Unfortunately, the field predominant
type | strains have been proven very difficult to giawitro, which hinders the study of

type | strain field infections (Benetka et al., 2004; Kummrow et al., 2005; Lin et al., 2009).



1.2  FELINE CORONAVIRUS |INFECTIONS AND PATHOGENESIS OF FELINE |INFECTIOUS

PERITONITIS (FIP)

Feline coronavirus(FCoV) infection is ubiquitousin domesticcat populations,
particularlyin multi-catenvironmentgPederseret al., 2014) Two pathotypef FCoV
havebeendescribedthelow virulent FECVresidesonly in entericcells,andusuallycauses
either mild or asymptomaticinfection, whereasthe high virulent FIPV replicatesin
monocytes/macrophagasdusuallyresultsn afatalsystemidmmunemediatednfection
(CahnandLine, 2010; Pederseret al., 2009) termedfeline infectious peritonitis (FIP).
FECV infection is mild and haslittle clinical significance. On the other hand, FIPV
infectionhasgainedresearchattentionsinceits first reportin the 1960s(Kim etal., 2016).

It has beenpostulatedthat mutationsof FECV in individual cats alter the cell
tropismof FECV allowing effectiveinfectionof monocytes/macrophageshichresultsin
devastatingsystemicFIPV infection (Changet al., 2012; Dedeurwaedeet al, 2013;
Pedersen2014; Pederseret al., 2009; Polandet al., 1996; Vennema,1999; Vennemaet
al.,1998).

Severalgeneshave beenassociatedvith the conversionof FECV to the FIPV
biotype. Thesegenesncludeaccessry geneORF3c (Borschensktal, 2014;Changet
al., 2010;Dedeurwaedeet al, 2013,2014;Horaetal., 2016;Pedersert al., 2012; Thiel
etal.,2014;Vennemaetal.,1998),7a(Borschenskytal, 2014;Dedeurwaedestal, 2013,
2014 and7b (Borscheskyetal.,2014;Dedeurwaedeetal, 2013,2014;Lin etal.,2009;
aswell asamongstructuralgeneshe spikeproteingene(Changetal., 2012; Licitra et al,

2013;Porteretal., 2014).



Mutations in the ORF 3c gene. An ORF 3c mutationof FECV associatd with
conversionnto FIPV wasfirst mentionedy Vennemeetal. (1998). The studycompared
the sequencef 1.2- to 8.9-kb segment®n the 3 Bipd of the genomeof both FECV and
FIPV isolates. The high sequenceimilarity betweenFECV andFIPV isolatesindicated
thatit waslikely thetwo strainssharehesameancestry.Meanwhile thedeletionsof ORF
3candORF7bof someFIPV isolatesbutnot FECV isolatesmplied thatFIPV is amutant
of FECV. Changet al. (2010) comparedhe sequencef ORF 3c geresfrom naturally
occurringFECV and FIPV variantsfrom fecal specimensollectedfrom 27 apparently
healthycatsand28 FIPV infectedcatsconfirmedby pathologicakxamination.Theresults
demonstratethatall FECVsvariantshadintactORF 3c geneswherea20 outof 28 FIPV
infectedcatsshowedsmall in-frameinsertionsor deletionswithin the ORF 3c genes. It
was not known whetherthesesmall mutationswould alter the function of the ORF 3c
proteins,however,it was certainthesemutationswould caug prematureterminationof
translationandseverdruncationof ORF 3c polypeptides.The studyconcludedhat ORF
3c proteinwasrequiredfor successfuleplicationof FCoV in the intestinalenvironment
butdispensabléor systemidnfection. Severaktudiessupportedhefindingsthatmutation
of ORF 3c is a major determinantfor the biotype conversionof FECV to FIPV
(Borschenskyet al., 2014; Hora et al., 2016; Pederseret al., 2009, 2012), while other
studiesshowedevidenceo the contrary(Dedeurwaderetal., 2013; Thiel etal., 2014).

Mutations in the ORF 7aand 7b genes.By comparinghesequencesf field and
laboratoryFIPV strains,Herreweghet al. (1995) found intact ORF 7b genesin all field
FIPV strainsbutdeletionan ORF7bgeneonly in laboratorypropagatedrIPV strainsand

therebythey concludedthat ORF 7b protein may play an importantrole in natural FIP

10



infections. Dedeurwaedeet al. (2013) investigatedwhetherthe deletionof ORF 3abc,
ORF7abor bothhadan effectin theviral replicationin monocytes.The studyfoundthat
deletionof ORF 7ababolishedts replicationin monocytesvhile the deletionof ORF 3c
hadalesspronounceceffecton viral replicationin monocytes.This finding is consistent
with the hypothesisthat an intact ORF 3c protein is importantfor viral replicationin
intestinalepitheliumratherthanin monocytes/macrophageshesameresearcherturther
investigatedthe function of ORF 7ab protein and found that ORF 7a protein was
indispensabléor the evasionof the hostIFN-Uantiviral response.Interestingly,ORF 7a
proteincould exertthe function only in the presenceof ORF 3c protein. Anotherstudy
suggestedhat deletionof ORF 7b may havedecreasedhe virulenceof laboratoryFIPV
strains(Pedersen2014). Since ORF 7b waswell-conservedn all FCoV field strains,
mutationsof ORF7b maynotbeinvolvedin convertingFECV to FIPV.

Mutations in the spike protein (S) gene. While some studiesfocusedon
mutationsin accessoryFCoV genes,other studiesinvestigatedwhether mutations of
structuralproteinshavean impacton conversionof FECV to FIPV (Changet al., 2012;
Licitra etal., 2013;Porteretal. 2014). Changetal. (2012)reportedthefirst mutationsin
the S genethat were associatedwvith the conversionof FECV to FIPV. They first
sequencethefull genomeof 11 FECV-FIPV pairs,andfoundthatthe S geneharboredhe
mostpolymorphicsequencesTheythensequencethe S generegionof hundredf other
FCoVsandfound?2 alternativeaminoacid sequencedyl1058L andS1060A encodinghe
fusion peptideof the spike proteinthat distinguished~IPV from FECV in mostcases..
The studyconcludedhatit is likely that mutationswithin the S gene,maybealongwith

othermutationsaccounfor thechangeto macrophagé&opismthatfavorsFIPV infections.

11



However,accrodingto Porteretal. (2014),oneof the mutationM1058L that Changet al.
(2012)proposedlid notserveasoneof thecritical mutationghatconvertsFECVto FIPV.

Anotherstudyexamned the functionalperspectiveof a furin cleavagesite within
theboundaryof the S1andS2region(Licitra etal., 2013). Theybelievedthat mutations
within S1/S2regionwould alterthe cleavagesusceptibilityof S protein,thusmodulatethe
S fusogeic propertiesjeadingto the changen cell tropismandultimatelyto FIP. They
first comparedthe sequencesf this region from isolatesof both pathotypesand then
confirmedthatthe observednutationswerefunctionally associateavith susceptibilityto
furin cleavage.The studyshowedthat mutationswithin the furin cleavagesite of S gene
influencedfurin cleavageactivity, andthuspotentiallychangehecell tropismof thevirus,
leadingto FIP diseasemanifestatior(Licitra etal., 2013).

While somestudieghatfocusedon mutationsof thevirus appeato contradicteach
other, other studiesinvestigatedwhetherthe host geneticbackgrounds the factor that
drivesthefatal systemicFIP infection. It is believedthata successfuimmuneresponse,
particularly with cell-mediatedimmunity, at the early stageof the infection, is able to
rescuethe hostfrom ensuingfatal systemicnfection (Kim etal., 2016;Vermeulenetal.,
2013). However,up to date,not a singlehostfactorhasbeengeretically associatedvith
fatal FIPV infection. Collectively, the responsdo aninfectionis complexandinvolves
boththe hostandthevirus. The combinationf factorsfrom both entitiescanbe highly
variableand unpredictable. Therefore,it is plauwsible that thereis no single factor that
resultsin anFIPV infection. Rather,a combinationof hostfactorssuchasstresdevel of
the hostand concomitantinfectionsmay determinethe potentialfor successfulmmune

response. But most importantly, it may be the FCoV infectious dosethat drives the
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potentialof thevirusfor astochastienutationin asinglevirus genomehatconvertSFECV
into FIPV. Suchmutantvirusesmay surviveextraintestinallyin thefaceof anineffective

immuneresponseyltimately precipitatingFIP.
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1.3 EPIDEMIOLOGY AND PATHOLOGICAL MANIFESTATIONS OF FELINE INFECTIOUS

PERITONITIS

Prevalence and transmission. FCoV primarily infects enterocytes and mainly
resides in the colon (Kipar et al., 2010). Virus shedding in feces®ether persistently
or intermittently (Kipar et al., 2010). Consequently, the prevalence of FCoV infection is
usually influenced by the density of the feline host population. As a result, FCoV infection
is generally highly prevalent in multiat envionments, such as shelters, catteries, and pet
stores (Kipar et al., 2010; Cahn and Line, 2010). Interestingly, despite the high prevalence
of FCoV infection in such environments, omdgs than 5%f the cat population actually
develops FIP, a diseasetiwi virtually 100% mortalityGahn and Line, 203(Pedersen,

2009. The major risk factors include the amount of transient/chronic FCoV carriers and
the overall frequency of virus shedding in the environment (Kipar and Meli, 2014). In
order to caus€IP, FECV has to first gain access to monocytes/macrophages to trigger a
subsequent systemic infection, which means that a critical change of cell tropism of FECV
must take place. By its nature as a RNA virus, FCoV is prone to mutate at a high frequency,
generating quasispecies (Addie et al., 2003). Under consistent high viral shedding, and
infection and reanfection, the chance of mutational conversion of one of the highly
polymorphic FECV quasispeci#s FIPV is greatly increased.

Other than the virudself, the individual and breed host genetic background also
plays an essential role in FIP development, as well as age and gender of the affected
animals. Most cats that develop FIP are 3 months to 3 years of age (Kipar and Meli, 2014;
Pesteamtbomogyi ¢ al., 2005). Studies have reported that cats of pure breeds such as the

Norwegian forest cat, Scottish fold, British Shorthair, Devon Rex, and Abyssinian are more
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predisposed to FIPV infections than mixaced cats (Rohrbach et al., 2001; Soma et al.,
2013; Worthing et al., 2012). Other potential predisposed breeds include Australian Mist
Bengal, Birman, Himalayan, Cornish Rex, and Ragdoll (Cahn and Line, 2010; Norris et
al., 2005). Male cats were reported having a higher incidence of FIP than fetsale c
(Norris et al., 2005; Rohrbach et al., 2001; Soma et al., 2013; Worthing et al., 2012), in
particular intact male cats (Rohrbach et al., 2001).

Gross lesions and clinical presentationdn 1966, feline infectious peritonitis was
first reported from 1@ases, upon examination by abdominal necropsy, which found severe
peritonitis with yellowish to gray fibrinous and granulomatous serositis, pyogranulomatous
lesions on kidneys and livers, and effusive proteh exudate (Wolfe and Griesemer,
1966). Baed on the gross pathological findings, the disease was termed Feline Infectious

Peritonitis (FIP). However, the virus by no means is restricted to the peritoneum. Three

forms of FI'P were distinguished | atrer: 1)
effusive ndry formn with granul omatous | es
formn of both (Cahn and Line, 2010) . St u

predominant in most field infections (Horhogea et al., 2011; Tsai et al., 2011gyéQw
another study found that the dry form of FIP was presented in numbers almost equal to the
wet form in field infections (Norris, 2005). However, it is possible that the more prominent
clinical presentation of the wet form may account for the higiygornted incidence of the

wet form over the dry form. Still, distinct differentiation between these two forms is not
always possible since mixédrm infection and transformation between the two forms

during infection are not uncommon (Cahn and Line, 20%@j et al., 2011).

15



The wet form of FIP is typically characterized by a pyogranulomatous effusive
exudate in peritoneum, pleura, and/or pericardifing.(1.3.) (Cahn and Line, 2010;
Pedersen, 2014). The infected cat often shows clinical signs suctcamiahl swelling

and masses, enlarged mesenchymal lymph nodes, difficult breathing, and cyanotic mucous

membranes (Cahn and Line, 2010; Hartmann et al., 2005; Pedersen, 2014).

Figure 1.3.1.Lungs and peritoneal viscera of a cat with FIP (wet foj. Note the yellow and tan plaques
of fibrin throughout the serosal surfaces of the lungs and visceral organs along with typicatosbrae,
frothy effusion. (From Hsieh and Burney, 2014
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On the other hand, cats with the dry form of Fduently have granulomatous lesions in

kidneys, brains, and eyesig. 1.3.2 (Kipar and Meli, 2014).

Figure 1.3.2. Kidney of a cat with FIP (dry form).Note the granulomatous lesions throughout the capsule
of the kidney along with granulomatous phlebitis and periphlebitis of capsular veins (arr@egjtefy of

Prof. Reinacher, Germany).

Clinical signs of neurological lesions are commonly found infildié infections
(Diaz et al., 2009; MariorHenry et al., 2004; Rand et al., 1994; Tamke et al., 1988;
Timmann et al., 2008). Hydrocephalus and hydromyelitis have been found in FIP cats with
lesions confined to brain and spinal cord (Tamke et al., 1988& study showed that FIP
is one of the most common cause of spinal cord disease in cats (M4gionyi et al., 2004).
The multifocal clinical signs associated with the central nervous system (CNS) reflect the
different regions of CNS involvement, mosbmmonly including ataxia followed by

seizures and nystagmus (Cahn and Line, 2010; Tamke et al., 1988). Other signs include
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deficits in cranial nerve function, central vestibular signs, hyperesthesia, paresis, and
lameness (Cahn and Line, 2010; Tamkd.efi888; Timmann et al., 2008). Ocular lesions

are also commonly seen in cats with FIP, mainly characterized by uveitis, iritis, keratic
precipitates, anisocoria, and chorioretinitis (Cahn and Line, 2010; Diaz et al., 2009;
Horhogea et al., 2011). Ocaasal papular cutaneous lesions and skin fragility syndrome
were also documented in cats with FIP (Cahn and Line, 2010). Despite the clinical
manifestations with either form of FIP, the general clinical presentations associated with
FIP are often nosspedfic (Cahn and Line, 2010; Horhogea et al., 2011; Norris et al., 2005;
Tsai et al., 2011), such as inappetence, lethargy, weight loss, vomiting, diarrhea, and
relapsing fever. For this reason, FIP diagnosis has remained difficult.

Histological findings. The histological appearance of FIP lesions is often
pathognomic and therefore is used as the gold standard for diagnosis of FIP. As reported,
the classic histological findings are serosal plaques consisting of considerable amounts of
fibrin and inflammatoy cells such as macrophages, plasma cells, lymphocytes, with
occasional clusters of neutrophils (Cahn and Line, 2010; Kipar and Meli, 2014).
Pyogranulomas can be found as large and consolidated lesions, occasionally with varying
degrees of focal tissueearosis (Cahn and Line, 2010Fig. 1.3.3. Phlebitis and
periphlebitis are often found in FIPV infected cats that are mediated and dominated mainly
by activated infected monocytes (Kipar and Meli, 2014). In some cases, lymphoid
depletion in lymphoid tisues owing to apoptosis of lymphocytes can also be found in FIPV
infected cats (Cahn and Line, 2010). The definitive diagnosis of FIP is often made by the
classical FIP lesiong~{g. 1.3.3 combined with the presence of FCoV in macrophages

shown by immunohemistry Fig. 1.3.9.
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Figure 1.3.3. Hematoxylin and eosin (H&E) stain of lung tissue of an FIPV infected cat.
Vasculitis/perivasculitis and multifocal pyogranulomas with alveolar edema can be observed. Infiltrates of
inflammatory cells composed of plasma cells, macrophages, lymphocytes, and neutrophils are seen in the
lung tissue. Blood vessel lumens are nagowy these infiltrates. Thickened alveolar walls due to dilated

capillaries and interstitial edema can be fourdourtesy of Richard Jakowaski, UBA
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Figure 1.3.4. Definitive diagnosis of FIP. Feline coronavirus (FCoV) antigen is localized within
macrophages along with FIP classic granulomatous lesions in the granulation tissue. Immunohistology (IH),

mouse antFCoV (clone FCoV370). (From Kipar and Meli, 2014).
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1.4  DIAGNOSTIC CONUNDRUM OF FELINE INFECTIOUS PER ITONITIS

The definitive diagnosis of FIP can be obtained by detection of the presence of
FCoV in monocytes/macrophages combined with gross and histological FIP
pathognomonicfindings. However, a definitive antaortem diagnosis of FIPin
particular, the dry form of FIP, remains intangible. Therefore, anvatided diagnostic
plan combining clinical manifestations and reliable diagnostic methods, rather than a single
diagnostic method, is the preferred approach for an accuratenartem FIP diagnosis.
Diagnostic parameters and assays are usually evaluated by their sensitivity (Se), specificity
(Sp), positive predictive value (PPV) and negative predictive value (NPV). In the case of
FIP, a high PPV is more important than a high N#@¢ause FIP diagnosis often results in
euthanasia. Here, both indirect and direct-ambetem diagnostic tests are discussed.

Circumstantial evidence. The combination of unspecific findings in physical
examination, hematological and biochemical laboratory parameters, effusion and cerebral
spinal fluid analysis, and serological tests can be very useful in diagnosing FIP in
combination with the tests thdirectly detect virus in the specimens.

Physical examination. Early signs of either the dry or wet form of FIP are often
nonspecific such as anorexia, weight loss, lethargy, and recurring fever (Cahn and Line,
2010; Horhogea et al., 2011; Norris et &005; Tsai et al.,, 2011). As the disease
progresses, clinical presentations vary dependent on organ involvement. In the wet form
of FIP, cats with peritoneal effusion often show abdominal distension with a fluctuation
under palpation (Trotman et al.,@0. Occasionally, abdominal masses due to enlarged
mesenteric lymph nodes, or omental and visceral adhesions can also be palpated (Cahn and

Line, 2010). Cats with pleural effusion associated with FIP may have difficulty of
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breathing and cyanotic mucoomembranes (Cahn and Line, 2010). In the case of pleural
effusions, auscultation of muffled heart sound and manifestation e/dttage QRS
complexes on ECG can be observed (Madias, 2013). Diagnostic imaging can confirm the
presence of effusions in eithperitoneum or pleura. In cats with the dry form of FIP,
clinical presentations vary mainly depending on organ involvement, including ocular
lesions, and neurological signs due to CNS or spinal cord involvement. Irregular nodules
can be palpated in affeed organs such as liver, kidney, or lymph nodes, and occasionally
cutaneous lesions can also be found in cats with FIP. Collectively, FIP is often considered
a primary differential diagnosis when a young cat develops vague symptoms consistent
with FIP. However, to pinpoint the diagnosis of FIP, more information is needed.

Hematology and serum biochemistry. White blood cell counts (WBC) can be
decreasedr increased in cats with FIPThe most common hematological alterations
include lymphopenia, milcbtmoderate nomnegenerative anemia, and increased serum total
protein (TP) c¢onc e mbhule.tOnestudydndieated that increasede a s e
serum TP concentration is the most consistent laboratory findings (Sharif et al., 2010),
which is presnted in nearly 50% of the cats with the wet fornkiéf and in 70% with dry
form.

Hartmann et al. (2003) compared different diagnostic parameters including TP
c onc ent-glabdlin acomcentrabon, and albumin to globulin ratio in serum. They
showed aroptimum cutoff value for different parameters: 8.0 g/dL for TP concentration,
2 . 5 g /-gldbulirf concentoation, and 0.8 for A/G. There is consensus that among all
parameters, A/G has a significantly greater FIP diagnostic value than total prateinan

globulin concentration (Addie et al., 2009; Cahn and Line, 2010; Hartmann et al., 2003).
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Some studies showed that an A/G <0.8 may have a PPV as high as 92%, but ranging also
to a low PPV of 60% (Cahn and Line, 2010; Hartmann et al., 2003; Hartmalnri?€05),

but Jeffery et al. (2012) found only 12.5% PPV, in poorly definedstipect population

that displayed only single Heéonsistent clinical symptoms. However, at an A/G >0.8,
FIPV infection is highly unlikely (619400% NPV) (Cahn and Line, 201Jeffery et al.,

2012.

As mentioned, diagnostic parameters with high PPVs are preferred in FIP
diagnosis. However, PPV and NPV are subject to change depending on the prevalence of
the disease. Liver (ALT, ALP) or kidney (BUN, creatinine) enzymes b®aglevated
depending on organ involvement (Addie et al., 2009), but they not specific enough to
establish an etiologic diagnosis (Cahn and Line, 2010). However, FIP should be taken into
differential diagnosis when hyperbilirubinemia combined with elel/bter enzymes are
found in clinical cases (Cahn and Line, 2010).

Effusion analysis. Since effusion is a typical signature of the wet form of FIP,
tests on effusion fluid generally have a much higher diagnostic value than blood tests
(Addie et al., 2009Cahn and Line, 2010; Hartmann et al., 2005). A classical effusion
caused by FIP is usually clear straw colored to yellow, and viscous (Addie et al., 2009;
Cahn and Line, 2010; Goodson et al., 2009; Hartmann et al., 2005). However, cases with
pink and clylous effusions have also been reported. In addition, the effusion may froth
when shaken due to the high protein concentration (>3.5g/dL) (Greene, 2013). This high
protein content of effusions causdy FIP is classified as a modified transudate,
nevertleless, the cellular content is generally low (<5000 nucleated cells/mL), with

primarily neutrophils and macrophages (Addie et al., 2009; Cahn and Line, 2010; Goodson
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et al., 2009 , Hartmann et al., 2005). Additionally, the Rivalta test can be used to
distinguish between effusions caused by FIP and effusions of other causes. This is a simple
test in which a drop of 98% glacial acetic acid is mixed with ~8 mL of distilled water in a
transparent reagent tube, then one drop of effusion is then added (Acdie 2€009;
Hartmann et al., 2003). The high concentrations of fibrin and inflammatory cells in FIP
effusion produce a positive reaction, which the drop retains its shape rather than dissolve
in water. On study investigated the diagnostic utility ofRnealta test in 497 confirmed

FIP cases (Fischer et al., 2012). They found the test had a Sp of 65.5%, Se of 91.3%, PPV
of 58.4%, and NPV of 93.4% with an FIP prevalence of 34.6% in the study cat population.
However, bacterial peritonitis or lymphoma Gdso generate a positive result.

The coll ateral par amet er-glabdlin doncentnatiopr ot e i
of the effusion, and therefore a low A/G, typically less than 0.5 is highly suggestive of FIP,
whereas a A/G >0.8 has high NPV for FIP [@and Line, 2010). Collectively, a straw
colored viscous effusion with high TP concentration (>3.5g TP/dL) and low cellularity of
mainly macrophages and neutrophils, is highly indicative of FIP.

Other than the Rivalta test, some studies have showrhthdetta total nucleated
cell count (TNCC) is high in effusions ca
al., 2015). The TNCC is a parameter used to differentiate transudates and exudates (da
Cunha et al., 2009). The TNCC can be determinedylsyjn8x XT2000iV, a veterinary
hematology analyzer, which has two laser channels, DIFF and BASO (da Cunha et al.,
2009). The DIFF channel differentiates cells depending on nucleic acid content and
complexity, whereas the BASO channel differentiates celedding on volume and the

complexity of cellular residues generated after contact with an acidic reagent that collapses
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all nucleated cells except basophils (da Cunha et al., 2009). The delta total nucleated cell
count (TNCC) i s tidd8ASOANCGCo Basesl brmtleedindingd, lalF F  a
the FIP cats in the study had a @TNCC >3.
PPTNCC <3.0 (Giordano et al ., 2015) . They
TNCC was 1. 7. T h e r edorsidesed ascpi Mi€r@tive farrFIPa | s o
effusion analysis.

Cerebrospinal fluid (CSF) analysis.Cats with neurological symptoms associated
with the dry form of FIP often have increased CSF proteirB8Dmg/dL; reference value:
<25 mg/dL) and pleocytosis @0-10,000 nucleated cells/mL) consisting of mainly
lymphocytes, macrophages, and neutrophils (Addie et al.,2009; Cahn and Line, 2010).
However, due to the viscous nature of the CSF, obtaining the sample is challenging. Brain
herniations are seen in sommases when performing a CSF tap, and therefore extra care
must be taken when having the procedure (Greene, 2013). However, studies of cats with
neurological signs associated with FIP have found normal CSF in many of these animals,
rendering CSF analysispoor diagnostic approach (Addie et al., 2009; Cahn and Line,
2010; Hartman et al., 2005).

Anti-FCoV antibody detection. Current available serological tests can only detect
antibody against FCoV, and cannot differentiate antibodies againsvinudgnce FIPV
strains from lowvirulence FECV strains. Moreover, a high FCoV antibody titer can be
found in most clinically healthy cats in muttat environments (>90% seropositive) yet
only 5% of the population develops subsequent FIP (Drechsler et al., Z0idrefore, a
positive FCoV antibody titer should be interpreted carefully along with other

clinicopathogical findings and diagnostic results. Very high FCoV antibody titers of or
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above 1:1600 are highly suggestive an FIPV infection. A-{adgmtive anbody test result

can be generated when virus particles in the serum specimen bind to the antibody, making
it unavailable to antigen binding in the test (Greene, 2013). However, serological tests can
be particularly useful in preventative population sciregnand subsequent disease
management (Cahn and Line, 2010).

Direct FCoV detection. A tentative antenortem diagnosis of FIP can be made
with signalment and FHassociated clinical presentations, combined with indirect
diagnostic tests such as effusioralysis and/or serological tests. However, not a single
indirect diagnostic test per se is able to generate a definitive diagnosis of FIP. A potential
definitive antemortem diagnosis of FIP can be made via direct virus detection either by 1)
detection of viral RNA (RT-PCR), or 2) detection of virus particles in
monocytes/macrophages in specimens (IF or IHC).

Polymerase chain reaction (PCR) testingln 1994, a PCR assay for FIP diagnosis
was first reported (Li and Scott, 1994). FCoV viral load can besaned qualitatively and
guantitatively via either detecting the actual presence of virus (genomic RNA) or active
replication of the virus (MRNA). A PCR detecting genomic RNA provides the quantity of
FCoV present in the specimen. However, based on tlheeseg similarities of FECV and
FIPV, PCR testing is unable to differentiate the two FCoV biotypes. In addition, viremia
can be detected not only in FIP diseased cat but also in clinically healthly, cadscating
that a small number of FCoV particleaynenter the bloodstream but fail to replicate or
cause FIP.

For this reason, Simons et al. (2005) first proposed a PCR detecting the actively

replicating virus via detection of FCoV mRNAs. Replicating FCoV outside of the
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intestinal tract would represetite pathogenetic principle of FIP, thus an FCoV mRNA
PCR assay would definitively diagnose FIP (Simon et al., 2005). By utilizing the unique
continuous coronavirus transcription mechanism, they designed a PCR targeting the leader
sequence along with a dastream genspecific primer that allows, via subgenomic
MRNA detection, the identification of replicating FCoV. Combined with the leader
sequence at the 56 end of the FCoedasghenome,
target for this PCR.

This PCRassay was applied to detect FCoV mRNAs in 1,075 blood specimens.
The results showed that 5% of the clinically healthy cats were positive, whereas 93% of
histologically confirmed FIositive cats were positive. These results indicated that 1)
the PCR thiadetected mRNAs of FCoV M gene has high PPV and NPV for FIP diagnosis;
and 2) the notion that FCoV is capable of replicating outside of the intestinal tract is not
the sole determinant of FIP development. A subsequent study investigated the utility of
the same PCR platform for quantification of FCoV in blood specimens from cats with or
without clinical signs of FIP (CaBahna et al., 2007). The results of this study
demonstrated that 14 out of 26 (54%) of the cats were positive for FCoV, however, only
one of the cats had clinical presentations that were associated with FIP. Moreover, more
than half (52%) of the clinically healthy cats in this study were positive by this PCR,
demonstrating dramatically different results from those reported by Simon$29G8).

Another study investigated the utility of PCRs that detected either M gene mRNA
or genomic RNA of the membrameicleocapsid junction of the FCoV genome (Dye et al.,
2008) in blood specimens and feces from 205 clinically healthy shelter cate{Rkh

2017). Nine cats (4.4%) of the cat population were positive for genomic RNA in blood
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specimens, and only 1 cat out of these 9 cats was positive for FCoV M gene mRNA,
indicating active FCoV replication outside of the intestinal tract. This PE&ydargets

the same M gene region reported by Simons et al. (2005) yet with modifications of
degenerate primers and probe designed to cover all the known FCoV variants. Also, step
down thermal cycles and optimization of nucleic acid extraction and P@&Rapplied to
maximize the efficiency of the PCR to robust single target copy detection and
differentiation by high resolution melting curve analysis (Kaltenboeck, US patent 7252937
B2, 2007). The nucleotide sequence of this PCR amplicon demonstratgdeuwpstream
33-bp in frame deletion combined with multicus nucleotide polymorphisms (Fish et al.,
2017). The cat remained clinically healthy within thenénth observation period after
testing positive.

This study again showed that active FCoV regilan outside the intestinal tract
does not guarantee subsequent FIP disease. The host genetic background and
environmental factors also play roles in FIP development. However, it is possible that the
low copy numbers of the FCoV RNAs in the specimeicaigd low amount of replicating
virus presented in the cat, which may not be sufficient to trigger potent B cell immunity
that enhances the uptake and the replication of FCoV in macrophages that result in
subsequent clinicopathological changes assocwited=1P. In conclusion, PCR has been
proven as one of the most reliable tests for FIP diagnosis. However, different laboratory
techniques in design and execution of PCRs can vastly influence the accuracy of the tests.
These include differences in theef?CR step: specimens handling and nucleic acid
extraction method; and the PCR design and execution itself: primers and probe design,

PCR optimization and data analysis. Additionally, it is more difficult to quantify the target
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copy number due to unceirieamount of cDNA templates present after the initial RT step
(Bustin and Nolan, 2004). Hence, the resulting varying Sp and Se of the currently available
PCR tests for FIP diagnosis suggests that PCR testing should not be the sole diagnostic
approach fom definitive FIP diagnosis.

Immunolabeling of FCoV. Immunolabeling of FCoV antigens in effusions or
tissues is considered the most specific test for FIP diagnosis since it enables the direct
visualization of FCoV viral particles in macrophages, which is the functional characteristic
of an FIPV infection Cahn and Line, 2010). There are four general classes of
immunolabeling techniques: direct and indirect detection combined with
immunohistochemical (IHC) or immunofluorescent (IF) visualizatidrect detection
uses a single Ab that binds the specifigéh and is also conjugated either to an enzyme
(IHC) such as peroxidase or to fluorescent dye (Ifijlirect detectiomises two antibodies,
the unlabeled primary Ab specifically binds the target molecule, and the secondary Ab,
conjugated with an enzymé&HC) or a fluorophore (IF), binds to the primary ABoth
techniques therefore allow visualization of the distribution of the target molecules and their
association with cells throughout the specimelowever, indirect detection allows better
control ofthe reaction, and therefore has higher specificity than direct detection.

Immunohistochemical (IHC) FCoV labeling. IHC has been mostly applied to
tissue specimens from FHuspect cats with the dry FIP form (Brown et al., 2009; Hugo
et al., 2013; Paltrimiri et al., 2001; Poncelet et al., 2008; Tammer et al., 1995). To obtain
optimal premortem tissue specimens, invasive methods such as laparotomy or laparoscopy
are usually required (Addie et al., 2009). However, immunohistochemical FCoV labeling

can ale® be applied to effusions or fluids from F#Bspicious cats. Ives et al. (2013)
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reported the first use of IHC in the CSF specimen along with other FIP pathognomonic
histological findings in one FIP suspicion cat. The IHC staining showed 5 out of 16
infected cells by the presence of intrgtoplasmic browsstained FCoV antigen. However,
the study was not able to demonstrate the utility of the test based on a single case. Later,
another group (Gruendl et al., 2017) conducted acastol study to invagate the utility
of the same IHC assay that Ives et al. (2013) described in a larger clinical cohort of 41 cats.
They reported that this IHC assay had a Se of 85.0%, however, the Sp of this assay was
lower in cats with histologically confirmed CNS les#(77.8%) than in those without
(Gruendl et al., 2017). They concluded that the few positively stained macrophages found
in the FIP cats without histologically confirmed CNS lesions might not be enough to trigger
a robust inflammatory response and thasse the histological lesions. In addition, nhon
specific staining and specimen contamination might contribute to the false positive results
(Gruendl et al., 2017). However, the literature consensus is that a positive IHC of FCoV
within macrophages shoudtill be considered a definitive diagnosis of FIP.
Immunofluorescent FCoV staining. Parodi et al. (1993) performed direct IF
(DIF) on pleural and peritoneal effusions from 32 cats with clinical signs of FIP. The study
found high Se (95.5%) and high Si©0%), and thus concluded DIF should be included in
routine diagnosis of FIP. A later study (Hartmann et al., 2003) also investigated the
diagnostic utility of a DIF method similar to that of Parodi et al. (1993). The study
demonstrated a Se of 57% ang & 100% for this assay. Despite varying Se and Sp of
different DIFs, the PPVs of the test are 100%, suggesting a positive result of DIF confirms
a FIPV infection. Another study was conducted by Litster et al. (2013) to examine the high

PPV of FIP DIF,but used an anttCoV antibody conjugate different from that used by
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Parodi et al. (1993). A Se of 100% and Sp of 71.4% were reported (Lister et al., 2013).
These studies confirmed a very good diagnostic utility of DIF for detecting FCoV in
macrophageslbeit with differences in specificity in dependence of the detection antibody
used.

Indirect immunofluorescence (IIF) is preferred because it allows better control of
unspecific background signals. However, investigations into the diagnostic utillfsof |
for FIP diagnosis, however, are limited (Amer et al., 2012; Hok, 1989; Tresnan et al.,
1996). An early study examined the diagnostic utility of an IIF assay on a cat population
of 231 cats from mukcat households (Hok, 1989). They compared therdHtlts to
serological tests and virus isolation using blood and various diseased tissue specimens
respectively. The results demonstrated an IIF with a Se-@D@% and Sp of 6200%
for FIP diagnosis (Hok, 1989).A subsequent study investigated theeralf feline
aminopeptidase N in various coronaviruses including FCoV by using IIF as a tool to
demonstrate the successful FCoV transfection of the laboratory cel(Tiresan et al.,
1996). However, the emphasis of the study was not on the evalubt@yoostic value
of the IIF. Another study successfully demonstrated the demographic distribution of FCoV
particle in infected Crandell feline kidney cells by IIF (Amer et al., 2012). The fluorescent
signal was only apparent in the cytoplasm of theated cells, but not the nucleus. This
finding was consistent with the life cycle of FCoV in which mature virions are assembled
and transported in the cytoplasm of infected cells before exocytosis (Fung and Liu, 2014).
In conclusion, IF as an anteortemdiagnostic approach is promising, however, different

antibodies used, assays of low quality, and cumbersome experimental procedures make IF
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less of a primary diagnostic tool for FIP diagnosis. However, IF can be a highly reliable

confirmatory assay due its high PPV.
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CHAPTER 2 RESEARCH OBJECTIVES

2.1  RESEARCH OBJECTIVES

An accurateantemortemdiagnosisof FIP is of greatimportancedueto several
reasonsl) to providea robustbasisfor further studyof FIP pathogenesis?) to provide
reliable backgroundinformation for FIP epidemiologicalstudies;3) to ensurethe best
clinical descisiomrmakingbetweertreatmenbptionsor euthanasiaf the diseasedaats;4)
to preparethe owner and/or managerof multi-cat facilities for diseasecontrol and
prevention. An accurateantemortemdiagnostidestfor FIP diagnosiswill bevaluableby
its ability to: 1) directly detectvirus itself by either detectionof viral RNA/mRNA or
visualizationof viral particleswithin the infectedcells; 2) deliver high Se,Sp, PPV, and
NPV, with preferencefor a testof high PPV over one with high NPV; 3) generatea
potentiallydefinitive testresultby itself, or with only afew confirmatorytests;4) produce
equally accuateresultsamongall specimentypes,with preferene for teststhat require
small specimerguantities;5) generateconsistenctesults;and6) offer quick turn-around
time favoringclinical decisionmaking.

FIP infection hasbeenintensivelystudiedsinceits first emergenceén the 1950s,
however,an accuate antemortemdiagnosisof FIP is still a substantiakchallenge.The
hindrancesare 1) non-specificclinical presentationsind laboratoryfindings of FIP - the
clinical signsand laboratoryfindings associatedvith FIP leadto a broad spectrumof
differential diagnoses?) no currentlyavailableserologicaldiagnosticassaysare ableto
distinguishFIPV from FECV infections,nor candeterminevhetherthe animalis immune
or susceptibléo FIP infection. In addition,SeandSp of thetestsvary markedlybetween

laboratoriesandevenpersonnein the sameaboratory.
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Takingthesdassuesnto consideratiomnwe hypothesizedhatl) FIPV is functionally
characterizedy its ability to replicateoutsidethe intestinaltract; 2) the membrangM)
andnucleocapsidN) genesaremostconservecamongFCoV strains;3) a PCRassaythat
detectedhe mRNAs of thetwo mostconservedv or N generegionof thevirus wasable
to detectthe active replication of FIPV outsideof the intestinal tract, identifying the
functional characteristicsof FIP infection; 4) an immunofluorescent(IF) assaythat
demonstratedhe presenceof FCoV in monocytesand/a macrophagess considereda
definitive diagnosticmethodof FIP; 5) a well-roundedaccurateFIP diagnosticapproach
would includea carefulevaluationof patienthistory, critical clinicopathologicafindings,
and PCR and IF results;6) amino acid changs within the R-S/A-R-R-S furin cleavage
motif in the regionbetweenreceptorbinding (S1) andfusion (S2) domainsof the FCoV
spikeproteinrenderthis proteinresistanto furin cleavageandconvertFCoV into an FIP
virus that is capable of replicating in cells (monocytes/macrophagesjther than
enterocytesprecipitatingFIP diseasan susceptiblecats. Thus detectionof a mutated
furin cleavages51/S2(fcS1/S2)motif with oneor moreaminoacid substitutiongs highly
suggestivejf notindicative of FIP. The purposeof this studywasto pinpoint the most
accurataliagnostiglanof FIPinfection,andthehypothesesnwhichthis studywasbased
determinedheresearclobjectives.

Theresearclobjectivesof this investigationwere,

1) Evaluatethe diagnosic accuracy(sensitivity & specificity) of an FIP membrane

genemRNA guantitativereattime PCR assay(FIP M genemRNA gRT-PCR).

Achievethisgoalin acasecontrolstudyby obtainingfrom submittingveterinarians

the clinical and final diagnosticdata of positive and negativecasesout of the
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2)

3)

4)

5)

approximately1,800 FIP specimenssubmittedannually to the AU Molecular
Diagnosticd_aboratoryfor diagnosigy FIP M genemRNA.

Evaluatethe diagnosticaccuracy(sensitivity & specificity) of FIP nucleocapsid

genemRNA guantitativereattime PCRassayFIP N genemRNA gRT-PCR)and

FIP membraneandnucleocapsidjuantitativereattime genePCR assayFIP MN

genegRT-PCR) Achievethis goalby utilizing casedrom objectivel.

Establisha FIPV indirect immunofluorescentlF) assay Achieve this goal by

utilizing primary antibodiesagainst FCoV and macrophagescombined with

fluorophoreconjugatedsecondarantibodies.

Evaluatethe correlationof mutationsin the fcS1/S2motif of the FCoV spike(S)

gene, as determinedby fcS1/S2 motif quantitativereattime PCR assay(FIP

fcS1/S2genegRT-PCR)andDNA sequencingAchievethis goalby useof nucleic
acidsisolatedfrom an FIP-biasedpopulationof clinically confirmedpositive FIP

case®btainedor objectivel andfrom anFIP-unbiased=CoV sequenceopulation
obtainedfrom randomlysampledFIP fcS1/S2gene PCRpositive juvenile cats
undergoing=CoV herdinfectionattheAnimal Shelterof theMontgomeryHumane
Societyin Montgomery,AL.

Establishthe most accurateapproachto diagnosisof FIP, by finding optimal
correlatesof FIP diseaseoutcomeand combinationsof p a t i lEstoty,rdical

clinical/clinicopathologicaparameters;IP M genemRNA gRT-PCR,FIP N gene

MRNA gRT-PCR,FIP MN geneqRT-PCRresults,andIF results.
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CHAPTER 3 FIP Membrane gene messenger RNAquantitative reverse
transcription PCR (FIP M gene mMRNAQRT-PCR)

3.1. |INTRODUCTION

Ante-mortem diagnosis of Feline infectious peritonitis (FIP) still remains a
challenge since its first recognition in 1963. Circumstantial clinical findings such as
physical examination, laboratory parameters, and analysis of effusiorGSthdre not
specific to FIP diagnosis, which makes the initial differential diagnosis difficult.
Serologically, an anFCoV titer greater than 1:1600 is highly suggestive of FIP.
However, serological tests cannot differentiate FECV and FIPV straingharefore a
positive result should be interpreted carefully together with other diagnostic findings.
Direct FCoV detection including polymerase chain reaction (PCR) and
immunofluorescence (IF) seem promising. However, sensitivity and specificity of such
reported test are dubious (Doenges et al., 2017; Fish et al.,, 2017; Li and Scott, 1994;
Hartmann et al., 2003; Herrewegh et al., 1995; Simons et al., 2005), and careful
examination of details including experimental design and optimization must be addresse

to correct shortcomings of current assays.

Polymerase chain reaction, by use of a thermostable DNA polymerase, is a
laboratory technique that enables the replication of billions of copies of an original piece
of target DNA in a test tube within hoursin&e the introduction in 1987, PCR has been
refined and extensively used for molecular diagnostics to detect minute target DNA or
RNA in the specimens. To detect feline coronavirus (FCoV), a RNA virus, an extra step
of reverse transcription (RT) of RNA tmmplementary DNA (cDNA) is included as the

initial step in the PCR. RPCR can be carried out in either estep or twestep methods.
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The onestep method combines reverse transcription reaction and PCR operation in one
tube, priming cDNA only from thelownstream targetpecific primer. The twstep
method involves a separate step of generating cDNA with random bexsecamer
oligonucleotides, followed by addition of the cDNA to the subsequent PCR. In molecular
diagnosis, onstep RTPCR is preferrg@ over twastep RFPCR, which generates an
abundance of background cDNA that results in-gpecific amplicons and inefficient
PCRs that are incapable of detecting single target molecules.-PORTcan be designed

to detect either the actual presenceh& virus (genomic RNA) of FCoV or the active

replication of the virus (MRNA).

PCR has been described for FCoV detection and FIP diagnosis for more than two
decades (Land Scotet al., 1994). PCR assays that detect genomic RNA of FCoV reported
high Sp 0f88-100% (Hartmann et al., 2003; Herrewegh et al.,1995) but Se as low as 23.1%
(Doenges et al., 2017). However, PCRs that detect FCoV genomic RNA do not necessarily
indicate an ongoing FIPV infection since FCoV viremia has also been reported in clinically
healthy cats (Cahn and Line, 2010; Fish et al., 2017). The fact that FIPV replicates in
macrophages while the low virulence FECV counterpart cannot may provide a functional
solution to the FIPV detection conundrum. Simons et al. (2005) developed éP@Rel
assay that detects FCoV mRNA rather than genomic RNA. Thus, by detecting active
replicating FCoV, this assay detects FIPV by its functional characteristic, the virus
replication in extrantestinal tissue that triggers the subsequent, fatal immwwpemese.

The assay demonstrated a Se of 93% and a Sp of 100% detecting FCoVs in blood
specimens, representing a profound improvement over previously described FIPV PCR

assays (Li et al., 1994; Hartmann et al., 2003; Herrewegh et al., 1995).
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In this studywe included the fundamental concept of a functional FIPV PCR assay that
Simon et al. (2005) reported to design a FIP M gene mMRNABBR. The PCR design
includes a forward primer of the universal FCoV mRNA leader sequence and a reverse
primer from a highf conserved region of FCoV M gene. In this method, thesamse
reverse primer anneals to FCoV subgenomic M gene mRNA, priming the synthesis of anti
sense cDNA of M gene mRNA. The positisense forward primer derived from the leader
sequence anneale full-length cDNA of the FCoV M gene mRNA, as well as to the
upstream single leader sequence of the negative sense FCoV genomic RNA template
produced during FCoV replication and or cDNA of genomic RNA primed by the reverse
M gene primer. Therefore, bgphimers create singlstranded cDNAs that will recombine

to form the doublestranded PCR target, amplifying only the short, partial subgenomic
MRNA target of the FCoV M gene. In addition, we used optimal nucleic acid extraction
methodology that stabilizesicleic acids in specimens and concentrates thefliines

higher for PCR input than standard methodology, as well as optimizetimeaPCR and
RT-PCR chemistry and thermal cycling. The use of fluorescence resonance energy (FRET)
probes enables thBCR assay to accurately quantify FCoVs in real time. Collectively,
these improvements resulted in robust amplification of single PCR targets, thereby
maximizing sensitivity at virtually 100% specificity (DeGraves et al., 2003; Kaltenboeck
& Wang, 2005; Wag et al., 2004; US Patent 7,252,937 B2). More importantly, while
using FCoV genomic RNA and cDNA templates in addition to the M gene mRNA
template, the FIP M gene mRNA gHPICR eventually detects only FCoV M gene mRNA,

the functional equivalent of FIPV.
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3.2. MATERIALS AND METHODS

Design of primers and probes. This PCR design exploited thiact that
coronaviruses have unique transcription mechanigxil. coronaviruses mRNAs share
identical leader RNAs derived from the 5' end of the genomic RNA. thposcription,
this leader sequence is spliced onto the transcript encoding every gene, producing the final
subgenomic mMRNA (Jeong et al., 1994). Thus R&Beting the leader sequence along
with a downstream gerspecific primer would allow, via subgen@mRNA detection,
the identification of replicating FCoV. C
of the FCoV genome, the highly conserved M gene is the target for the FIP M gene mRNA
gRT-PCR. A complete set of FCoV M gene sequences was algmedcleotide as well
as translated amino acid sequences for identification of maximally conserved regions of
the FCoV M gene. Long (325 bp) degenerate primers were designed that cover all known
variants of the leader sequence and a highly conserveshreigthe M gene to produce a
282 bp amplification product. Fluorescence resonance energy transfer (FRET) probes for
an intervening conserved region were also designed as long degenerate oligonucleotides
that could hybridize to all known sequence vasaarid produce a fluorescent signal even
from sequences with multiple mismatches. The final primer and probe sequEsigles (
3.2.1) were designed for maximum statistical fit based on the polymorphism of FCoV M
gene. All oligonucleotides were designedusg of the Vector NTI software (Invitrogen
Corportation, Car sbad, CA) . The fluoresc
fluorophore (6carboxyfluorescein, &AM) and combined with the LCRed 640 acceptor
probe (506 | abel ed wi tdphotylatedhandGPlegpuriéed). Rled 640

probes were synthesized by Integrated DNA Technologies (Coralville, 1A).
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Table 3.2.1. Oligonucleotide primers and probes used in FIP M gene mRNA gRPCR

Primer/probe Sequence (5’>3’)?

Upstream primer GCCTTGTGCTAGATTTGTCTTCGGACA

Downstream primer AGCCAGCTAAATTGHGGTCTDCCATATTG

Fluorescein probe CGTGGTGATCTTATYTGGCATCTYGCWAACTGGA-6FAM
LCRed640 probe LCR640-CTTCAGCTGGTCTGTAATATTGATYGTTTTTATAACAGT-P

a  Degenerate bases are marked in red. D represents A of Glaepresents A or C or T, W represents
AorT,Y represents C or T6-FAM indicates 6carboxyfluorescein. P indicates phosphate

Specimen sources and handlingBetween 2014€016, three thousand and eight
hundred ninety one specimens were analyzed.es@hspecimens were collected by
veterinarians nationwide from cats, for which there was a clinical suspicion of FIP, and
submitted for PCR diagnosis to the Auburn University Molecular Diagnostics Laboratory.
The specimens were shipped at ambient temperatithout prior refrigeration or frozen
storage. Four hundred microliter of eagecimerwere mixed withan equal amount of
binding buffer [6 M guanidin¢iCl, 10 mM urea, 20% (v/v) Triton 400, 10 mM Tris
HCI , pH 4. 4] per ma n a R ant vial wpenr récsiving loysther uc t i
laboratory.

Nucleic acid extraction. To maximize the accuracy of this assay, an optimal
nucleic acid extraction method was developed to stabilize nucleic acid in specimens and to
concentrate them 1B0 times for PCR input (DeGraves et al., 2003). Total nucleic acids
were extracted from thgpecimens by use of glass fiber matrix binding and elution with
the HighPure PCR Template Preparation @oche Diagnostic, Indianapolis, IN, USA).

To the binding buffer and specimen mixture, 80 ul of Proteinase K digestion enzyme was
added (Roche Diagstics, IN) and vortexed in a Precellys 24 homogenization shaker

(Bertin Technologies, France) at 3,000xg, three times for 60 seconds with 60 second
intervals between shaking cycles. After homogenization, the vials were centrifuged at

8,000 rpm for 1 mirto remove the foam. Then the vials were incubated at 72°C for 20
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min. Following the incubation, 200 pul of isopropanol (Fischer Scientific) was added to the
contents of the 2 ml vial and vortexed. In the next step, DNA was bound to a spin column
glass fiter that was inserted in a 1.5 ml collection tube. The filter was centrifuged at
3,000xg for 1 min to remove the original sample mixture, then centrifuged each time again
after addition of inhibitor removal buffer (500 ul, once) and wash buffer (50@&gh,e
twice). Subsequently, residual fluid in the filters was removed by centrifugation in a new
collection tube at high speed (14,000xg) for 20 sec, then filters were transferred again to a
new collection tube. Nucleic acids were eluted in a final vol@md0 pl (2x20 pl),
following incubation at 72°C for 5 min with addition of 20 pl elution buffer each time. An
extraction blank was included in each extraction set to be used as negative control for
surveillance of contamination and/or repecific amplifcation.

Optimization and validation of the PCR. The quantification standard was
commercially synthesized as target DNA cloned into an expression plasmid. The assay is
performed as onstep RFPCR modeled on the proprietary fCR thermal desigfwang
et al., 200 The PCR was optimized by fistaning the annealing and fluorescent signal
acquisition temperature, extension time and tempetaiure sensitivity of the FIP M gene
MRNA PCR was validated by serlahiting dilution of positive specimens. The limit of
detection was a single mRNA copy per reaction, based on the Poisson distribution of
positive and negative reactions at the limiting dilution (Kaltenboeck and Wang, 2005).
High resolution melting cungwere generated at the end of thermal cycling by increasing
reaction temperature from 35°C to 80°C over 4 minutes while fluorescence was
continuously acquired. Verification of reverse transcription was initially achieved by

amplification of RNA producedn vitro from this vector, and later routinely by-re
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amplification of known FCoYositive specimens in the presence and absence of reverse
transcriptase. Validation of specificity was performed by sequence determination of
positive amplifications in thistudy. These data established that the PCR was equally
effective at single copy input and verified the robust ability of the PCR to detect single
target copies.

Operation of the FIP M gene mRNA gRTPCR. All PCRs were performed as
singlestep reverse transcriptase PCRs in volumes of 10 pl of reaction master mixture and
10 pl sample aligot in a LightCycler Realime Thermal Cycler 1.5 (Roche Diagnostic,

IN). All Lightcycler Red 640 probes were used atancentration of 0.2 uM, the
carboxyfluorescein probes were used at 0.1 pM, ped 20 pl gPCR 0.0075 U
ThermoScri ptE reverse tr ans®dagDpApalsneraseand 1.
(Invitrogen, Carlsbad, CA) were used (Wang et al., 206%r eaclreattime PCR, the

reaction master mixture was freshly assembled from separate stocks of-distiliéel

water, 5x PCR buffer, 5x oligonucleotides (primers and probes) in TE buffer, 50x PCR
Nucleotide Mix® Roche Diagnostic, IN ThermoScrige reverse tanscriptase, and
Platinum Taq DNA polymerase. For convenient pipetting, ThermoSEripteverse
transcriptase was used at a 1:140 dilution in storage buffex.PCR buffer consisted of

4.5mM MgCh, 50 mM KCI, 20 mM TrisHCI, pH 8.4, supplemented with 0%beach

Tween® 20 and Noidet R4 0 E , and 0.03% acetylated BSA
Nucleotides were used at 0.2 mM (dATP, dCTP, dGTP, dTTP). The thermal cycling
profile (Fig. 3.2.1) consisted of a reverse transcription sa&®5° for 10 min before the

initial 2 min denaturation at 95°C, followed by 18 highingency stejlown thermal

cycles: 6 cycles of 15 sec at 95°C, 30 sec at 70°C, and 30 sec at 72°C; 9 cycles of 15 sec
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at 95°C, 30 sec at 68°C, and 30 sec at 72°C; &syifl15 sec at 95°C, 30 sec at 66°C, and

30 sec at 72°C. The higdtiringency cyles were followed by 30 lestringency
fluorescence acquisition cycles of 8 sec at 58°C with fluorescence acquisition, 30 sec at
72°C, and for 0 sec at 95°C. The melting eumas determined by continuous fluorescence

acquisition over 4 minutes in 0.2°C steps between 35° C and 86§3R2.1).

100
90
80—
70—
60—
50—

40— ___ Temperature tracing
30— = Fluorescence acquisition

20 T T T T T T
00:00:00 00:15:00 00:30:00 00:45:00 01:00:00 01:15:00 01:34:57
Time (h:min:sec)

Temperature (°C)

Figure 3.2.1. Thermal cycling profile of the FIP M gene mRNA gRPCR The first step, reverse
transcription, is perfomedt 55° for 10 min, followed by a 2 min denaturation step at 95°C. Subsequently,
18 highstringency steflown cycles are performed, each consisting of 15 sec at 95°C, followed by 30 sec
annealing and 30 sec extension at 72°C. The annealing temperatur€ fer7@<tycles, 68°C for 9 cycles,

and 66°C for 3 cycles. The stdpwn cycles are followed by 30 lestringency fluorescence acquisition
cycles of 8 sec at 58°C with fluorescence acquisition, 30 sec at 72°C, and 0 sec at 95°C. Finally, the high
resoluton melting curve is determined by continuous fluorescence acquisition over ~4 minutes in 0.2°C steps
between 35° C and 80°C.

Standard reactions containifgur positive standards, 10,000, 1,000, 100, and 10
copies of FCoV DNA templates, were performed withreverse transcription and used
for absolute quantification of the concentration of FCoV mRNA template copies in the
specimens.In routine diagnostic assays with limited requirement for highest quantitative
accuracy, only the 1,000 and 10 template cef@ndards were used. As control for

transcription, a positive specimen from a previous batch was included in eachhatch.
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negative controls, 1x standard diluent and the extraction blank of each batch of extracted
specimenswere also included.

Analysis of PCR results. Data were analyzed using the LightCycler software
version 3.5 (Roche Diagnostic, IN). As initial step, melting curve analysis was used to
separate positive from negative amplification reacti®eta were analyzed as 640 nm:530
nm (F2F1) fluorescence ratiosThe melting peak of positive reactions was identified in
the first derivative of fluorescence intensity over temperatat@2/F1)/dt)in the final
segment of continuous signal acquisition from888C. In this analysis, the rsbrapidly
changing fluorescence intensity results in
50% of the hybridization probe is bound to the target and 50% is free in solution. Presence
or absence of a melting peak allows unambiguous discrimmatipositive amplification
reactions from negative ones.

For subsequent quantitative analysis, background noise was delineated by setting a
noise band between positive and negative reactions. Amplification threshold cycle
numbers (crossing points) werertved from the intersection of the best fit line through
the loglinear portion of the amplification curve of each reaction and the signal threshold
line set after background elimination. Based on the crossing points and copy number of
the standard temgles, a linear regression was calculated that related crossing points to
standard copy numbers. Based on this equation, target copy numbers in unknown
specimens were determined by their crossing points.

DNA sequence analysis.Ten high copy number (>50fbpies¢ ) amplification
products (AUMDZ2110) were sequenced in both directions, using upstream and- down

stream PCR primers. The GenBank accession numbers used for comparative analysis
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were: isolate 26M, KP143512; UCD13, FJ94376.4; UCD17, FJ917527:1148
DQO010921.1; UU22, GU5S53361.1; FEAQW, AB086904.1; ClJe, DQO010921.1.
Sequence alignment was determined in the Vector NTI software package by use of the
ClustalW algorithm (Thompson et al., 1994), and phylogram construction was performed

by neighbotjoining algorithm (Saitou and Nei, 1987).
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3.3. RESULTS

Single target copy detection by the FIP M gene mRNA R'PCR. To validate
the sensitivity of single target copy detection by the assay, a limiting dilution series of
positive specimens in 20 ng of unreldtbackground nucleic acids was performieig).(
3.3.1). Positive reactions were identified by higdsolution melting curve analysis that
confirmed a melting peak for positive, but not for negative amplifications.

Figure 3.3.1. Identification of positive

P Name Sten. E 006
e R o T
: s Ji and negative reactions by higresolution
: %% e melting curve analysis at limiting dilution
; %%‘ E of a positive specimenTotal nucleic acids
: %g %m extracted from the highly positive
:m?"‘é% 3;:; peritoneal effusion speci
e 2 diluted 1:20,000 to 1:180,000 in standar
%wﬁ o] diluent (2 ug gGEM plasmid DNA/ul in 10
—ae ] mM Tris-HCI, 0.1 mM EDTA, pH 8.5) and
e oo amplified in the FIP M gene mRNA RT
: :mm““ £ PCR. At these dilutions, reactions became
: %E E either positive at very low copy numbers or
: %% EZEI remained negative. a) Positive specimens at
7 ;":g §:l the limiting dilution show much lower
iﬂi: E copies in amplification, and consequently
f: %ﬁj poot much lower melting peaks and areas under
= oo % the melting curve than the reactions
e aon ] =3
T e R R R . .| standards. b) Identification of positive
s B specimens without signal suppression by
= :Mm"‘ i . C ﬂ positive standards. Pdsi reactions (gray
:5 Eﬂm E / \‘\ background) can be unambiguously
: %E%% ;:::ﬁ [ identified by their distinct melting peaks
Es %é% %EZ ;“{ \ relative to the negative control (red line). c)
—:%% gﬁﬁ ; " Negative reactions are indistinguishable
:2%% E from the negative control relative to a
7% %%:E ] positive calibration reaction.
—ifezmn o]
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The results inFig. 3.3.1 indicate unambiguous identification of positive
amplifications. Positive as well as negative amplifications can be observed in different
aliquots of each of the limiting dilutions. These data imply Poisson distribution et targ
copies at the limiting dilution range, such that some aliquots of the limiting dilution contain

one or more target molecules, while others contain néige3.3.2).

Figure 3.3.2. Logistic regression
1.0 © Qoo e11111))

determines target copies at the limiting

- N
o

'ﬁ 08} dilution range of a positive specimen
0

%— - Positive (1.0) and negative (0.0) reactions
% 0.6- of diluted specimen aliquots were plotted
c

8 """"""""""""""" against the respective dilution, and the
D 0.4r

g ) : maximum likelihood fit for probability of
= [ d 1:93,420 = 0.5 copies / aliquot

o) | i nonamplification at the limiting dilution
35 02 i :

o 11:46,710 =11 average copy per aliquot | range was deterined by logistic
o i ' ;

regression analysis.

20,000 60,000 180,000
Sample dilution

o
o
T

From plotted positive and negative amplifications of each dilution, logistic
regression allowed the determination of the probability of amplificationgrofability of
nonramplification) at each dilutiorHg. 3.3.2). For the highly positive peritoneal effusion
speci men APheno, the point where 50% of
negative is a 1:93,42ld dilution of the original specimen. At this dilution, each 10 pl
PCR input aliquot containen average 0.5 copies of the FCoV amplification target RNA.
Thus, an aliquot of the 1:46,76ld dilution contains on average one target copy, and the

undiluted original extracted nucleic ac
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target RNA copes per 10 pl. These results ascertain that the FIP M gene mRNA PCR is
capable of detecting a single copy of the target molecule in a reaction.
Analysis of FIP M gene mMRNA RFPCR. The PCR results of a testing batch of
16 specimens are shown to demonstthe performance of the PCRi@s. 3.3.3,3.3.4).
These specimens include 2 positive standards, 2 negative controls, and 12 FIP diagnostic
specimens. The positive standards were 1,000 and 10 copies of FCoV DNA templates;

two negative controls were 1xasidard diluent (and the extraction blank of each batch of
extracted specimens.
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Figure 3.3.3. Melting curves of FCoV diagnostic specimen#lelting curve and lines indicating melting

peak Tm) of 1000 and 10 copy standard FCoV templates are shown in blue and green, respectively. Four
positive FIP diagnostic specimens show distinct melting curve§ andrea under the curve (AUC) of the
first derivative of the melting curve represents thalttuorescence that the amplification product generates.

than lowcopy specimens.

Fluorescence detected in the PCR is directly proportional to the amount of DNA template present in the
specimens. High copy number specimens generate more fluorescence hence manifest langet #tdvf
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Results were first evaluated by higksolution melting curve analysis for
unambiguous identification of positive specimens by distinct melting p&adks3(3.3).

The melting peaks of the curve of first derivative d¢diofescence intensity over
temperatures (melting curve) indicated different melting temperaftg®f the positive
diagnostic specimens. These differ@it of the specimens are the result of different
degrees of mismatch of the probes to the sequences. The area under the curve (AUC) of
the melting curve reflects the intensity of fluorescence detected in the specimen and is
directly proportional to the amotiof FCoV DNA template present in a specimen. Single
base polymorphisms in the probe region often resukt3flower melting temperatures,

which allow identification of target specificity. For negative controls and specimens, the
first derivative of fuorescence intensity over temperatures showed no change of
fluorescent intensity, and thus displayed no melting peegs§.3.3.

From the original data on fluorescence intensity of each specimen at each
amplification cycle, the LightCycler software geated amplification curves, and
background noise was manually delineated by setting a noise band between negative and
positive control samples{g. 3.3.4a and3.3.4h). The positive specimens showed low
numerical values for the points where the fluorassgnal crossed the manually set green
threshold line (crossing points) due to the few amplification cycles required to produce a
fluorescent signal from the high numbers of FCoV templates present in the speéilgens (
3.3.49. This indicates that trexponential amplification phase occurs earlier in high copy

specimens as compared to low positive specimens with higher values for crossing points.
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Figure 3.3.4. PCR amplification
curves of FCoV diagnostic
specimens. Each amplification
curve represents the accumulation
of

amplification products

generated from individual
specimens over the duration of
thermal cycling. The
amplification curves are shown
before (a) and after (b) the
adjustment of the noise cutoff
band(red line) between negative
and positive control specimens.
(c) Crossing points (red cross) at
the manually set fluorescence
threshold line (green) indicate the
cycle number at which the signal
from each specimen crosses an
arbitrary detection threshold(d)
Linear regression between the
logarithm of input target copies
and crossing point of the positive
standard templates. This equation
allows determination of input
target copies of unknown

specimens from their crossing

point.



Based on the known tempdeconcentrations of the two positive standard templates,
a linear regression between the logarithm of target copies and the respective crossing point
can be established. The negative slope of the regression line characterizes the efficiency
of the PCR, wh a slope 0f3.322 indicating 100% efficiency, i.e. doubling of the target
copies at every cycle 8?2 = 10). In this PCR, the slope wa3.033 Fig. 3.3.40d),
indicating 81.85% efficiency of the PCR, a very high efficiency of target amplification for
a reverse transcription PCR with total nucleic acid input. Total nucleic acids contain
among RNA more than 80% of highly folded, thus-geiming, ribosomal RNAs that are
notorious for producing high amounts of rgpecific background PCR products thag
strongly inhibitory on specific target amplification.

To further confirm the results of the PCR, gel electrophoresis of positive
amplification products was performed. Lane4 ih Fig. 3.3.5 show different length of

amplification products, hence comfi the polymorphic amplifications of targets.

Figure 3.3.5. PCR amplification products of four
positive FCoV diagnostic specimenBroducts of the
FIP M gene mRNA RIPCR separated i 2% low
melting-point agarose gel stained with ethidium
bromide Lane M (iX174 RF DNAHaelll marker
DNA fragments ranging from 72 1353 base pairs
(bp); Lanes 4 show different lengths of the PCR
amplification products as the top bands, with shorter

aberrant products and primer dimers below.
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Polymorphism of FIP M gene mRNA amplification product. To further confirm
the correct amplification and investigate the polymorphism of the M gene mRNA PCR
amplification products, 10 high copy number PCR amplification products (AUM®-

10) were chosen and Sanger DNA sequdrmeboth strands. Deduced amino acid (AA)
sequences were first aligned by Clustal W software against an intermixture of published
FECV and FIPV M deduced AA sequencégy( 3.3.69. Based on the AA alignment,

gaps were introduced into the nucleotide JN€quences for accurate and functionally
correct alignmentHKig. 3.3.6b). The sequence alignments show that the upstream and
downstream portion of the sequences including the probe regions were highly conserved,
especially from AA position 41 to the-t&rminus of the sequences. However, the region
from AA position 2539 demonstrated high polymorphism in AUMD PCR amplification
products as well as published FECV/FIPV M gene sequences, reflected at the nucleotide
level in positions 7817 Fig. 3.3.6b). Naably, in the AA alignment, 5 AUMD PCR
amplification products and 1 published FIPV isolate demonstrated an in frame deletion in
position 38.

The polymorphism of the FCoV M genes is also evident in the phylogram derived
from the amino acid sequence aligningihig. 3.3.7). The complete intermixture of
published FECV sequences with published FIPV sequences and AUMD amplification
products suggests that polymorphisms in the amplified portion of the FCoV M gene do not
separate between FECV and FIPV isolates, twedefore do not associate with FIPV

conversion of FECV.
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Figure 3.3.6. Investigation of
polymorphism of the partial M
gene mRNA sequence of 10 high
copy number PCR amplification
products (AUMD1 to -10).
Alignments of the partial FCoV M
gene mRNA sequences of the PCR
products and a selection of
published FECV and FIPV
isolates are shown at both deduced
amino acid (a) and nucleotide
level (b). Dots indicate residues
identical to the FECV 26M
reference sguence, and dashes
indicate deletions. (@ The
alignment shows that the most
polymorphic region extends from
whereas the

position 2539,

downstream sequences from
position 41 to the @erminus is
highly conserved. In addition, 5
PCR products (AUMEL, 2 5, 9,

10) and the published FIPV 79

1146 isolate show an in frame deletion at position 38. (b) Nucleotide sequences after introduction of gaps

based on the AA sequences show highest polymorphism from position 75 through 117, and maximum

conservation domstream. The in frame deletion at AA position 38 corresponds to nucleotidd4412
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Figure 3.3.7. Phylogram of the partial FCoV M gene mRNA sequenceSUMD amplification products
(AUMD-1 to 10) are shown in black font. An intermixture of FECV afM-isolates is shown in green

and red fonts, respectively. FECV, FIPV, and AUMD sequences are completely interspersed and occur in
the major clades in the phylogram, confirming the high polymorphism, buassociation with FECV to

FIPV conversion, oftte FCoV M gene sequence.

Overview of specimens received for FIP diagnosis by the FIP M gene mRNA
gRT-PCR assay After establishment and validation, this PCR was offered beginning in
2007 to veterinarians for FIP diagnosis. Since that time, the Alniversity Molecular
Diagnostics Laboratory receives annually approximately 1,300 specimens for FIP
diagnosis, mostly peritoneal effusions, submitted by veterinarians and diagnostic services
nationwide. In 20142016, on average 1,297 specimens were redeannually Table
3.3.1), and approximately one third tested positive in the PCiIg 3.3.1). Specimens
encompassed body fluids (60.0%), whole blood (33.6%), tissue (3.3%), feces (1.1%),
cerebrospinal fluid (0.8%), and urine (0.7%@able 3.3.2). Of dl specimen types received,

body fluid was dominant, followed by whole blood specimens. The highest PCR positive
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percentage was for body fluid specimens followed by urine, tissue, and CSF specimens

(Table 3.3.2. The FIP PCR positive percentage of wHateod specimens was the lowest

of all specimen types.

Table 3.3.1 20142016 total number of specimens received for FIP M gene gRFCR.

Year Total specimens received Positive specimens  Positive percentage (%)
2014 1,239 353 28.5
2015 1,282 371 289
2016 1,370 401 29.3
Average 1,297 375 28.9

Table 3.3.2. 20142016 annual average number of specimens received and PCR positive

percentage by specimen type.

Specimen type

Ave. annual received (%)

PCR positive (%)

Body fluid
Whole blood
CSF

Tissue
Feces

Urine

60.0
33.6
0.8
3.3
1.1
0.7

43.1
4.1

26.1
27.5
13.6
36.0
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3.4. DiscussiON

To overcome the difficulty to differentiate FECV from FIPV straing have
established a highly sensitive and specific-teaé PCR assay (FIP M gene mRNA gRT
PCR) for detection of subgenomic FCoV mRNA, indicating replicating virus tra-ex
intestinal specimens, i.e. detection of FIPV based on the functional characteristics of FIPV.
In addition, he specific signal obtained by use of fluorescence resonance energy (FRET)
probes in the PCR allows accurate quantification of viral load, whicher aids in FIP
diagnosis.

To validate the sensitivity of tHelP M gene mMRNA gR¥PCR, we performed the
PCR on a limiting dilution series of positive specimens. Distinct-hegblution melting
peaks clearly discriminated positive individual PCRsrfrnegative ones, and allowed
unambiguous determination of positive amplifications at the PCRs of the multiple sample
aliquots at each dilution stepi¢. 3.3.1). This indicates that the PCR detects single copies
of the FCoV M gene mRNA target, and thhetfrequency of negative amplifications
increases at high sample dilutionBig. 3.3.2. The results also showed that the
amplification by the FIP M gene mRNA gqRACR is 100% specific, with no evidence of
contamination or product carry over. Thus, thes&an distribution derived from the serial
limiting dilution demonstrates thahis PCR is able to specifically detect single target
MRNA copies in clinical specimens. This is accomplished against a high background of
unrelated nucleic acids that are @ed from the large 0.1 mL specimen aliquot that is the
input in every PCR.

We then tested the PCR on randomly selecteesbHpicious field specimens. As

expected, the highesolution melting curves unambiguously distinguished positive
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specimens from netjge ones. Positive specimens showed distinct melting peaks,
typically different from the reactions standards, indicating different degrees of mismatch
of the probes to the target sequendeig.(3.3.3. The corollary is that even single
mismatches betvem probes and amplification target can be determined. Thus the detection
of a melting peak by itself, derived from a continuoushidtleotide sequence to which the
probes hybridize, indicates with essentially 100% accuracy the amplification of thecspecifi
FCoV M gene mRNA target. Positive amplifications generated fluorescent signals, which
crossed an arbitrary detection threshold at different cycle numbers. Based on the different
crossing points and known concentrations of the standard templatesararéigeession
accurately calculated the target copy numbers of the specimens tEgied.8.4).
Subsequently, the positive PCR amplification products were validated by gel
electrophoresis showing positive amplicons of minor variations in lefRggh3.3.5).

Since FCoV, as an RNA virus, is prone to mutate at high frequency, we also
investigated the polymorphism of FIP M gene mRNA ¢RIR products by DNA
sequencing. The deduced amino acid sequences as well as the nucleotide sequences of the
PCR amplicongAUMD 1-10) were then compared to the sequences of an intermixture of
published FECV and FIPV isolatdsg. 3.3.6). The sequence alignments identified highly
polymorphic regions of the partial M gene mRNA sequences. However, sequences of the
PCR amplions do not separate between that of the published FECV and FIPV isolates
(Fig. 3.3.7). This result indicates that there is not a single prototype sequence among the
highly polymorphic FCoV strains that represents either FECV or FIPV strains.

After successfl validation and application of the FIP M gene mRNA gRCR on

the field FIRsuspicion specimens, this assay was offered for FIP diagnosis since 2007.
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Since then, Auburn University Molecular Diagnostics Laboratory receives annually
approximately 1,300 smimens for FIP diagnosis nationwide by veterinarians and
diagnostic services. From 2014 to 2016, an annual average of 1,297 specimens of all types
were received for FIPV diagnosi$gble 3.3.1), and nearly 30% of the specimens were
positive by this PCR.Among all specimen types received, body fluid, mainly from the
peritoneum, was primary, followed by whole bloddle 3.3.2). The positive rate was

the highest in body fluid specimens, which can be expected since body fluid is the usually
closet to the~IP lesions containing the highest concentration of the FCoVs. The positive
rate in whole blood specimens was the lowest among all specimen types. This is probably
due to that fact that FIPV usually aggregates in tissues, triggering severe localized
inflammatory responses. Only a portion of FIP viruses would actually circulate in the
bloodstream, and therefore high viremia is not expected. Overall, this PCR is able to detect
FCoVs in various types of specimen and has been a primary PCR assay offértl for
diagnosis on the market.

In summary, we developed a PCR assay that detects FIPV based on its functional
characteristics. The virtually 100% specificity of this assay is achieved by the use of FRET
probes. This PCR amplifies single target molecudas] thereby maximizes assay
sensitivity by its combination with a nucleic acid extraction method that provides high
target recovery and reiime PCR and RPPCR chemistry and thermal cycling optimized
for robust assay characteristics. The value of tH®/HPCR has been proven by years of
application to thousands of clinical specimens. While the 100% positive predictive value
(PPV) of this assay is assured by hrglsolution melting curve analysis of every single

test, we still do not know its detectioarsitivity relative to a gold standard test for FIP
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diagnosis, i.e. the direct immunohistological detection of the virus in clinical specimens.
Therefore, in a continuation study, we will aim to evaluate sensitivity and negative

predictive value (NPV) othe FIP M gene mRNA gRIPCR.
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CHAPTER 4 Immunofluorescence Assay for Detection of FCoV

4.1. INTRODUCTION

Immunofluorescence (IF) assay is histochemical labeling technique that exploits
the exquisite specificity of antiboelntigen interaction with #luorophoreconjugated
antibody to detect the presence and distribution of a target antigen in tissue (Mohan et al.,
2008). Visualization of FCoV in infected macrophages by immunofluorescence (IF) is the
gold standard for FIP diagnosis (Pedersen et @ll4R Application of IF to effusion
specimens is particularly essential for amtertem diagnosis of FIP. A true positive result
by IF is 100% predictive of FIP (Paltrinieri et al., 1999; Parodi et al., 1993; Hartmann et
al., 2003). Therefore, it can sed to compare and assess the diagnostic utility of other
diagnostic tests of FIP.

There are two detection methods in immunofluorescence: direct and indirect.
Direct immunofluorescence (DIF) is a esep process that uses a single fluorescently
labeled antibody that binds and illuminates the target antigen. Indirect
immunofluorescence (IIF) is a twgiep process involving two antibodies. First, the
unlabeled primary antibody is applied to bind to the specific target antigen, followed by a
fluorescenty-labeled secondary antibody that binds the primary antibody. DIF is often
used in research due to its ease. However, when using IIF, analysis of a control specimen
without primary antibody allows finuning of assay parameters for optimal elimination
of background signals. In addition, multiple primary antibodies from different host species
allow simultaneous detection of several targets by use of secondary antibodies labeled with
different fluorophores. Finally, multiple secondary antibodies cantbiadingle primary

antibody, thereby intensifying the fluorescent signal from the target antigen.
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Due to simple experiment protocols, more FIP diagnostic studies used DIF rather
than IIF (Hartmann et al., 2003; Horhogea et al., 2011, Litster et al.; P@t8di et al.,
1993; Paltrinieri et al., 1999). However, the Se and Sp of these DIF assays were variable.
Some of the studies found many false positive DIF results indicating a poor PPV (Parodi
etal., 1993; Litster et al., 2013), while another stuwdytl many false negative DIF results,
indicating a poor NPV (Hartmann et al., 2003). These data suggest high operator
dependence of DIF assays, and therefore a lack of robustness and general applicability. On
the other hand, fewer studies used the IIfhmoe for FIP study (Amer et al., 2012; Hok,
1989; Tresnan et al., 1996). Only Hok (1989) investigated the diagnostic utility of IIF
assay for FIP diagnosis, whereas the other two studies used IIF as a confirmatory test for
demonstrating successful infeatiof FCoVs in cell culture (Amer et al., 2012; Tresnan et
al., 1996). Hok (1989) examined the diagnostic utility of an IIF on epithelial cells from
the membrana nictitans of 231 cats in a mixed population of clinically healthy and FIP
suspicious cats. & showed an image of a typical positive IIF result demonstrating the vivid
presence of FCoV in infected cells. The study first compareeF&dV IIF results to ani
FCoV antibody levels, and found a concordance of 85% between the ték{sl@89). She
then compared the IIF results to viral isolation results from differenafi#eted tissues. The
comparison generated a Se of 0% and a Sp of 6700% for the IIF assay. In particular,
Sps of the assay were 100% in 4 out of 6 types of diseased $igsuimens. Based on the
findings, she concluded that IIF is an adequate diagnostic method for 8kP1@89).

To confidently evaluate the diagnostic utility of an assay for-amigem FIP
diagnosis, a reliable diagnostic gold standard such as arsdly msrequired. However, the
currently available DIF assays have inconsistent Sps and Ses, and the knowledge about reliable

IIF assays is limited. In addition, none of the studies demonstrated the use of simultaneous
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differential fluorescent labeling &¥CoV and macrophages, respectively, a method that can
provide even better proof of FIP diagnosis than immunofluorescent detection of FCoV alone
(Amer et al., 2012; Hartmann et al., 2003; Horhogea et al., 2011; HOk, 1989; Litster et al.,
2013; Parodi et a1 1993; Paltrinieri et al., 1999; Tresnan et al., 3996 this study, we
developed a high quality IIF assay that 1) simultaneously labeled FCoV and macrophages in
green and red fluorescence, respectively, allowing unambiguous detection ofiff€cteéd
macrophages while identifying any cell nucleus by blue fluorescence; 2) eliminated
background fluorescence by fhtening reaction and image analysis parameters; and 3)
provided assurance of test results by including a negative control for each spedinen.
method can be used with confidence as a gold standard to investigate the diagnostic utility of

the FCoV M gene mRNA gRPCR, or of any other FIP diagnostic assay.
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4.2. MATERIALS AND METHODS

Preparation of microscope slides with fixed effusiorells. Effusion specimens
that were positive or negative in the FIP M gene mRNA-GR were randomly selected
for testing by the FCoV immunofluorescence (IF) assay. A 0.5 mL aliquot of effusion
specimen was diluted 1:1 with phosphhtgfered saline (PB), 10 pl of hyaluronidase,

100 mg/ml, was added and incubated for 10 min at room temperature (Litster et al., 2013).
Cells were sedimented at 750xg for 10 min, and resuspended with-aavélpipette in 1

mL PBS. This washing step was repeated twid# the supernatant was clear. The cells
were finally resuspended in 100 pl PBS, 40 pl were added int6theé of unnel E cha
of a Shandon Cyt o sThérmoEish8r Scentifia loce),randr drops af e
buffered zinc formalin fixative (ZFix, Anatech, Inc.) were added. The zink formalin
fixative was used because it preserves the antigen structure in formalin fixed tissue
specimens, allowing effective immunostaining (Wester et al., 2003). To deposit the cells
on the two 113 mrencircled areasf the cytospin microscope slides, the specimen was
spun at 72xg for 5 min. The slides were therdaed for 510 min and stored in a humid
chamber at 4°C until further processing. Each experiment included specimen slides with
a negative control witha primary antibodies, and a method control slide with a negative
and one positive control specimen.

Immunfluorescent lableing. Prior to addition of blocking buffer, specimen slides
were examined by daifkeld microscopy, and only specimens with 40 or encells per
encircled area were further processed. The specimen slides were blocked in a humid
chamber at room temperature for 1 hr by dropping 30 pl of blocking buffer (5% BSA and

10% donkey serum in PBS) onto the encircled areas of the slides (Kroahed898).
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Specimen slides were drained and briefly blotted, followed by addition to the
encircled spots of 30 pl of the mixed primary antibodies, diluted appropriately in blocking
buffer. Subsequently, the slides were incubated overnight at 4°C umal lthamber
(Donaldson et al., 2001). The primary antibodies were then gently rinsed off with PBS and
immersionwashed for 5 min each in three changes of fresh PBS. After brief blotting, 30
pl of the mixed secondary antibodies, appropriately dilutedblaTking buffer, were
applied to the encircled spots, and slides were incubated for 45 min in the dark at room
temperature in a humid chamb@h@kraborty et al2013). This incubation was followed
with three wash steps as described after primary antibmdibation. Immediately after
air-drying, a drop of SlowFade Diamond Antifade Mountant with DAPI (ThermoFisher
Scientific, Inc.) was added to each encircled area, and a single cover slip was placed on top
that covered both encircled areas. To secutksmal the cover slips, nail polish was
applied around the edges. The positive and negative controls were specimens that had
previously tested positive and negative, respectively. The specific negative control of each
specimen slide was the second ernedarea in which only secondary, but not primary,
antibodies were used.

Primary and secondary antibodies. In signal optimization, the concentration of
primary antibodies was determined first, followed by the concentration of secondary
antibodies (Hoffmaret al., 2008).

For primary labeling of feline coronavirugancoronavirus mouse IgG2a
monoclonalantibody FIPV370 (Fisher Cat. MA1-82189 was usedLitster et al., 2013)
at 1:400 dilution Bound anticoronavirus antibody was detected by 1:500 dilagkeckey

antrmouse IgG polyclonal antibody conjugated to Alexa Fluor #8&her Cat. /R37114.
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For primary labeling of macrophages, goat -amtiuse Allograft Inflammatory
Factor 1 (A1F1) polyclonal antibodf¥fiher Cat. ABIN184738 Utans et al., 1995) was
used at 1:800 dilution. This antibody targets theeitninal peptide TGPPAKKAISELP
of the murine A1F1 protein, which is 83% homologous at amino a€ids & the feline
homolog sequence GPPAKRNISELP. In comparative analysesntiiemouse AlF1
antibody also bound to the feline homoloBound antiA1F1 antibody was detected by
1:500 diluteddonkey antigoat IgG (H+L) polyclonal antibody conjugated to Alexa Fluor
594 Fisher Cat. # A1058).

Microscopic observation and image procgsing. The slides were then examined
under oil immersion with a Plan Apochromat 60x objective in a confocal laser scanning
Nikon Eclipse TE2000 inverted microscope. Images were saved as TIFF formatin NIS
Elements Viewer 4.20 software, and then procebssedse of Photoshop CS3 software.
Cell nuclei were visualized with 350 nm excitation in the blue 405 nm emissin ®&f
diamidine2-phenylindole (DAPI) FCoV at 490 nm excitation in the green 525 nm
emission channel ofluorescein isothiocyanate (FITCand macrophages at 557 nm
excitation in the red 576 nm emission channel of tetramethyl rhodamine isothiocyanate
(TRITC). Brightness and contrast were separately adjusted for each blue, green, and red

channel across each entire image.
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4.3. RESULTS

Differential immunofluorescent labeling. We used three different fluorophores
to label cell nuclei (blue), macrophages (red), and feline coronavirus (green; FCoV)
respectively. One FCoYositive and-negative peritoneal effusion specimen each were
labela in series with either DAPI onlyF{gures 4.3.1a and ¢, DAPI and antAlF1
primary mouse monoclonal antibody and anbuse Alexa Fluor 594 conjugatéigures
4.3.1b and &, or DAPI, anttA1F1, and antpan coronavirus primary goat ployclonal
antibody ad antigoat Alexa Fluor 488 conjugatEigures4.3.1c and §.

Figures 4.3.1a and d show only cell nuclei of FCo¥positive and-negative
peritoneal effusion specimens labeled blue by DAPI. There are two shapes of nuclei: a
single round nucleus of macroplesg or lymphocytes, or a lobed nucleus of
polymorphonucleated granulocytes, mostly neutroptgures 4.3.1b and e show that
macrophages are labeled as single round nuclei in blue with a surrounding red cytoplasm
(Alexa 594). Figure 4.3.1c shows FCoVinfected macrophages in the FGpdsitive
specimen with single nuclei in blue, along with red cytoplasm, and green vesicles
containing FCoV antigen (Alexa 488). In contrast, the F@eYative specimen igure
4.3.1f does not show any greatained vesicles, despite incubation with the complete set
of primary antibodies and fluorescent conjugates. -Manfected cells in both Figures
4.3.1candf were either nomimacrophage cells (labeled in blue) or macrophages (labeled

in blue and red).
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FIP PCR- positive FIP PCR- negative
a DAPI d DAPI

b DAPI + A1F1-Alexa594| e DAPI + A1F1-Alexa594

c DAPI + A1F1-Alexa594| f DAPI + A1F1-Alexa594
FCoV-AIexa488 FCoV-Alexa488

Figure 4.3.1 Immunofluorescent labeling of macrophages and feline coronaviruShow is differential
labeling of cells from a FIP PCGPositive (left panel) anehegative (right panel) effusion specimen. (a) and

(d) Cell nuclei are labeled in blue by DAPI. Cell nuclei are either shaped as a single round nucleus
(macrophage or lymplogte), or a lobed nucleus (neutrophil). (b) and (e) Macrophages are labeled as single
round nuclei in blue with surrounding cytoplasm in red. (c) F@u&cted macrophages in the FIP RCR
positive specimen with FCoV patrticles labeled in green, in additidhe single round nuclei in blue along

with the cytoplasm in red. (d) Greatained FCoV is not present in macrophages of the FIR-igRtive

specimen.
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4.4. DISCUSSION

We have established a high quality immunofluorescence (IF) assay that
unambiguouslydentifies even single intracellular vesicles containing feline coronavirus
antigen. This assay can be used as a reliable gold standard to evaluate the diagnostic utility
of the FIP M gene mRNA gRPCR. For maximum information and control of signal to
noise ratio, we developed this IF assay as a dual FCoV/macrophage target indirect
immunofluorescence assay rather than the direct immunofluorescence that Litster et al.
(2013) described.

To establish the assay, we applied the differential fluorescent IgloeliRIP PCR
positive and negative peritoneal effusion specimens either only with DAJRIrés4.3.1a
and d), DAPI and antiA1F1 primary mouse monoclonal antibody and-ambuse Alexa
Fluor 594 conjugateNigures4.3.1b and @, or DAPI, anttA1F1, and antpan coronavirus
primary goat polyclonal antibody and agbat Alexa Fluor 488 conjugatEigures4.3.1c
and f). The results demonstrated that this differential fluorescent labeling unambiguously
stained cell nuclei in blud={gures 4.3.1a and g, and nacrophages of nuclei in blue and
surrounding cytoplasm in redrigures 4.3.1b and ¢. In FIP PCRpositive specimen,
FCoV particles were labeled in green within the infected macroph&tgped€ 4.3.19.
Conversely, the FIP PGRegative specimen did not shany greedabeled viral particles.

Collectively, this IF assay is able to demonstrate th&calization of FCoV in
macrophages, thereby virtually eliminating false positive results. Combined with other
assays of suitable cellular effusion specimdra|ows the determination of the specificity,

sensitivity, NPV, and PPV of the FIP M gene mRNA gRCTR. Furthermore, the
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visualization of viral distribution, and spatial correlation of infected andimf@cted cells

may provide additional insight intdfF pathogenetic mechanisms.
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CHAPTER 5 Diagnostic accuracyof the FIP membrane gene messenger RNA
guantitative reverse transcription PCR (FIP M gene mRNA
gRT-PCR)

5.1. INTRODUCTION

The significance of the FIP IF assay as described in chapter 3 is the excellent
diagnostic accuracy achieved by simultaneous antHnoelyiated detection of FCoV and
macrophages in abdominal effusion specimens, that provides the physical evidence of the

FIP infection by demonstrating the -docalization of FCoV and macrophages. Pedersen

et al. (2014) FCoV IF detection in macrophages the gold standard for FIP diagnosis. As

for any assay, determination of specificity and sensitivity of the FIP M gene mRNA gR

PCR is essential for confident diagnostic use. The-ldba&ling IF assay enables us now

to do this.

Parallel to the IF assay, known clinical and hematological diagnostic criteria for

FIP can also be used to establish the validity of PCR FIP diadnoachieving separation

between positive and negative cases in accordance to their clinical/hematological

characteristics. While clinical signs tend to repecifically associate with FIP, some
hematological and serum biochemical parameters stronglylaterreith verified FIP
diagnosis (Cahn and Line, 2010; Horhogea et al., 2011; Norris et al., 2005; Tsai et al.,

2011). Based on this known correlation with FIP, we selected a set of widely determined

hematological parameters (red blood cell, neutroph, lgmphocyte counts) as well as

serum biochemical parameters (albumin and globulin) for comparative evaluation in cases
diagnosed positive and negative by the FIP M gene mRNARBR.
Therefore, to evaluate the diagnostic accuracy of the FIP M gene mMRRRGR,

we examined both the comparative consistency of PCR diagnosis of FIP with
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immunofluorescent and clinical/hematological FIP diagnosis. Subsequent to the
development of an immunofluorescent assay for detection of FCoV in macrophages in
peritoneal dlision specimens, we determined specificity, sensitivity, NPV, PPV, and
accuracy of the FIP M gene mRNA gRPCR relative to the gold standard of
immunofluorescent detection. We also evaluated the consistency of FIP PCR detection
with known clinical symptms and deviations in hematological parameters. Collectively,
the analyses obtained from both IF assay and clinical/hematological parameters would
serve as a robust approach to evaluate the diagnostic accuracy of the FIP M gene mRNA
gRT-PCR assay. Moreoveinformation observed in this process may enable further

understanding of the molecular and clinical aspects of FIP.
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5.2. MATERIALS AND METHODS

Specimen enrollment. FIP M gene mRNA gRIPCRpositive and-negative
effusion specimens were randomly chof@rtesting by the FIP immunofluorescence (IF)
assay. The clinical information of a different setmjsitive andnegative PCR effusion
specimens was obtained from the submitting veterinarians.

Nucleic acid extraction and FIP M gene mRNA gRTPCR. Totd nucleic acid
extraction of the effusion specimens as well as the PCR design and execution were
performed by using the methodology described in chapter 2. Copy numbers of FIP M gene
MRNA per mL original effusion specimen were derived from the 0.1 misiefitspecimen
aliquot in the 10 pl extracted total nucleic acids used per PCR.

Immunofluorescent (IF) labeling analysis. Handling and testing of the effusion
specimens by the IF assay followed the description in chapter 3. Based on this protocol,
the cels of a 0.2 mL aliquot of the original specimen were sedimented onto a microscope
slide. Only specimens with 40 or more cells per encircled area after cytospin centrifugation
were further processed. The total number of cells, macrophages, andirf€ci®d
macrophages was recorded, and the distribution pattern of the FCoV labeling was
differentiated into punctuated/localized versus diffuse.

Determination of FIP M gene mRNA (gRT-PCR assay performance as
sensitivity (Se), specificity (Sp), positive predictie values (PPV), negative predictive
value (NPV), and accuracy. True positive/negative and false positive/negative results
must be determined prior the calculation of Se, Sp, NPV, PPV, and accdr&uyffano
et al, 2012). These test outcome values®P8R were to be determined against the-gold

standard test, the FIP IF ass@glfle 5.2.1). The positive results of the IF assay represent
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the diseased population, whereas the negative results represent-thesase population.
Based on that notiongue positive (TP) or true negative (TN) values of the PCR are the
ones that are consistent with the results of the IF a3sblg 5.2.1). In contrast, false
positive (FP) or false negative (FN) values of the PCR are the ones that are inconsistent
with the results of the IF assaygble 5.2.1).

Table 5.2.1. Determination of test outcome values

PCR test results IF-positive (Diseased) IF-negative (Non-diseased)
Positive TP FP
Negative FN TN

The assay performance characteristics, i.e. Se, Sp, NPV, PPV, and accuracy can
then be derived as follows based on these test outcome wdiliRagfano et al2012).
Sensitivity = TP/(TP+FN)

Specificity = TN/(FP+TN)

PPV = TP/(TP+FP)

NPV = TN/(TN+FN)

Accuracy = (TP+TN)/(TP+FP+TN+FN)

Determination FIP M gene mRNA gRT-PCR performance relative to IF
labeling analysis.By establishing the IF assay as the gold stahd®nsitivity, specificity,

NPV, and PPV as well as the diagnostic accuracy of the corresponding FIP M gene mRNA
gRT-PCR assay were derived. In discrepant analysis (McAdam et al., 2000), borderline
cases were identified that were minimally positiveithex one assay (single 4sositive

cell, <2 target copies in the PCR assay). Poisson distribution of very low target numbers

may result in discordant results because aliquots of either assay input may or may not
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contain a target. Following eliminationf dhese discordant cases, the corrected
performance characteristics weredetermined.

Clinical diagnostic criteria analysis. The study was performed as a matched-case
control study. Equal numbers of P@iegative andpositive patients matched by sexdan
age were selected. Signalement, history and clinical symptoms of the enrolled patients
were reported by the submitting veterinarian. Based on relevant literature (Addie et al.,
2009; Cahn and Line, 2010; Hartmann et al., 2003), a set of blood pasumeteding
RBC, neutrophil and lymphocyte count and biochemical parameters including total plasma
protein (TP) and plasma albumin, as well as the derived parameters plasma globulin and
albumin to globulin ratio (A/G) were also recorded.

Statistical analyss: Data were evaluated by use of the STATISTICA 7.0 software.
Pearsonds correlation coefficient anal ysi s
strength between the ldagansformed PCR copy numbers and the numbers of infected
macrophages detected Hy labeling. Differences in hematological/serum biochemical
parameters between the P@Bsitive and-negative matched pair populations were

evaluated by Wilcoxon matched pairs test.
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5.3. RESULTS

Overview of the IF results of the FIP M gene mRNA qRTPCR. Table 5.3.1
shows the M gene mRNA copy numbers of the effusion specimens and the corresponding
IF labeling resultsThe FCoV immunofluorescence (IF) assay was performed on a total of
132 submitted FIRliagnostic specimens Only 63 specimens (47.7%lfilled the
requirement of the minimum number of 40 detectable cells per cytospin microscopic area
and were included in the analysisaple 5.3.1).

The 63 analyzed specimens are ranked in descending order by PCR copy numbers.
The PCR copy number rangesm 27 to 56,834 copies of M gene mRNA per milliliter of
positive effusion fluid specimensTgble 5.3.1). The numbers of FCoV ipositive
macrophages ranges from 1 to §aljle 5.3.1) . Pearsonds correlatio
showed no significant coelation of the logransformed PCR copy numbers and the

numbers of IFpositive macrophages®( 0.06,p=0.16; Case #25 eliminated as outlier).
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Table 5.3.1. IF results of FIP M gene mRNA gRTPCR-positive and-negative specimens.

Specimen # M gene mRNA/mL IF-positive macrophages

1 56,834

2 21,053 1
3 19,259 1
4 13,874 29
5 3,326 2
6 2,585 13
7 2,417 39
8 2,151 7
9 1,705 22
10 1,444 10
11 1,383 1
12 1,280 1
13 1,081 6
14 622 1
15 585 15
16 422 1
17 375 23
18 300 22
19 290 5
20 238 2
21 232 1
22 206 3
23 206 2
24 178 2
25 163 86
26 144 27
27 135 1
28 116 14
29 74 1
30 64 4
31 56 14
32 40 2
33 27 15
34 33 4
35 0 18
36 0 12
37 0 14
38 0 31
39 0 17
40 0 3
M 0 3
42 0 5
43 0 2
44 0 1
45 0 1
46 0 1
a7 0 1
438 0 1
49 0 1
50 0 1
51 0 1
52 0 0
53 0 0
54 0 0
55 0 0
56 0 0
57 0 0
58 0 0
59 0 0
60 0 0
61 0 0
62 0 0
63 0 0
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As evident inTable 5.3.2 a total of 34 specimens were true positive (TP) by FIP
M gene mRNA gRTPCR because they were also fisitive in the IF assay (#34).
Twelve specimens were true negative (TN) because they were negative in both assays (#52
63), and 17 cases weralde negative (FN) because they were negative by FIP M gene
MRNA gRT-PCR but FIPpositive in the IF assay (#38l). Zero cases were false positive
(FP) because all cases positive in the FIP M gene mMRNAREBH were also positive in

the IF assay.

Table 5.3.2. Performance of the FIP M gene mRNA qRIPCR.

PCR test result IF-positive (Diseased) IF-negative (Non-diseased)

Positive 34 0

Negative 17 12

These data resulted in the following performance characteristics of the FIP M gene
MRNA gRT-PCR as shown iitable 5.3.3. Zero FP cases of the PCR assay generates a
100% of specificity (Sp) and paisie predictive value (PPV), respectively. The high FN
rate contributes to a Se of 66.7% and a NPV of 41B&hbl€ 5.3.3. The overall accuracy

of the assay is 73.0%F éble 5.3.3).

Table 5.3.3. Se, Sp, PPV, NPV, and accuracy of FIP M gene mRNA qFPICR

Se Sp PPV NPV Accuracy

FIP M gene mRNA PCR 66.7% 100% 100% 41.4% 73.0%

IF labeling of positive and negative PCR specimengigure 5.3.1ademonstrates
typical IF labeling of TP cases, showing FCGtaden vesicles labeled in bright green within
infected macrophages labeled in rEdy(5.3.19. Figure 5.3.1ddemonstratethe contrast

of TN to TP cases, showing no FCoV vesicles in an abundance ahfected cells,
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largely macrophage#$ig. 5.3.1b. The noAmmacrophage monnouclear cells in this panel

d may be either lymphocytes or plasma cells (Cahn and Line, 2010;afigaeli, 2014),
whereas the cells with multiucleated nuclei typically are neutrophils (Cahn and Line,
2010; Kipar and Meli, 2014).

In FCoV-positive IF labeling, the viral distribution can be distinguished into either
diffuse Fig. 5.3.1b) or punctuatedFig. 5.3.19 patterns. In the diffuse pattern, the green
FCoV vesicles diffusely occupy the cytoplasm of infected macroph&gess(3.1b). In
contrast, in the punctuated pattern there are only few consolidated FCoV clumps within the
infected macroplges Fig. 5.3.19. Interestingly, we found that the diffuse pattern tends
to associate with higher M gene mRNA copy numbers than the punctuated pattern.

Borderline cases in IF labeling demonstrate only a single FH@@¢ted
macrophageHig. 5.3.1candf) in the cells of a 0.2 mL aliquot of the original specimen
that had been sedimented onto the encircled area of the cytospin microscope slide. Given
this low density of FCoYpositive cells, in examination of more 0.2 mL aliquots, some may
be also be negat. Similarly, if a borderline M gene mRNA PCR detected two or less
target copies, some aliquots of 0.1 mL of the original effusion specimen analyzed by PCR
may be positive while others are negative. Because of this Poisson diagnostic uncertainty,
bordetine cases were excluded after discrepant analysis of performance evaluation of the

FIP M gene mRNA gRIPCR.
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Figure 5.3.1 Immunofluorescent labeling of peritoneal effusion cells specimens for FCodhd
macrophagespecific proteins. All panels show dll differential labeling with DAPI for cellular nuclei,
AlF1-Alexa 594 for macrophages, and FG&\éxa 488 for FCoVs. Panels (a) and (d) show typical labeling

of true positive (TP) and true negative (TF) specimens, respectively, with the same restiit M ¢pene

MRNA PCR and IF assay. The vibrant green disseminated FCoV vesicles in (a) genuinely reflect the active
ongoing FIP infection in the specimen, whereas there is no FCoV detected by IF in the TN specimen (d).
Panels (b) and (e) show the diffused punctuated distribution pattern of FCoV vesicles, respectively. In
the diffuse pattern, FCoV vesicles of variable labeling intensity occupy the cytoplasm of numerous cells (b),
in the punctuated pattern while only a single FCoV vesicle can be obsernveni cells (). Panels (c) and

(H demonstrate two examples of borderline cases found in IF labeling. The single-iff€ctéd

macrophage in the complete labeled specimen can be observed associated with cell clumps (c) or solitary (f).
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Following thisinitial performance analysis, discordant cases were identified in
discrepant analysis (McAdam et al., 2000). Cases 44 to 51 are negative in the PCR assay
but show only a single Habeled infected macrophageaple 5.3.1). For this reason they
were rulel as borderline cases that may show Poisson distribution in analyses of specimen
aliquots and therefore may show discordant results in PCR and IF assays. Following
elimination of these discordant cases, the corrected performance characteristics were re

determined and shown ihable 5.3.4and5.3.5.

Table 5.3.4. Reevaluation of FIP M gene mRNA gRTFPCR performance after correction

by discrepant analysis.

PCR test result IF-positive (Diseased) IF-negative (Non-diseased)

Positive 34 0

Negative 9 12

After the removal of 8 borderline cases, we obtain increases of Se from 66.7% to
79.1%, NPVirom 41.4% to 57.1%, and accuracy from 73.0% to 83.6%, respectively. The

Sp and PPV remain 100%4ble 5.3.5).

Table 5.3.5. Reevaluation of Se, Sp, PPV, NPV, and accuracy of the FIP M gene mRNA
gRT-PCR after discrepant analysis.

Se Sp PPV NPV Accuracy

FIP M gene mRNA PCR 79.1% 100% 100% 57.1% 83.6%

Statistical analysis of clinical data collected from PCRpositive and-negative
patients. Table 5.3.6 shows the dataset collected from 24 matched -pastive and-
negative cases. In addition to sex, age, and target copy numbers in FIP M gene mRNA

gRT-PCR, Table 5.3.6 shows the dataset of FHelevant hematological and serum
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biochemical parameters of the population. The positive cases are highlighted, and each
positive case is paired with a negative case matched by sex and age. It was not possible to

collect suffigent signalement and history data from the patients for statistical analyses.

Table 5.3.6. Clinical data of 24 matched pairs of PCRpositive and-negative patients?

PCR Total Plasma Plasma Total
RBC MCV | MCHC Neutrophils | Lymphocytes | Plasma . . |Plasma Plasma
Case# copy Sex Age (yr) . Albumin | Globulin L
#mL (N paly (fL) (g/dL) (cells/pl) {cells/ul) Protein (gfdL) (g/dL) AIG Bilirubin
{gfdL) (mg/dL)
1 760\ F 0.92 5.30 46.0 31.8 9,200 2,900 11.0 2.4 8.6 0.28 0.20
1 ] F 0.92 8.31 46.8 33.2 2,000 3,700 8.1 3.7 44| 084 0.30|
2 520\ F 8.00 5.59 45.6 323 4,092 419 5.9 1.5 44| 034 2.30
2' 0 F 8.00 4.51 44.0 378 4,725 1,890 5.8 341 2.7 115 1.20
3 640\ F 12.00 3.94 53.6 357 82,800 7,300 8.3 2.5 58 043 0.30
3 0 F 12.00 9.61 44.0 325 16,340 2,451
4 582\ F 1.00 6.52 344 36.2 11,160 810 10.1 2.2 7.9 028 0.90
4' 0 F 0.33 7.96 39.0 327 14,680 2,720 6.8 3.3 3.5 094 2.90
5 240\ F 3.00 6.30 40.0 33.2 7.8 2.3 55 042 0.20
g 0 F 7.00 7.50 51.3 321 11,139 2,397 5.1 2.2 29| 076 0.20
6 168\ F 0.83 5.59 44.8 32.2 3,650 320 9.3 1.9 7.4 026 4.10
6" 0 F 1.00 5.56 60.9 31.6 13,400 2,600 9.1 3.3 5.8 0.57 1.30
7 117\ F 0.50 5.80 43.0 31.6 696 6.6 2.3 43 0.53 0.20
7' 0 F 0.33 7.96 39.0 32.7 14,680 2,720 6.8 3.3 3.5 094 2.90
8 30‘ F 0.58 4.77 34.0 37.4 1,813 2,244 8.1
8" 0 F 0.58 7.90 40.2 33.9 14,900 1,000 9.0 3.2 58| 055 0.20
9 255\ F 4.00 5.41 50.2 31.5 14,875 1,225 7.3 2.2 51 043 0.80
9' 0 F 2.00 8.97 46.7 2986 9,042 3,151 8.2 2.7 5.5 0.49 0.10]
10 120\ F 10.00 4.78 27.0 33.6 30,868 1,844 8.1 2.0 6.1 0.33 1.40
10' 0 F 13.00 6.72 51.5 32.9 30,430 320 8.8 3.7 5.1 073 0.10
1 6,500\ F 6.00 6.04 39.1 36.0 7.7 2.4 53 0.45 1.3D|
11' 0 F 4.00 9,500 740 6.4 1.6 438 0.33 D.52|
12 1,812\ M 4.00 6.81 47.0 34.2 11,280 870 7.3 2.5 48 052 O.GD|
12 0 M 3.00 9.68 47.6 31.5 4,100 2,200 6.9 3.9 3.0 1.30 0.05|
13 1,550\ M 14.00 4.86 42.0 29.9 25,415 3,588 6.6 1.7 49| 035 O.GD|
13' 0 M 11.00 5.68 55.7 324 10,509 452 6.5 2.9 3.6 081 0.20|
14 1,422\ M 0.33 7.70 38.0 30.7 26,663 2,051 7.4 21 53 040 0.30|
14 0 M 0.25 7.67 39.7 33.9 28,200 1,600 7.3 3.6 3.7 097 0.05)
15 630 M 0.50 5.50 47.0 29.8 12,144 4,400 8.1 2.5 56 045 0.20]
18" 0 ™M 0.50 8.00 50.4 33.0 21,663 2,088 6.4 2.7 37 073 0.10]
16 420\ M 1.50 712 46.3 3141 7,677 427 8.8 21 67 031 1.40|
16' 0 ™M 2.00 2.62 59.3 32.9 5,370 1,990 7.7 2.6 5.1 0.51 0.10|
17 290\ M 8.00 8.81 47.0 30.2 32,414 652 8.8 2.4 64 038 0.10|
17 0 M 7.00 7.96 46.9 34.6 12,604 822 5.1 3.2 1.9 1.68 0.20|
18 180\ M 0.50 6.48 33.0 34.9 8.2 241 6.1 0.34 0.50|
18' 0 ™M 0.50 7.2 2.0 5.2 0.38 7.40
19 20\ M 12.80 7.30 38.0 343 18,890 1,210 7.7 2.6 5.1 0.51 1.30
19' 0 ™M 11.00 5.32 41.9 33.2 900 600 10.4 341 7.3 042 1.20
20 167\ M 8.00 543 49.2 58.2 14,420 2,750 7.5 2.3 52| 044 0.30
20’ 0 ™M 8.00 7.95 37.2 338 748 500 10.4 2.8 7.6 037 0.50
21 180 ™ 0.75 7.71 394 3741 10,000 5,400 74 2.3 5.1 045 0.10
21' | 0 ™M 0.83 8.05 48.7 30.9 4,240 1,770 6.6
22 20\ M 0.50 7.20 42.9 3341 16,400 2,100 8.7 2.9 58 050 0.05
22' 0 M 0.92 8.14 35.0 30.5 11,937 1,201 12.6 1.9 10.7| 018 0.10
23 20,000\ M 2.00 6.98 46.7 31.9 13,590 2,090 8.6 2.9 57 051 0.30
23' 0 ™M 1.00 6.00 46.5 338 13,450 2,430 12.4 2.5 99| 025 0.90
24 100\ M 2.50 8.78 34.0 348 11,868 1,366 10.0 2.5 7.5 033 4.00
24 0 M 1.00 43,400 4,491 10.5 2.5 8.0 0.21 0.10

@ RBC-red blood cell; MCV mean corpuscular volume; MCH@ean corpuscular hemoglobin

concentrationA/G T ratio of plasma albumin to plasma globulitatk cells indicate missing data.
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Table 5.3.7shows the mean and standard deviation of the hematological and serum
biochemical parameters between R@d#sitive and-negative populations. Compared to
the normal reference range, the means of red blood cell concentration, plasma albumin,
and albumin ta@lobulin ratio (A/G) are low in the PCRositive population. Neutrophil
count and total plasma bilirubin exceed the reference range in both populations. Of note,
the standard deviation is particularly high in the neutrophil count of both populatidns, an
in plasma albumin and globulin of the P@iegative population. The Wilcoxon matched
pair test reveals that out of the 9 clinical parameters, only red blood cell concentration,
plasma albumin, and plasma A/G are significantly different between theamdabions

(Table 5.3.8).

Table 5.3.7. Hematological and serum biochemical parameters in PCRpositive and -

negative populations.

Variables N Vean Vean Reference

RBC (M/ pl) 24 2 6.28£1.73 7.24£1.89 6.90-10.10
MCYV (fL) 24 21 42.01 +6.98 46.30 £ 1.18 40.00-52.00
MCHC (g/dL) 24 21 34.24 + 5.58 32.83 +1.67 32.00-35.00
Neutrophils (cells/pl) 20 23 17,961 £17,503 12,955 £ 10,211 2,300-10,700
Lymphocytes (cells/pl) 21 23 2,127 £1,799 1906 + 1,097 1,200-6,800
Plasma Albumin (g/dL)} 24 23 2.29+0.33 2.90 £ 0.62 2.80-4.20
Plasma Globulin (g/dL) 23 22 585+ 1.12 517 + 2.31 2.70-4.90
Plasma A/G 23 22 0.40 £ 0.08 0.69 £ 0.37 0.60-1.60
Total Plasma Bilirubin (mg/dL) 23 22 0.95+£1.13 0.94 £1.67 0-0.20

&  (+) indicates FIFpositive population;-j indicates FIPhegative population; unequal numbers are due
to missingdata.

b Reference values as indicated by @wnell University Veterinary Clinical Pathology Laboratory.

82



Table 5.3.8. Analysis of differences between PCRpositive and -negative populations by

Wilcoxon matched pair test.

Parameter N [ed
RBC (M/pL) 21 0.035
MCV (fL) 21 0.122
MCHC (g/dL) 21 0.578
Neutrophils (cells/ pL) 20 0.204
Lymphocytes (cells/ L) 21 0.821
Plasma Albumin (g/dL) 21 0.004
Plasma Globulin (g/dL) 21 0.126
Plasma A/G 21 0.011
Total Plasma Bilirubin (mg/dL) 21 0.271

a  Significant atp < 0.05
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5.4. DISCUSSION

In this study, we successfully used the IF assay as thestmidard test to
determine the diagnostic performance of the FIP M gene mRNA-REH assay.
However, only 63 specimens (47.7%) in a total 82 submitted FIRliagnosticspecimens
produced IF results and were subsequently included in the andlgbig 6.3.1). Due to
the general low cellular content (<5000 nucleated cells/mL) of the FIP effusion (Goodson
et al., 2009), it is difficult to isolate sufficient cells in thestf place. The fact that FIRV
infected macrophages only account for an even smaller portion of the isolated cells further
complicates the IF assay. An adequate number of cells deposited on the encircled area of
the slides is critical for acceptable agssensitivity, and therefore specimens with
insufficient cells (<40 cells per encircled area) were excluded. Specimens with multiple
layers of cells were also excluded due to the high fluorescence background resulting from
overlapping cells.

A total of 63specimens was analyzed, consisting of 34 positive and 29 negative
specimens by PCR analysis. The PCR copy numbers and the corresponding numbers of
FCoV IFpositive macrophages encompass wide rangablé 5.3.1), and there was no
correlation between legansformed PCR copy numbers and the numbers-pb#iive
macrophages {~ 0.06,p=0.16).

To investigate the diagnostic performance of the FIP M gene mRNAR{ER
assay, we first identified the TP, TN, FP, and FN results by the use of-layitmm
contingency tableTable 5.3.2. The TP and TN cases of the PCR were the consistent
results obtained from both assays, whereas the FP and FN cases were the inconsistent

results Table 5.3.2. We then derived the Se, Sp, PPV, NPV, and accuracy of the PCR
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assay. The Se and PPV of the assay were 100% due to the zero FP cases identified by the
PCR assayTable 5.3.3. However, a relatively large number of FN cases generated
disappointing Se and NPV of 66.7 and 41.4%, respectively. Upon closer inspection by
discrepant analysis, we removed eight borderline cases that were negative in the PCR , but
positive in IF by only a single FCoV infected macrophabab(e 5.3.1), and thus may

have been negative in the PCR due to Poisson distribution of the very lowrmfriRi@R

target moleculesTable 5.3.1). In reevaluation after correction, we-evaluated the
diagnostic performance of the PCR assBgb{e 5.3.4 and5.3.5), and observed now Se

and NPV of 79.1 and 57.1%, respectively, at 100% Sp and P&ble(5.3.5).

Along with the examination of the diagnostic performance of the PCR assay, we
show the IF labeling results to compare TP and TN c&3gsH.3.1aandd). By use of
differential IF labeling, the TP specimen demonstrated widely disseminated FCoV vesicles
in green within the red macrophages. In contrast, the TN specimen demonstrated no
presence of green FCoV vesicles. On a side note, the IF labeling also reveals additional
information about FIP infection. Iikig. 5.3.13 multiple macrophages were FCoV
infected, but staining for FCoV was located not only in the cytoplasm of the macrophages
but also outside of the cytoplasm, which indicates viral exocyitosisu. In addition, we
also found that the FCoV vesicles distributed in two patterns, diffuseLenaduated, which
tended to associate with high and low R@#gitive specimens, but we were not able to
demonstrate significance for this observation due to the insufficient number of specimens
(Fig. 5.3.1bande). Lastly, the IF labeling results of therderline cases showed only a
single infected macrophage among either multiple cells or only a fewegjl$3.1cand

f). These actual images of single infected macrophages in IF labeling visualize the
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potential for random Poisson distribution of thewlls. The examined 0.1 mL (PCR) or

0.2 mL (IF) aliquots of such lowensity FCoVinfected specimens may or may not contain
these scarce infected macrophages, creating ample opportunity for FN results in either IF
labeling or PCR testing, or both.

Although the Se, NPV, and accuracy of the PCR assay increased after the removal
of the discordant cases, the assay still suffered from unsatisfactory sensitivity due to high
numbers of FN cases. Fortunately, in the case of FIP, a high Sp and PPV is of utmost
importance due to the high euthanasia rate forcBlirmed patients. In FIP, the number
of infected macrophages is generally low. This represents a ditieestilve diagnostic
conundrum of maximizing sample size versus sensitivity that is reduceldebyGR
inhibitory high nucleic acid background of large samples. A factor contributing to low
sensitivity may be directly related to the PCR principle of FCoV mRNA amplification.
The M genespecific downstream primer anneals to posisease mRNA and icts
production of cDNA from M gene mRNA during the initial reverse transcription step of
the singlestep PCR. However, the leader sequet@@ved universal FCoV mRNA
upstream primer anneals to the negasigase intermediates of FCoV mRNAs (Fehr and
Pelman, 2016; Wu and Brian, 2010). These negative sense intermediates are only about
1% as abundant as the positsense mRNA counterparts (Sethna et al., 1991), creating a
huge disparity in overlapping cDNAs directed by the PCR primers. In additidd,dkee
intermediate represents only one of many FCoV mRNA intermediates, further aggravating
the disparity in positive and negative strand cDNAs of the FCoV M gene.

Another contributing factor to unsatisfactory sensitivity of may be nucleic acid

fragmentéon of specimens for PCR diagnostics, resulting in incomplete cDNAs. In that
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case, overlapping sense and @etnse fragments of the PCR target must first recombine

to a fulklength target before effective amplification can commence. Yet another factor
confounding the PCR sensitivity may be mutant M gene target sequences that bind the
downstream primer poorly or not at all. This possibility is strongly suggested by the nine
false negative cases #38 that are negative in the FIP M gene mRNA ¢ROR, b

highly positive in the IF assay.

Parallel to the IF assay, we also evaluated the diagnostic accuracy of the FIP M
gene mMRNA gRIPCR assay via a casentrol study of a dataset collected from 24-age
and sexmatched PCRpositive andnegative cased éble 5.3.6). Since age and sex are
the matching criteria, we did not compare the mean differences of these two parameters
between the PCRpositive and-negative cases. We did not include breed as one of the
parameters because most diagnostic specimensvéhegceived were from mixeoreed
cats.

While the mean age of the presented FIP cases in this study is 4.26 years, the median
age of 2.25 years is substantially lower. These data are not entirely consistent with the
young age range for Héiseased caf8 months 3 years old) mentioned in most studies
(Kipar and Meli, 2014; Pedersen et al., 2014; Pest&ammogyi et al., 2005). However,
some studies indicate that geriatric cats (> 10 years old) are also vulnerable to FIP infection
(Goodson et al., 200Rohrbach et al., 2001 In fact, the ages of the FIP in this study
showed a skewed distribution, with 12 cats younger than 2.25 years, 4 cats4i2#s,

4 cats of 63 years, and 4 cats 10! years of age. This supports a concept of bimodal age

distribution of FIP cases, either young or geriatric.
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We were able to obtain data from most cases on-desitribed critical
hematological and serum biochemical parameters of the two populafiabe 6.3.7).

Red blood cell (RBC) concentration, plasatbumin, and albumin to globulin ratio (A/G
ratio) were lower in the PCHRositive population, and blood neutrophil counts were higher
(Table 5.3.7). Wilcoxon matched pair testing confirmed the reduced RBC and plasma
albumin concentration, and the lowefGAratio, but not the elevated neutrophil counts.
The findings clearly defined the most critical laboratory parameters that are associated with
FIP, and are in complete agreement with those reported by others (Norris et al., 2005;
Paltrinieri et al., 20G1Riemer et al., 2016; Tsai et al., 2011). The anemia associated with
FIP is a result of chronic infection. The chronic infection compromises the release of iron
by the reticuleendothelial system, which contributes to ensuing anemia (Viana, 2011). In
FIP, the anemia is generally normochrommrmocytic, which is consistent with our data
shown inTable 5.3.7.

We also analyzed albumin and globulin as global plasma markers of inflammation
(Gabay and Kushner, 1999). Albumin is exclusively produced by ¢eyas, and
inflammation reduces its synthesis, thus albumin is an inverse marker of thelaasee
response (Fleck, 1989). Globulin encompasses all remaining plasma proteins that include
hepatocytgroduced proteins such as haptoglobin, but also imniabobns, and is a
direct marker of the acu{ghase response due to its increase during inflammation (Cray et
al., 2009). The low albumin plasma concentration in FIP cats may be in part the result of
extravasation triggered by vasculitis in cats with abithal effusions, but more likely is it
that the severe systemic inflammatory status associated with FIP downregulates liver

synthesis of albumin. Thus albumin, as inverse marker of the-ploage response, is an
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clinical excellent marker for FIP, and itsv level in combination with specific detection

of FIPV virtually ensures correct diagnosis. Although several studies emphasize
hyperglobulinaemia as a diagnostic FIP markeaz and Poma, 2009; Hsieh and Burney,
2014; Paltrinieri et al., 2001; Riemet al., 201§, we found that plasma globulin is only
weakly elevated in FIP cases, and therefore cannot recommend it as clinical diagnostic
marker.

In addition to serum albumin, the serum albumin to globulin ratio is arguably one
of the best clinical cheroal FIP markers due to its objective value, which, as ratio, is
resistant to fluctuations of absolute values such as plasma albumin and globulin. Studies
have shown that an A/G less than 0.8 (Cahn and Line, 2010; Hartmann et al., 2003;
Hartmann et al., ZIb) is highly suggestive of FIP, some even suggested an A/G less than
0.6 is exclusively diagnostic for FIBdffery et al., 2012 In our data, we produced a cut
off value of 0.5 of A/G for FIP diagnosi$dble 5.3.7). Of note, the mean A/G in the PCR
negative population was also lower than the reference rdiadpde(5.3.7), which might be
the result of potential FN cases in the matched negative population. This may also explain
the high standard deviation of A/G found in this population.

However, in ou study, we did not find neutrophilia, lymphopenia, and
hyperbilirubinaemia frequently associated with FIP PCR detecliaplé 5.3.7andTable
5.3.8. We found elevated neutrophil counts in both RieRitive andnegative cases in
our study, but substaatly more elevated in the FHpositive population. Nevertheless,
the high standard deviation compromises the viability of neutrophil counts as FIP marker.
We found the lymphocyte count in our study within the normal range in both matched

groups, whereathe bilirubin concentration strongly exceeded the reference range in both
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PCRpositive anehegative populations, but did not differ between them. Some studies
found that these two parameters are some of the most common laboratory findings
associated witkIP (Addie et al., 2009; Hartmann, 2005; Paltrinieri et al., 2001; Tsai et al.,
2011). These differences may be attributable to different stages of the FIP disease course,
with early stage cases as examined in this study differing from the terminalvatses
histopathologial confirmed FIP typically examinedmost studies.

Collectively, we were able to develop a reliable FIP IF labeling assay and by its use
successfully determine the diagnostic performance of the FIP M gene mRNRQRT
Additionally, we were able to identify the critical laboratory parameters associated with
FIP that are consistent with literature findings. However, it is evident that the FIP M gene
MRNA gRT-PCR assay, while 100% specific, is compromised by a substantial number of
false negative results. The relatively high number of cases negative in the PCR, but
strongly positive by FCoV IF assay suggests that the PCR may not be able to detect every
FCoV M gene variant despite its ability to detect single copies of the target mRINJ,

critical reexamination of the PCR target region and overall design is warranted.
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CHAPTER 6 Diagnostic accuracy of the FIP nucleocapsid (N) gene messenger
RNA and MN gene PCRs

6.1. INTRODUCTION

Previously,we havesuccessfullyevaluatedhe diagnosticperformanceof the FIP
M genegRT-PCRby the useof the FIP IF labelingassayasthe gold standard.Theinitial
performancexssessmerghowedthatthe PCRassaydemonstrated 100%specificityand
positivepredictivevalue,howeverunsatisfactoy sensitivityandnegativepredictivevalue
of 66.1%and 41.4%,respectively(Table 5.3.3. After elimination of eight borderline
specimenshatshoweda single FIP-positivemacrophagén the IF assaythuswereprone
to falsenegativeresultsdueto Poissondistributionof targetswe wereableto increaseSe
and NPV to 79.1% and 57.1%, respectively(Table 5.4.5. However,this diagnostic
performancefthePCRassays still deficient. We attributethedisappointingperformance
mainly to polymorphismsof as yet unknowntargetM genesequencdor the upstream
primer, becausethe remaining false negative specimenswere highly positive by IF
labeling. This couldleadto substantiamismatchedetweerthe downstreanPCRprimer
andthe M genetarget,jeopadizing the annealingstepof the PCR. Anotherreasonmay
be the principally inefficient amplification of coronavirusmRNA. The downstreamM
genespecificprimer annealdo the abundanpositive senseFCoV mRNAs, whereaghe
upstreamprimer containingthe universalFCoV leadersequencennealsto the far less
abundanhegativesensentermediate®f FCoVmMRNAs(Sethnaetal.,1991). Thiscreates
thedisparityin overlappingcDNASs generatedy the both primers,resultingin a delayin
recombinatiorto afull-lengthPCRtarget. Moreover thenotionthatM geneintermediates

only accountfor a portion of the total FCoV mRNA intermediatesurther exacerbatethe
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disparityin leadersequencgrimedpositiveandM geneprimednegativestrandf cDNA
of the FCoV M genemRNA. Anotherreasongxacerbatinghe inefficient amplification
from mRNA, maybethatmosttargetsequencewill becontainedvithin fragmentedather
than full-length mMRNA and intermediatesdue to the fragile natureof singlestranded
nuclec acids. This fragmentationresults in generationof incomplete cDNAs for
subsequerifCRamplifications.

Collectively, we believeto havepinpointedthe possibleshortcomingsof the FIP
M genemRNA gRT-PCR. In the currentstudy,we developedwo novel PCRsaimedto
solvethe mentioneddiagnosticconundrumof the FIP M genemRNA gRT-PCR. In one
PCR, we still chooseto amplify an FCoV mRNA and correspondingntermediate but
targetamoreconserved 6egmenbfthenucleocapsidN) gene(FIPN genemRNAgRT-
PCR) with the downstreamprimer. This should minimize mismatchesetweenPCR
primersand targettempldaes. In anotherPCR,the FCoV genomicRNA of the highly
conserved@ éndof theM genealongwith the5 @ortionof theN geneis targetednstead
of MRNA. It is worth mentioningthat any PCR that detectsgenomiccoronavirusRNA
will inevitably alsorely on viral replicationdue to the abundanfproductionof the full -
length negativesense genomic RNA template by the viral replicatiortranscription
complex(Sawicki, 2007). After establishinghesePCRs,we thenwould crossexamine
their diagnosticperformanceusingthe setof specimengor which we know the M gene

MRNA PCRandIF data.
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6.2. MATERIALS AND METHODS

Design of primers and probes.Like the FIP M gene mRNA gRIPCR, the FIP
N gene mRNA gRIPCR targets the universal FCoV mRNA leader saqegtherefore
the same upstream primer as the FIP M gene mRNAREBR. Together with the highly
conserved downstream nucleocapsid (N) gene primer, the N gene mRNARGQRT
amplifies a 250 bp amplification product. Both donor and acceptor FRET proles of t
FIP N gene mRNA gRPCR are noitlegenerate and follow a design strategy similar to
the M gene mRNA qRPCR. Different from the M gene PCR with the LightCycler Red
640 acceptor probe with 640 nm emission read in the F2 channel, the TYE705 acceptor
probemaximally emits fluorescence at 705 in the F3 channel. Due to the lower spillover
at 705 nm from the F1 emission by the fluorescein donor probe, the background signal is
reduced, resulting in a higher sigitalnoise ratio in the F3 channel. Primers probes
for the FIP N gene mRNA gRIPCR were synthesized by Integrated DNA Technologies
(Coralville, IA), and are shown ihable 6.2.1

Table 6.2.1. Oligonucleotide primers and probes used in FIP N gene mRNA gRACR

Primer/probe Sequence (5'2>3°)2

Upstream primer GCCTTGTGCTAGATTTGTCTTCGGACA

Downstream primer CCAATTTGTTGATCYTTATTACCTATTCCYTTGGGAAC
Fluorescein probe ACGTCTTTTGGAAGGTTCATCTCCCCAGT-6FAM
TYE705 probe TYE705-GACGCGTTGTCCCTGTGTGGCCAT-P

a  Degenerate bases are marked in ¥etepresents C or T.-BAM indicates écarboxyfluorescein. P

indicates phosphate.
The FIP MN gene gR'PCR assay amplifies a 281 bp target region spanning the
membranenucleocapside (MN) gene junction on the FCoV genome. The target region
covers the exadN gene amplification region in the FIP N gene mRNA ¢RIR (250 bp),

and therefore shares the same downstream primer and probes with the FIP N gene mRNA

93



gRT-PCR. The upstream primer is derived fr ol

M gene. The pmers and probes for the FIP MN gene gRCR are shown ifiable 6.2.2

Table 6.2.2. Oligonucleotide primers and probes used in FIP MN gene qRFCR

Primer/probe Sequence (5'23°)2

Upstream primer GCYGGTGATTACTCAACAGAAGCACGTACTGA
Downstream primer CCAATTTGTTGATCYTTATTACCTATTCCYTTGGGAAC
Fluorescein prohe ACGTCTTTTGGAAGGTTCATCTCCCCAGT-6FAM
TYE705 probe TYE705-GACGCGTTGTCCCTGTGTGGCCAT-P

a  Degenerate bases are marked in red. Y represents C eFAM6ndicates écarboxyfluorescein. P

indicates phosphate.

Nucleic acid extraction and PCR operation.Total nucleic acid extraction of the
effusion specimens as well as PCR thermal cycling were performed by using the
methodology described in Chaptgr Standard templates were created from lizedlri
plasmids containing the synthetically produced target nucleic acid sequences of both PCRs.
Copy numbers of FIP N gene mRNA and FIPNWenomic RNA per mL original effusion
specimen were derived from the 0.1 mL effusion specimen aliquot in the 1@radtex

total nucleic acids used per PCR.
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6.3. RESULTS

Overview of the IF results of the FIP PCRs.Table 5.3.1demonstrates the PCR
copy numbers of the FIP N gene mRNA gRTR and FIP MN gene gRFCR and their
corresponding IF labeling results using the set of effusion specimens that were also
analyzed by the FIP M gene mRNA gCR (Table 5.3.1) The N gene mRNAopy
numbers range from 7 to 61,383 copies per milliliter in positive effusion specimens,
whereas the copy numbers of MN gene genomic RNA target range from 11 to 71,863
copies per milliliter in positive effusion specimefzable 6.3.1) . Pear soonds <co
analysis showed no significant correlation of the-ti@ynsformed PCR copy numbers of
both PCRs with the numbers of-f®sitive macrophages(# 0.0006,0=0.89 for the FIP

N gene mRNA gRIPCR; £ = 0.0042p=0.67 for the FIP MN gene qRFCR).
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Table 6.3.1. N gene mRNA and MN gene PCR results of previously tested effusion

specimens.
Specimen # M gene mRNA/mL IF-positive N gene mRNA/mL MN gene/mL
macrophages
1 56,834 26 61,383 71,863
2 21,053 1 8,443 33,589
3 19,259 1 367 5,471
4 13,874 29 9,641 20,014
5 3,326 2 108 4,961
6 2,585 13 374 487
7 2,417 39 354 928
8 2,151 7 15 45
9 1,705 22 3,319 14,095
10 1,444 10 6,091 29,644
11 1,383 1 677 2,922
12 1,280 11 874 3,141
13 1,081 6 12,000 56,422
14 622 1 8,923 37,286
15 585 15 265 158
16 422 1 1,336 11,362
17 375 23 187 3,278
18 300 22 523 1,442
19 290 5 585 2,350
20 238 2 771 357
21 232 1 403 2,277
22 206 3 836 14,411
23 206 2 85 415
24 178 2 633 5,284
25 163 86 104 255
26 144 27 338 623
27 135 1 53 306
28 116 14 202 1,517
29 74 1 41 227
30 64 4 9 601
31 56 14 507 2,109
32 40 2 431 3,626
33 33 4 44 58
34 27 15 0 135
35 0 18 152 2,205
36 0 12 40 467
37 0 14 7 1"
38 0 31 0 111
39 0 17 0 0
40 0 3 0 0
41 0 3 0 0
42 0 5 0 0
43 0 2 0 0
44 0 1 210 1,817
45 0 1 40 627
46 0 1 0 964
47 0 1 0 30
48 0 1 0 0
49 0 1 0 0
50 0 1 0 0
51 0 1 0 0
52 0 0 463 618
53 0 0 0 4,883
54 0 0 0 231
55 0 0 0 69
56 0 0 0 0
57 0 0 0 0
58 0 0 0 0
59 0 0 0 0
60 0 0 0 0
61 0 0 0 0
62 0 0 0 0
63 0 0 0 0
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As shown inTable 6.3.2 a total of 38 true positive (TP) and 11 true negative (TN)
cases were identified in the FIP N gene mRNA ¢ROR. Ondalse positive (FP) and 13
false negative (FN) cases were identified in the same PCR assay.

Table 6.3.2. Performance of the FIP N gene mRNA gR'PCR.

PCR testresult IF-positive (Diseased) IF-negative (Non-diseased)

Positive 38 1

Negative 13 11

These data resulted in the following performance characteristics of the FIP N gene
MRNA gRT-PCR as sbwn inTable 6.3.3. A single FP case of the PCR assay generates
91.7% specificity (Sp) and 97.4% positive predictive value (PPV). The high FN rate
contributes to a Se of 74.5% and a NPV of 45.8%. The overall accuracy of the assay is

77.8%.

Table 6.3.3. Se, Sp, PPV, NPV, and accuracy of FIP N gene mRNA gRACR.

Se Sp PPV NPV Accuracy

FIP N gene mRNA PCR 74.5% 91.7% 97.4% 45.8% 77.8%

According to the discrepant analysis (McAdams et al., 2000), a total of 6 cases (case
46-51) were identified as borderline cases that are negative in the PCR but show only a
single IFlabeledinfected macrophagd éble 6.3.1). These discordant results may show
Poisson distribution in analyses, thereby were removed from the performavaduation
of the N gene mRNA gRPCR. This results in a decrease of FN cases from 13 to 7, while
the othemperformance values remain the same. After removal of these 6 borderline cases,
we obtain increases of Se from 74.5% to 84.4%, NPV from 45.8% to 61.1%, and accuracy

from 77.8% to 86.0%, respectively. The Sp and PPV remain the Jaible 6.3.4).
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Table 6.3.4. Performance reevaluation of the FIP N gene mRNA gRTPCR after removal of

borderline cases.

Se Sp PPV NPV Accuracy

FIP N gene mRNA PCR 84.4% 91.7% 97.4% 61.1% 86.0%

In the FIP MN gene qRPCR, as shown ifable 6.3.1, a total of 42 TP and 8 TN
cases were identifiedréble 6.3.5. Four FP and 9 FN cases were identifiedhe same

PCR assay.

Table 6.3.5. Performance of the FIP MN gene gRPCR.

PCR testresult IF-positive (Diseased) IF-negative (Non-diseased)

Positive 42 4

Negative 9 8

The derived performance characteristics of the FIP MN geneR{EBH is shown
in Table 6.3.6. Relatively high FP cases of this PCR assay generates a 66.7% of Sp and
91.3% of PPV, respectively. The lower FN rate contributes to a Se of 91.3% and a NPV
of 47.1%. The overall accuracy of the assay is 79.4%.

Table 6.3.6. Se, Sp, PPV, NPV, and accurg of the FIP MN gene gRFPCR.

Se Sp PPV NPV Accuracy

FIP MN gene PCR 82.4% 66.7% 91.3% 47.1% 79.4%

We identified a total of 4 cases (case3g as borderline cases in discrepant
analysis that are negative in the PCR but show only a singlab#fed infected
macrophageTable 6.3.1). These discordant results were reeyrom the performance
re-evaluation of the MN gene qRACR. This change causes a decrease of FN cases from

9 to 5, while the other performance values remain the same. After the removal of the four
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borderline cases, we obtain increases of Se from 7#588.4%, NPV from 45.8% to
61.5%, and accuracy from 77.8% to 84.7%, respectively. Sp and PPV remain the same

(Table 6.3.7).

Table 6.3.7. Performance reevaluation of the FIP MN gene qRTPCR after removal of

borderline cases.

Se Sp PPV NPV Accuracy

FIP MN gene PCR 89.4% 66.7% 91.3% 61.5% 84.7%

Given the near symmetat distribution for the IF and MN gene PCR assays of
cases that can be can be considered either false positive or negative in either assay, one
may argue that either assay could be consideredsgaiaiard. For neither assay do we
have evidence that it bemes falsely positive due to high background and an inability to
discriminate a true from a false signal. That leaves only the possibility of spuriously false
positive/negative cases due to Poisson distribution of FIP virus in specimen aliquots. Thus
with the inherent nature of FIP as a Hewvel chronic progressive disease, it will for either
assay, assuming 100% specificity, be inevitable that in certain cases the presence of FIP
virus will remain undetected. Under this consideration, we evaluatqeetf@mance of
the IF assay in comparison to the FIP MN gene 4R, the most sensitive of the PCR
assays, as gold standard. Under this aspect, céd®arid 4447 were positive by both
assays, thus represent 42 true positiVedle 6.3.8. Cases 563 were negative by both
assays, that are 8 true negatives. Casdsb5&ere positive by PCR, but negative by IF,
thus represent 4 false negative cases. And finally casé8 88d 4&1were negative by
PCR, but positive by IF, thus false positive (& these, the latter 4 cases were sixgi

positive in the IF assay, thus representing borderline cases.
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Table 6.3.8. Performance of the FIP IF assay using the FIP MN gene gRACR as the gold

standard.
PCR-positive PCR-negative
IF test result (Diseased) (Non-diseased)
Positive 42 9
Negative 4 8

The derived performance characteristics of the IF assay versus the FIP MN gene
gRT-PCR as gold standard is showriable 6.3.9. Relatively high numbers of FP cases
of this PCR assay generates a Sp of 47.1% and a PPV of 82.4%. The lower FN rate
contribues to a Se of 91.3% and a NPV of 66.7%. The overall accuracy of the assay is
79.4%.

Table 6.3.9. Se, Sp, PPV, NPV, and accuracy of the FIP IF assay.

Se Sp PPV NPV Accuracy

FIP IF assay 91.3% 47.1% 82.4% 66.7% 79.4%

We identified a total of 4 cases (case3§ as borderline cases in discrepant
analysis that show dyna single IFlabeled infected macrophage but are negative in the
PCR {Table 6.3.1). These FP discordant results were removed from the performance re
evaluation of the FIP IF assay. This change causes a decrease of FP cases from 9 to 5,
while the otherperformance values remain the same. After the removal of the four
discordant cases, we obtain increases of Sp from 47.1% to 61.5%, and of PPV from 82.4%
to 89.4%, and accuracy from 79.4% to 84.7%, respectively. Se and NPV remain the same
(Table 6.3.10.

Table 6.3.10. Performance reevaluation of the FIP IF assay after removal of borderline

cases.

Se Sp PPV NPV Accuracy

FIP IF assay 91.3% 61.5% 89.4% 66.7% 84.7%
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6.4. DISCUSSION

In this study, we first successfully developed two novel PCR assays, the FIP N gene
MRNA gRT-PCR (N gene mRNA PCR) and the FIP MN gene ¢®FOR (MN gene PCR),
aimed to overcome the high false negative cases identified by FIP M gene mRNA gRT
PCR (M gene mRNACR). We then performed these PCR assays on the same set of 63
effusion specimens previously used by the M gene mRNA PCR performance analysis. We
show inTable 6.3.1the PCR copy numbers of the two novel PCRs and their corresponding
IF labeling resultsn addition to the previously shown results of M gene mRNA PCR
(Table 5.3.1) Table 6.4.1demonstrates the total numbers of R@Ritive andnegative
results of the three PCR assays. Compared to the M gene mRNA PCR, the N gene mRNA
PCR generated 5 addibal positive results. The MN gene PCR generated the most
positive results (46 specimens). It generated 12 more positive results than the M gene
MRNA PCR, and additional 7 positive results when compared to N gene mRNA PCR.

Table 6.4.1. Total number ofpositive and negative PCR results of the PCRs.

PCRs Positive Negative
M gene mRNA PCR 34 29
N gene mRNA PCR 39 24
MN gene PCR 46 17

Upon closer inspection of PCR positive cases, the MN gene PCR generates more
copy numbers than the other two PCRs in most cdsdsg 6.3.1). This indicates that the
PCR may detect more FCoV variants than the other two PCRs, since its amplification
region covers sections of two of the most conserved gene segments (of the M and N gene)
in the FCoV genome. In addition, the MN gene PCR, bgdlieiy genomic RNA also

inevitably detects FCoV replication since the negative genome template created by the
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FCoV replicationtranscription complex serves as target for the upstream M gene primer
of this PCR. In this manner, the MN gene PCR detectsmptloe genomic FCoV RNA
but also detects FCoV replication. This notion is also in agreement with the functional
characteristics of FIP that the FCoVs, which replicate outside of the intestinal tract, may
potentially cause FIP. Thereby, detecting FCopdlication outside of the intestinal tract
is a diagnosis of FIP.

To investigate the diagnostic performance of the N gene mRNA PCR and MN gene
PCR assays, we first identified the TP, TN, FP, and FN results of the two PCRs by the use
of a twoby-two contingacy table Table 6.3.2 and6.3.5. We then derived the Se, Sp,
PPV, NPV, and accuracy of the PCR assdwble 6.3.3 and6.3.6). In Table 5.4.2, we
show the performance of the three PCRs.

Table 6.4.2. Initial evaluation of PCR performance.

Se Sp PPV NPV Accuracy
FIP M gene mRNA PCR 66.7% 100% 100% 41.4% 73.0%
FIP N gene mRNA PCR 74.5% 91.7% 97.4% 45.8% 77.8%
FIP MN gene PCR 82.4% 66.7% 91.3% 47.1% 79.4%

The lowfalse positive cases, due to low sensitivity, identified by the M gene and N
gene mRNA PCRs contribute to high specificity (Sp) and positive predictive value (PPV)
relative to the FIP immunofluorescent assagle 5.3.2 and6.4.2). In contrast, there
were four positive results identified by the MN gene PCR results that were negative in IF
labeling Table 6.3.1). These four FP cases compromised the Sp and PPV of the MN gene
PCR (Table 6.3.6 and6.4.2). Nevertheless, the lower false negative casdsediiiN gene
PCR produced the highest sensitivity (Se) and negative predictive value (NPV) of the three

PCRs Table 6.3.5 and6.4.2. The MN gene PCR also produced the highest diagnostic
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accuracy of the PCRs owing to its capability to identify more trugip@and true negative
casesTable 6.3.5.

To eliminate the effect of Poisson distribution at low target concentrations, that
might compromise the performance analysis of the PCRs, we identified cases that were
negative in the PCRs, but positive in tle labeling by only a single FCoV infected
macrophage as discordant caskgbie 6.3.1). We then reevaluated the performance of
the PCRs after the removal of the discordant catebl¢ 6.3.4 and6.3.7). The re
evaluation of the performance of the PCRsshown inTable 6.4.3 After the correction,
we observed increases of Se and NPV of the three PCRs. The M gene mRNA PCR showed
the most drastic changes of Se and NPV among the PCRs due to the removal of the most
discordant cases (8 cases). Howevex NN gene PCR still demonstrates the highest of
both Se and NPV among the PCRs.

Table 6.4.3. Reevaluation of PCR performance after correction by discrepant analysis.

Se Sp PPV NPV Accuracy
FIP M gene mRNA PCR 79.1% 100% 100% 57.1% 83.6%
FIP N gene mRNA PCR 84.4% 91.7% 97.4% 61.1% 86.0%
FIP MN gene PCR 89.4% 66.7% 91.3% 61.5% 84.7%

Upon closer inspection, we found that the MN gene was able to detect 5 more true
positive cases (case 34, 38, andd4g that were also positive in the IF labeling than the N
gene mRNA PCRTable 6.3.1). In these 5 TP cases, 2 (case 46 and 47) cases showed
only a single positive FCoVhfected macrophage in the IF labelinable 6.3.1). In
addition, the MN gene PCR detected 3 positive cases (c&sg) 58at were both negative
in the IF labeling and the M and N gene mRNA PCRs. These findings suggest that the MN

gene PCR is the not only the most sensitive PCR among the three assiyspimteatially
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captures FIP positive specimens that IF labeling and the two other PCRs cannot capture.
Given that higkresolution melting curve analysis ensures 100% specificity of the assay
with regard to target identification, the false positive casastified by the MN gene PCR

are in fact true positive cases despite the negative findings in the IF assay. Thereby, the Se
and PPV of the MN gene PCR should also be 100% after removing all the FP cases.

On the same notion, we also found nearly symmetrical distribution of the cases that
were positive or negative in either IF assay or MN gene PCR assay. We did not find
evidence that neither assay would generate false positive results due to high baakground
inability to distinguish a true from a false signal. In consideration of the fact that that FIP
is a chronic progressive infection characterized by low numbers of FIP virus, it is likely
that any one assay, though 100% specific, is destined to mesgide of some cases of
low-level FIP infection. Therefore, we reversed our FIP diagnostic performance analysis
and evaluated the performance of the IF assay using the most sensitive MN gene PCR as
the gold standard test. We first identified the perfomoe of the IF assay rable 6.3.8
followed by calculating Se, Sp, PPV, NPV, and accuracy of the IF aBable(6.3.9 and
6.3.6). In this case, we obtained relatively high sensitivity (91.3%) and positive predictive
value (82.4%), along with low speiciity (47.1%), driven by high numbers of false positive
cases, and negative predictive value (66.7%). The accuracy of the IF assay is the same as
the MN gene PCR assay (79.4%gable 6.3.9).

Subsequently, we revaluated the performance of the FIP IF gg3able 6.3.10
by eliminating the 4 discordant cases (caseb#Bthat showed only a single infected
macrophage in the IF labeling but negative in the MN gene PCR in the discrepant analysis.

After the correction, we obtained increases of Sp from 470164 5%, PPV from 82.4%
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to 89.4%, and accuracy from 79.4% to 84.1%l(le 6.3.10. This accuracy of the IF assay
is the same as the MN gene PCR after the correcimioi¢ 6.3.7 and6.3.10.

Collectively, we developed two novel FIP PCRs that successfultyoved the
sensitivity and negative predictive value of the FIP M gene mRNA-BRR. The new
PCRs have improved sensitivity and negative predictive value, in particular, the FIP MN
gene gRTPCR demonstrated at nearly 90% the highest sensitivity amerngrée PCR
assaysTable 6.4.2 and6.4.3). Although Sp and PPV appeared compromised due to the
higher FP cases identified by this assay, upon closer inspection, the FP cases%&jse 52
are actually true positive cases by the criterion of h@golution melting curve analysis.
The high MN gene copy numbers in these specimens further support this fiatibe (
6.3.1). In addition, we also found that the IF assay and the MN gene PCR mirrored each
other, with almost identical resultfgble 6.3.1,6.3.7,and 6.3.10. This intriguing finding
led us to overturn the performance analysis by using the MN gene PCR as the gold standard
for IF assay performance evaluatiorable 6.3.8,6.3.9, and6.3.10. Interestingly, the
five FP cases (case -33) in the IFassay compared to the MN gene PCR showed more
than one FIAnfected macrophage, which indicates these specimens were true positive
rather than false positive or borderline cases. Under this consideration, we eliminated the
FP cases in both assays, aimioggenerate a genuine performanceaseessment of the

two assaysTable 6.4.4 and6.4.5).
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Table 6.4.4. Reevaluation of the MN gene PCR and the IF assay performance after

reassignment of FP cases to TP cases.

IF-positive IF-negative

Mhlg=ncRCR (Diseased) (Non-diseased)
Positive 46 0
Negative 5 8
IF assa PCR-positive PCR-negative

Y (Diseased) (Non-diseased)
Positive 47 0
Negative 4 8

Table 6.4.5. Se, Sp, PPV, NPV, andccuracy of the MN gene PCR and the IF assay after

reassignment of FP cases to TP cases.

Se Sp PPV NPV Accuracy
MN gene PCR 90.2% 100% 100% 61.5% 91.5%
IF assay 92.2% 100% 100% 66.7% 93.2%

After the removal of the FP cases, the two assays demonstrate noticeable increases
of Se, Sp, PPV, and accuracy, while the NPV remain unchanged. Both assay<106i%
Sp and PPV. Although the negative predictive value remains unsatisfactory, we believe
that it may be improved by simply repeating the PCR assays for multiple aliquots of a
specimen. However, these two assays as well as the other two PCR #kdaysmststrate
high sensitivity and high specificity when compared to the currently available FIP
diagnostic assays (Dye et al., 2008; Hartmann et al., 2003; Hornyak A et al., 2012; Sharif
et al., 2010; Simon et al., 2005;Soma et al., 2013). More immlystavhen combining the
MN gene PCR and IF assay, the two assays were able to confidently detect 51 positive and
8 negative specimens among all 63 specimens enrolled in this study except for the 4
borderline cases (case-83&). The excellent diagnostidility of this combination of the

two assays leads us to strongly believe that the most accurate FIP diagnostic regimen is to
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first test specimens with the more convenient FIP MN geneRE8R, followed by an IF

confirmatory test of the specimens that weegative in the FIP MN gene gRACR.
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CHAPTER 7 Role of mutation in the spike protein cleavage site and
pathogenesis of FIP
7.1. INTRODUCTION

The functional characteristics of feline infectious peritonitis (FIP) is the acquisition
of macrophage tropisraf the FCoVs that leads to fatal systemic infection. Spike (S)
protein mediates cell entry by initiating cellular receptor binding (S1 domain) and
triggering the subsequent viral and host cell membrane fusion (S2 domain) (Ruch and
Machamer, 2012), therghs considered to have an important role in the change of cell
tropism of feline coronavirus (FCoV) associated with FIP pathogenicity.

Several studies have investigated whether the mutation within the S protein lead to
the macrophage tropism of FCoV seerfrIP infection (Chang et al., 2012; Felten et al.,
2017; Licitra et al, 2013; Porter et al., 2014; Rottier et al., 2005). Rottier et al. (2005) was
the first to pinpoint that the S protein is the determinant that contributes to the efficacy of
macrophag infection. Rottier et al. (2005) constructed different recombinant viruses using
an FIP virus isolate as the genome frame modified by either 1) replacing the FNP¥r3a
S gene with the FECV homologs, or 2) knocking out the FIPV ORF 3abc or the APV 7a
gene clusters. They then tested the replication of these viruses in macrophages, and found
that only the recombinant FIP virus with the FECV S gene demonstrated significantly
reduced macrophage infectivity and limited spread of the infection. Faetssn, they
concluded that the macrophage cell tropism of FCoV was determined solely by its S protein
(Rottier et al., 2005).

While Chang et al. (2012) and Porter et al. (2014) further identified non

synonymous mutations within the S gene that may beonsgige for FECV to FIPV
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conversion, Licitra eal. (2013) adopted an alternative approach by investigating the role
of mutation(s) of the furin cleavage site at the S1/S2 domain boundary (fcS1/S2 maotif) in
FIP pathogenesis. They identified a wedihsered canonical furin cleavage site motif of
R-S/A-R-R-S in the FECV isolates, but not in the FIPV isolates. A fluorogenic peptide
furin cleavage assay confirmed that substitutions of amino acid in the S1/S2 maotif did alter
furin cleavage efficiency. In adobn, they examined at two different time points the S1/S2
motifs of two field specimens from cats that harbored FCoV. One cat diagnosed clinically
with FIP had a mutated S1/S2 motif at the later time point, while the other clinically healthy
cat still harbored the canonical motif. Therefore, they concluded that mutation(s) within
the furin cleavage site motif are functionally relevant and are highly correlated to FIP
development.

In this study, we aimed to investigate whether the mutation(s) of the furin cleavage
site within the S1/S2 gene region (fcS1/S2 motif) aseociatedo FIP infection. We
developed aFCoV fcS1/S2 gene gRPCR assay, which amplifies the S1/S2 gene region
that harbors the furin cleavage site motif identified by Licitra et al (2013). We approached
this aim by performing the PCR on two independent populations: 1) FIP M gerBQRT
positive specimens from the Molecular Diagnostic Laboratory FIP diagnoswonmsgmn
submissions (the FiBiased population); and 2) FEQ)bsitive fecal specimens collected
from young shelter cats that are frequently FEi@Mcted (the FIFunbiased population).
After DNA sequencing and translation, we compared mutation frequenfdies fcS1/S2
motif in the two populations. Using this approach, we could establish whether mutations
of the fcS1/S2 motif are functionally relevant to FIP infection and may be used as a

diagnostic marker for FIP.
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7.2. MATERIALS AND METHODS

Design ofprimers and probe. Regions for primers and probes were chosen based
on nucleotide alignmerdf numerous FECV and FIPV isolates with maximum similarity
upstream and downstream of the FCaMS2 domaioundaryS1/S2 motif). This FCoV
fcS1/S2 gene gRPCRassay amplifies the fcS1/S2 motif region using long degenerate
primers that hybridize to conserved sequences adjacent upstream and downstream to the
FCoV fcS1/S2 motif, thereby producing an amplification product of typically 211 bp. The
fluorescein probevas placed within the fcS1/S2 motif as FRET donor probe, whereas the
LCRed 640 FRET acceptor probe was placed one nucleotide upstream of the fluorescein
probe in the most highly conserved spike protein sequéiad®g(7.2.1).

Table 7.2.1. Oligonucleotideprimers and probes used in FIP S1/S2 gene qRFCR

Primer/probe Sequence (5’'>3’)

Upstream primer GGKGARATTTTCACYGTAGTGCCATGTGATYTAACAG

Downstream primer CATTATTCCACTTTGTYAYGTAATARAATTGYGGCATAGT
Fluorescein probe ACACAGTCGAGAAGATCACGTAGGTC-6FAM

LCRed640 probe LCR640-CAGCYGTYAATCAAACTGATCTRTTTGMKTTTGTAAATCA-P

a8  Degenerate bases are marked in red. K represents G or T, R represents A or G, Y represents Cor T, M

represents A or C. -BAM indicates écarboxyfluorescein. P indicates phosphate.

Nucleic acid extraction and PCR operation. Fecal specimens from the FIP
unbiased shelter cat population were collected by rectal insertion of a cytobrush swab
which were stored in guanidinium isothiocyanate Tritorl00-based RNA/DNA
stabilization reagent in 2 mL vil After stripping and removal of the swab, the specimens
were homogenized in a Precellys 24 shaker (Bertin Technologies, France) at 3,000 RPM,
with 3 cycles of 60 seconds shaking followed by 60 seconds rest, using six 3 mm High
Wear Resistant Zirconia (ading Beads (Glen Mills Inc, NJ) per tube. Total nucleic acid
extraction of the fecal specimens, as well as PCR thermal cycling of the FCoV S1/S2 gene

gRT-PCR were performed by using the methodology described in Chapter 2. FIP M gene
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MRNA-positive totahucleic acids originally extracted from submitted effusion specimens
were used as templates for the BiBsed cat population. Two standard templates were
created from linearized plasmids containing the synthetically produced nucleic acid
sequences of atandard FECV and mutated FIPV target. For convenience, the fecal
samples obtained from the Fildbiased shelter cat population were only subjected to the
FCoV S1/S2 gene qRPCR. For that reason, M gene mRNA copy number data were not
obtained from thigopulation.

DNA sequencing.Amplification products from specimens with at least 10 fcS1/S1
region starting copies per PCR were subjected to DNA sequencing. Size of the PCR
amplification products was first verified by gel electrophoresis of 2 ul of the Bror to
DNA sequencing. For DNA sequencing, we first treated the remaining 18 pl PCR reaction
with 5 pl ExoSARIT (Fisher Cat. #8201.) alkaline phosphatase to dephosphorylate
unincorporated nucleotides and primers. This process involved addirgg thglenzyme
solution, followed by two 30 min incubations at 37°C and then 80°C. The first low
temperature incubation dephosphorylated nucleotides and digested the excess primers.
The subsequent high temperature incubation inactivated the enzyme.eMeré¢jpared
two sequencing reactions for each amplification product with either the upstream or
downstream primer. Ten microliters of the ExoSARreated PCR were first filled up
with T10Eo.1 to 14.25 pl, followed by addition of 0.75 pl of 1:10 diluté&D uM) primer
stock. The premixed sequencing reaction containing ~30 ng of the 231 bp PCR template
and 15 pmol primer in 15 pli#Eo.1were shipped to ELIM BIOPHARM for Sanger DNA

sequencing.
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DNA sequencing result analysis.The DNA nucleotide sequences$ the PCR
amplification products that were first viewed and edited by Chromas version 2.1.1
software. The sequences were then translated to amino acid sequences by Vector NTI
Advance 11 software. The presence or absence of the mutated S1/S2 mb&af®GR
amplification products were then determined by the comparison to the canonical FCoV
S1/S2 motif (RA/S-R-R-S). The mutation frequency between HiBsed and wbiased
population was evaluated bytwoa i | ed Fi sher 6s Exaawuare(d)est.
di fference between the two popul ations wa

regression.
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7.3. RESULTS

Overview of DNA sequencing results and probe highesolution Tm of the FIP
S1/S2 gene PCR amplification productsA total of 107 effusion specimens of the FIP
biased populationTable 7.3.1) and 114 fecal specimens of thenbiased population
(Table 7.3.2) were collected. For ease of analysis, the results of both populations are first
separated by standard versustated fcS1/S2 motif), and then ranked from the lowest to
highest probe melting temperaturé,) (Table 7.3.1 and 7.3.2). In the FIRbiased
population, a total of 62 sequences harbor the mutated fcS1/S2 motif versus 45 sequences
the canonical fcS1/S2 mbt{Table 7.3.1). In contrast, in the FHanbiased population,
only 3 sequences harbor the mutated fcS1/S2 motif versus 111 sequences the canonical

fcS1/S2 motif Table 7.3.2).
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Table 7.3.1. FIP S1/S2 gene PCR products of the Flifased population.

FIP-biased M gene Probe T, ?2;:;:: Peptide sequence Nucleotide sequence
specimen #| mRNA/mL = moeis <P T a

1 975 39.98 yes TRSRTAGRSVQDSVPTY ACACGGTCCCGAACAGCAGGCAGGTCAGTACAAGATTCAGTACAAACCTAC
2 160 40.83 ves TQAKRSRSSATGSVTTY ACACAGGCGARAAGATCACGTAGTTCAGCAACAGGCTCAGTAAAARACCTAC

3 305 41,32 yes TPOQRRARMSTSDVTKTY ACTCAGCCTAGARGAGCACGTATGTCAARCCTCCGACACAGTARARACCTAT

4 4,748 41.49 yes TQPRRSRISTSDTVKTY ACACAGCCGAGARGGTCACGTATATCAACGTCAGACACAGTARAAACCTAT

5 35,290 41.78 yes TQPRRARRPVSKSVQTY ACACAGCCTAGAAGAGCGCGTAGGCCAGTATCAAAGTCAGTACAAACATAT

[ 380 41.86 yes TQPRRARRPVPDSVOQTY ACACAGCCTAGAAGAGCACGTAGGCCAGTACCAGATTCCGTACAAACCTAT

7 30,000 43.14 yes THSRRSRRLVSE-VTTY ACCCATTCTCGAAGATCACGTAGGTTAGTATCAGAA--~GTAACCACCTAT

8 670 43.35 yes TQVRRSLRSAYSPVSTY ACACA ATCCCTTAGGTCAGCATACAGCCCAGTARGTACATAC

E 390 43.81 yes TRSRREPMSTPEPVTTY ACACGTTCAAGARGATCACCTATGTCAACACCAGAACCAGTARCTACCTAT
10 3,350 44.48 yes TQPRGARRSAPESVQTY ACACAGCCTAGAGGAGCACGTAGETCAGCACCAGAGTCAGTACAARACCTAT
11 259 44,97 yes TQTRRSRSSTSNPVTTY ACACAGACGAGARGATCACGTAGTTCAACATCARACCCAGTGACTACCTAC
12 305 45.68 yes THPRRSERMSTPETVHTY ACACATCCAAGARGATCGCGTATGTCAACACCTGAGACTGTACATACCTAC
13 8,460 46.02 yes TQNRRSRRPVPGKVTTY ACACAGAATAGARGATCACGTAGGCCAGTCCCTGGAAAGGTARCAACATAT
14 1,532 46.02 yes TRSRRASSSTYETVYTY ACACGTTCAAGARGAGCAARGTAGCTCGACCATAGAARCAGTATACACCTAC
15 371 46.38 yes PHSRRTRRSAPEPVRTY CCACATTCTAGAAGAACACGTAGGTCAGCACCGGAGCCAGTAAGAACCTAT
16 4,590 46.78 yes TQTRRSRRPASETLETY ACACAGACAAGGAGATCACGTAGGCCGGCCTCTGARACACTAGARACTTAT
17 460 46.79 yes TQSRRTRSSTSYSVNTY ACACAGTCTAGAAGAACACGTAGTTCAACATCGTACTCAGTARACACCTAC
18 760 46.98 yes THSRRTRRSASDPVKTY ACACATTCTAGAAGAACAGCTAGCTCAGCATCAGATCCTGTAAAAACTTAT
19 1,100 47.20 yes TQSRRSLERPAPYTVTTY ACACAGTCTAGAAGGTCACTTAGACCAGCACCATACACGGTAACCACCTAC
20 830 47.32 yes TQSRRSRTFTPSTVTTY ACACAATCGAGGAGGTCACGTACGTTCACACCAAGTACGGTGACCACCTAT
21 3,527 47.63 yes TQPRGARRSVSESVNTY ACACAGCCYAGAGGAGCACGCAGETCAGTGTCAGAGTCAGTAAACACCTAT
22 163 48.42 yes TQPRRARGSAPESVQTY ACACAGCCTAGARGAGCACGTGGGTCAGCACCAGAGTCAGTACAAACCTAT
23 213 48.69 yes TQSRRSRSSTPESVQTY ACACAGTCTAGAAGATCACGTAGTTCAACACCAGAGTCAGTACAAACTTAT
24 160 49.18 yes TOORRSRRLTSELTITH ACACAGCAGAGGAGATCACGCAGGTTAACATCAGAGC TAACCCTCACCCAT
25 2,630 49.32 yes THESRRALRSTNESVQTY ACACATTCARGAAGAGCACTCAGGTCGACAARACGAATCAGTGCARACTTAC
26 90 49.38 yes TQSKSSRRATPGIVKTY ACACAATCGAAAAGTTCACGCAGGGCAACACCTGGCATAGTARATACCTAC
27 1,237 49,39 yes ——PRGSRRSTAETVTTY — —CCAARAGGATCACGTAGGTCAACCGCAGAAACAGTARCAACCTAC
28 605 49.42 yes TQARISRRSTSEAVTTY ACACAGGCAAGARTATCACGTAGGTCGACCTCTGAAGCAGTARCCACCTAT
29 240 50.23 yes TSSRSSRRSTSEPVQTY ACAAGTTCAAGAAGTTCACGTAGGTCAACCTCAGAACCAGTACAAACCTAT
30 1,670 50,43 yes TQSERSRGSTQEPVNTY ACACAGTCGGRARGGTCACCTGGTTCTACACAAGAACCAGTARACACCTAT
31 3,500 50.59 yes TQSRRSHWSTPETVTTY ACACAGTCGAGARGETCACATTGCGTCAACACCAGAAACAGTARCGACCTAT
32 360 51.14 yes AQPRRALRSASESVTITY GCTCAGCCTAGAAGAGCACTTAGGTCAGCATCAGRATCGGTAACCACCTAC
33 320 51.55 yes THARRSRSTTSESVQIY ACACATGCAAGAAGATCACGCAGTACAACATCTGAAAGTGTACAAATTTAT
34 175 51.64 yes TQSRSSRRSPSEPVKIY ACACAGTCAAGAAGTTCACGTAGGTCACCATCAGAACCAGTARAAATCTAT
35 120 51.76 yes TQSRRAPSSLPDSVKTY ACACAGTCGAGARGGGCACCTAGTTCGTTATCAGACTCTGTAARAAACCTAC
36 7,638 51.90 yes TQPRSSRRLVQTSVTTY ACACAGCCTAGAAGTTCACGTAGGTTAGTACAAACCTCAGTAACAACTTAT
37 1,339 52.25 yves TQSRRSLRSTESSVTTY ACACAGTCGAGGAGATCACTTAGCTCAACTTCAAGTTCAGTAACTACCTAC
38 154 52.39 yes TQSRRSREAVSNSVNTY ACACAGTCTAGAARGGTCACGTAAGGCAGTATCAAACTCAGTARATACCTAC
38 100 52.70 yes TQSRRARNATVESVTTY ACACAGTCAAGAAGAGCACGTAATGCAACTGTAGAATCAGTAACCACCTAC
40 626 52.82 yes TQSGRSRRPTPETVTTY ACACARATCAGGAAGATCACGTAGGCCAACACCTGAGACTGTAACAACCTAT
41 560 52.90 yes TQP: TSNSVTTY ACACAGCCGAGAAGATCACGCAGTTCAACGTCAAACTCTGTAACAACCTAT
42 1,600 52.92 yes TDAGRSLESRGEAVKTY ACAGACGCGGGAAGGTCACTTAAGTCAACAGGCAAAGCAGTAAAAACCTAT
43 1,118 53.06 yes THSRRELRSTPESVKTY ACACATTCAAGARGATCACTTAGGTCARCACCTGAATCAGTARRAACCTAT
44 372 53.18 yes TQSRRARRPTPDSVKTY ACACAGTCAAGAAGAGCACGCAGGCCGACACCTGACTCAGTAAAGACCTAC
45 334 53.23 yes THSRGSRRSAVESVQTY ACACATTCCAGAGGATCACCCAGCTCAGCAGTTGAATCAGTACAAACTTAT
46 160 53,27 yes TQSRRERGSTPDSVKPY ACACAATCAAGARGATCACGTGGGTCARCACCTGACTCAGTARAACCCTAT
47 43,000 53.69 yes TQSRRARMSTSELVQTY ACACAGTCTAGARGAGCACGTATGTCAACCTCAGAGTTAGTACAAACCTAT
48 220 53.79 yes TQSRRSRRGSISNQVTY ACACAATCGAGAAGGTCACGTGGCTCTATATCAAACCAGGTAACTGCTTAT
49 6,230 53.87 yes TQPRSARRSVSESVQIY ACACAGCCTAGARGTGCACGCTAGGTCACGTGTCAGAGTCAGTACARATTTAT
50 290 54.08 yes TQPRSARKSTSSSVITY ACACAGCCGAGARGTGCACGTAAGTCAACATCAAGCTCTGTAACAACCTAT
51 130 54.85 yes TQSRKSRRSTPESVRTY ACACAATCAAGARARTCACGTAGGTCAACACCTGAATCAGTARRAACCTAT
52 360 54.85 yes TQPIRSRMSTSEAVKTY ACACAGCCAATAAGATCACGTATGTCGACCTCTGAAGCAGTAACCACCTAC
53 1,550 55.04 yes KSSRRPRRSPSNSVHTY AAATCGTCGAGAAGACCACGTAGETCACCATCAAATTCAGTACATACCTAC
54 742 55.48 yes THSRRSRMSTSETVNIY ACACATTCGCGARGATCACGTATGTCAACGTCCGARACAGTARACATCTAT
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Table 7.3.1.cont. FIP S1/S2 gene PCR products of the Fiiased population.

FIP-biased M gene Probe T, !;2;:;:; Peptide sequence Nucleotide sequence
specimen # | mRNA/mL - motif <P T E
55 750 56.21 yes TRSKISRRSTPDTVRTY ACACAATCGARAARTATCACGTAGGTCAACACCTGACACAGTACGTACATAC
56 1,216 56.74 yes THSRRSEMSTSETVTTY ACACACTCAAGAAGGTCACCTATCTCAACTTCTGAAACCGTARCAACCTAT
57 1,467 57.38 yes THSRRSRGSTSDSVTTY ACACATTCGAGARGATCCCCTGGGTCAACTTCGGATTCAGTARCTACCTAT
58 530 57.73 yes TQTRSSRSSVSETVSTY ACACAGACGAGARGCTCACGTACGTCCGTATCAGAAACAGTARGTACTTAC
59 3,000 59.20 yes TQSRIARRSTPTPVRKTY ACACAGTCGAGAATAGCACGTAGGTCAACACCAACTCCTGTAAAAACCTAC
60 4,500 59.80 yes TQPRISRRSTSNSLTTY ACACAGCCGAGARTATCACGTAGATCTACTTCARACTCATTARCCACCTAC
61 750 61.09 yes THSRSSRVSRSGTVKTY ACACATTCGAGARGTTCCCGTGTGTCCAGGAGTGGAACAGTEGAAGACCTAT
62 1,800 61.87 yes THSRRSRMSTSNSVTTY ACACATTCAAGRAGATCACGTATGTCAACATCAAACTCTGTAACAACCTAT
63 112 42.17 no TGARRSRRST-PEVKTY ACAGGTGCAAGGAGATCACGTAGGTCAACC---CCTGARGTARAAACCTAC
64 210 43.07 no TQTRRSRRSASETVQTY ACACAAACGAGGAGATCACGTAGGTCAGCTTCTGAAACAGTACAAACCTAT
65 6,001 44 .06 no TQSRRSRRSTSNSVKTY ACACAGTCGAGARGATCACGTAGGTCAACATCAAACTCTGTAARARACCTAT
(13 885 44.66 no TQARRARRSISESVTTY ACACAGGCTAGAAGAGCACGTCGTTCAATATCAGAATCAGTAACTACTTAT
67 670 46.38 no TACRRARRSTLDSLNTY ACAGCCTGTAGAAGAGCACCTAGCTCAACACTAGACTCCCTARACACCTAC
68 3,800 46.72 no TQSRRARRSTPSSVNTY ACACAGTCTAGGAGAGCACGTAGGTCAACACCAAGTTCAGTAAACACCTAT
69 1,138 49.11 no TQTRRSRRSAPVAVHTY ACACAGACGAGAAGATCACGTAGGTCAGCACCAGTTGCAGTACATACTTAT
70 100 49.11 no TYTRRSRRS--DSVHTY ACATATACGAGAAGATCGCGTAGATCA---—=~ GATTCAGTACACACTTAT
71 1,500 49,42 no TRSRRARRS-VETVQIY ACACGCTCTAGARGAGCACGCAGGTCA---GTAGAGACAGTACAAATCTAT
72 467 49.74 no THSRRSRRSTSDTVKTY ACAAGTTCGAGAAGATCACGTATGTCAGCACCAACTACAGTACAARCTTAT
73 117 50.12 no TQSKRSRRSTSDSVRTY ACACAGTCAARAAGGTCACCTAGGTCAACATCTGACTCTGTARAAACCTAC
74 450 50.43 no TQTRRSRRSSSSSVTTY ACACAGACGAGARGATCGCGCCGGTCATCATCARGCTCAGTARCCACCTAT
75 140 50.51 no TQLERARRSTPNSVRTY ACACAGTTGAAARGAGCACGTAGGTCTACACCARACTCAGTARGGACTTAC
76 2,437 50.59 no TSSRRSRRSTPTTVQSY ACATCGTCAAGAAGATCACGTAGGTCAACCCCTACAACAGTACAAAGCTAC
77 2,950 50.75 no TQPRRARRSAPESVQTY ACACAGCCTAGAAGAGCACGTAGGTCAGCACCAGAGTCAGTACAGACCTAT
8 880 50.94 no TQSRRARRSAPESVRTY ACACAGTCTAGARGAGCACCTAGGTCAGCACCAGAGTCAGTARGAACCTAT
79 10,000 50.94 no THSRRARRSAPESVRTY ACACATTCGAGARGAGCACGTAGGTCAGCACCAGAGTCAGTARGAACCTAT
80 141 51.29 no THESRRARRSVSDTVKTY ACACAGTCCAGARGAGCACGCATTTCAGTACAAGAGTCAGTACGAACCTAT
81 835 51.33 no TPSRRSRRSTSNSVKTY ACACCGTCAAGAAGATCACGTAGGTCAACATCAAACTCTGTARAAACCTAT
82 200 51.41 no TQPRRSRRSTANSVTTY ACACAGCCGAGARGATCGCGTAGGTCAACCGCAAACTCAGTAACCACCTAC
83 10,000 51.54 no THSRRSRRSTSNSVTIH ACACATTCCAGAAGATCACGTAGGTCAACATCAAATTCTGTAACAATCCAT
84 450 51.90 no THSRRSRRSIPETVHTY ACACATTCAAGAAGGTCACCTAGCTCAATCCCAGAAACAGTCCATACCTAT
85 310 52.08 no TQSRRARRSVSEAVQTY ACACAGTCTAGAAGAGCACGTCGGTCAGTATCAGAGGCAGTACAAACCTAT
86 170,000 52.39 no TQPRRSRRST-DAVSTVKTY |ACACAACCGAGAAGATCACGTAGGTCAACA---GACGCGGTCAGCACAGTAAAACCTAT
87 270 52.78 no TQTRRARRSTPQSVTTY ACACAGACGAGAAGAGCACGTAGGTCAACACCACAATCAGTAACCACCTAC
88 3,100 53.24 no THSRRARRSTPVTVTTY ACACATTCTAGARGAGCACGTAGGTCAACCCCTGTTACAGTAACAACCTAC
89 570 54.08 no THSRRSRRSTSDT-KTY ACACATTCAAGAAGATCACGTATATCAACCTCTGAAATT---AAAACCTAT
90 2,962 54.18 no TQSRRARRSVSESVQTY ACACAGTCTAGARGAGCGCGTAGGTCAGTATCAGAGTCAGTACAAACCTAT
91 880 54.22 no TQSRRERRSTPDSVKTY ACACAGTCGAGAAGATCACGTAGGTCAACACCAGACTCTGTAAAAACCTAC
92 2,177 54.45 no PQPRRSRSSTSNSVITY CCACAGCCGAGAAGATCACGCAGTTCAACATCAAATTCAGTAACCACCTAT
23 430 54.78 no TQPRRARRSTPSLVETY ACACAGCCGAGARGAGCACGTAGGTCAACACCAAGTTTAGTARRAACCTAC
94 2,650 55.04 no TQSRRARRSPPESVKTY ACACAGTCTAGARGAGCACGTAGGTCACCACCAGAGTCAGTARARACCTAT
95 27,000 55.66 no TQSRRSRRSAPQTAQVY ACTCAGTCGAGAAGATCACGCAGETCAGCGCCTCAAGCAGTAAAAGTATAC
96 103 55.66 ne TQSRRSRRSMLESVTTY ACACAGTCTAGARGATCACGTAGGTCAATGCTAGAATCAGTARCTACCTAT
97 4,700 55.90 no TQSRRARRSTTEPVKTY ACACAGTCAAGARGAGCACGCAGGTCAACCACTGAACCAGTARARACCTAC
98 1,320 56.19 no TRPRRSRRSTLTSVNTY ACACGTCCAAGAAGATCACGTAGGTCAACCTTGACCTCAGTABRATACCTAT
929 232 57.31 no THERRSRRSAPKTVNTY ACACATGAGAGAARGATCACGTAGGTCAGCACCGAARACAGTARACACCTAC
100 1,900 57.39 no TQSRRSRRSTADSVQLY ACACAGTCAAGAAGATCACGTAGGTCAACAGCTGACTCTGTACAACTCTAT
101 620 57.68 no TQSRRSERSTTDTVKTY ACACAGTCAAGAAGATCACGTAGTTCAACATCAGACTCTGTAACTATTCAC
102 286 57.81 no TRSRRSRRSTISTVQTY ACACGGTCAAGAAGATCACGTAGGTCAACCATCAGTACAGTACAAACCTAT
103 1,300 57.85 no TQPKRSRRSISRQVTTY ACACAGCCGAAAAGGTCACGTAGGTCTATATCAAGGCAAGTAACCACCTAT
104 831 58.22 no TQSRRARRSTSDSVETY ACACAGTCGAGARGAGCACGCAGGTCARCATCAGATTCTGTARAAACATAT
105 18,000 60.40 no THESRRERRSTTETVKTY ACACATTCAAGARGATCACGTAGGTCAACCACTGARACTGTAACAACCTAT
106 1,444 60.61 no TQPRRSRRSI-SPVNTY ACACAGCCTAGAAGATCACGTAGGTCAATA---AGTCCTGTGAACACCTAC
107 10,000 64,68 no TQSRRSRRSTSNSLTTY ACACAGTCGAGARGATCACGCAGGTCAACCTCARACTCACTARCCACCTAT
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Table 7.3.2. FIP S1/S2 gene PCR products of the Fihbiased population.

FIP- Mutated
unbiased Probe T,_ fesl/82 Peptide sequence Nucleotide sequence
specimen # motif

1 44.30 yes TTSRRTRRSTSDSVNTY |ACTACTTCTAGAAGAACACGTAGGTCAACATCAGATTCAGTARACACCTAC

2 45.60 yes TQSRKSRRSVSEPVTTY |ACACAGTCAAGGARATCACGCAGGTCGGTCTCTGAACCAGTAACAACCTAT

3 57.94 yes TQSRRARASTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC

4 36.25 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC

5 44.67 no TQPRRSRRSTSNSVTTY |ACACATCCACGAAGATCGCGTAGGTCAACATCAARACTCTGTGACAACCTAT

6 45.98 no TQPRRSRRSTSNSVTTY |ACACATCCACGAAGATCGCGTAGGTCAACATCAAACTCTGTGACARACCTAT

7 46.17 no TQPRRSRRSTSNSVTTY |ACACATCCACGAAGATCGCGTAGGTCAACATCAAACTCTGTGACAACCTAT

8 46.21 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCARACTCAGTGACCACCTAC

9 46.22 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
10 46.36 no TQPRRSRRSTSNSVTYY |ACACATCCACGAAGATCGCGTAGGTCAACATCAAACTCTGTGACAACCTAT
11 46.48 no TQPRRSRRSTSNSVTTY |ACACATCCACGAAGATCGCGTAGGTCAACATCARACTCTGTGACAACCTAT
12 46.54 ne TQPRRSRRSTSNSVTTY |(ACACATCCACGAAGATCGCGTAGGTCAACATCAAACTCTGTGACAACCTAT
13 46 .54 no TQPRRSRRSTSNSVTTY |ACACATCCACGAAGATCGCGTAGGTCAACATCAAACTCTGTGACAACCTAT
14 46.67 no TQPRRSRRSTSNSVTTY |ACACATCCACGAAGATCGCGTAGGTCAACATCAAACTCTGTGACAACCTAT
15 46.73 no TQPRRSRRSTSNSVTTY |ACACATCCACGAAGATCGCGTAGGTCAACATCAAACTCTGTGACAACCTAT
16 46.78 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
17 46.78 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
18 46.85 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
19 46.86 no TQPRRSRRSTSNSVTTY |ACACATCCACGRAGATCGCGTAGGTCAACATCARACTCTGTGACAACCTAT
20 46.98 no TQPRRSRRSTSNSVTTY |ACACATCCACGAAGATCGCGTAGGTCAACATCARACTCTGTGACAACCTAT
21 46.98 noe TQPRRSRRSTSNSVTTY |ACACATCCACGAAGATCGCGTAGGTCAACATCAARACTCTGTGACAACCTAT
22 46.99 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCARACTCAGTGACCACCTAC
23 46.99 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
24 47.06 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
25 47.13 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
26 47.24 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAARACTCAGTGACCACCTAC
27 47.29 no TQPRRSRRSTSNSVTTY |ACACATCCACGAAGATCGCGTAGGTCAACATCAAACTCTGTGACAACCTAT
28 47 .36 no TQPRRSRRSTSNSVTTY |ACACATCCACGAAGATCGCGTAGGTCAACATCAAACTCTGTGACAACCTAT
29 47.48 no TQPRRSRRSTSNSVITY |ACACATCCACGAAGATCGCGTAGGTCAACATCARACTCTGTGACAACCTAT
30 47.54 no TQPRRSRRSTSNSVTTY |ACACATCCACGAAGATCGCGTAGGTCAACATCAARACTCTGTGACAACCTAT
31 48.04 no TQPRRSRRSTSNSVTTY |ACACATCCACGAARGATCGCGTAGGTCAACATCAAACTCTGTGACAACCTAT
32 48 .64 no TQSRRSRRSASNSVTTY |ACACAGTCACGAAGATCACGTAGGTCAGCATCARATTCTGTAACAACCTAT
33 48.67 no TQSRRSRRSASNSVKTY |ACACAGTCACGAAGATCACGTAGGTCAGCATCAAATTCTGTAACAACCTAT
34 48.92 no TRPRRSRRSTSDSVTTY |ACACGGCCGCGAAGATCGCGTAGGTCAACATCAGACTCTGTGACAACCTAT
35 49.38 no TRARRSRRSTSGSVTTY |ACACGGGCGCGAAGATCACGTAGGTCAGCATCGGGTTCTGTAACAACCTAT
36 50.10 no TQSRRSRRSASNSVTTY |ACACAGTCACGAAGATCACGTAGGTCAGCATCAAATTCTGTAACAACCTAT
37 50.16 no TQSRRSRRSASNSVTTY |ACACAGTCACGAAGATCACGTAGGTCAGCATCAAATTCTGTAACAACCTAT
38 50.41 no TQSRRSRRSASNSVTTY |ACACAGTCACGAAGATCACGTAGGTCAGCATCARATTCTGTAACAACCTAT
39 50.91 no TESRRARRSTPATLTTY |ACAAAGTCTAGAAGAGCACGTAGGTCAACACCAGCCACATTAACAACTTAC
40 51.10 no TQSRRSRRSASNSVTTY |ACACAGTCACGRAGATCACGTAGGTCAGCATCARATTCTGTAARCAACCTAT
41 51.97 no TKSRRARRSTPATLITY |ACAAAGTCTAGAAGAGCACGTAGGTCAACACCAGCCACATTAATAACTTAC
42 52.96 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
43 53.38 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCARACTCAGTGACCACCTAC
44 54.47 no TSSKRSRRSIPETINTY |ACAAGTTCGAARAARGATCACGCAGGTCAATACCTGARACAATAAATACCTAT
45 54.71 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
46 54.99 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
47 55.06 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAARACTCAGTGACCACCTAC
48 55.06 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
49 55.27 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
50 55.62 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGRGCACGCAGATCTACATCARACTCAGTGACCACCTAC
51 55.62 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
52 55.69 no TQSRRARRSTPNSVTTY |ACACAGTCTCGAAGAGCACGTAGGTCAACACCAAACTCAGTAACCACATAC
53 55.83 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCARACTCAGTGACCACCTAC
54 55,98 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCARACTCAGTGACCACCTAC
55 56.21 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
56 56.26 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
57 56.33 no TQSRRARRSTSNSVTTY |[ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
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Table 7.3.2.cont. FIP S1/S2 gene PCR products of the Flhbiased population.

Fs'z;':’i‘:':ﬁ;d Probe T, fcs":,‘,’st:t;doﬁf Peptide sequence Nucleotide sequence
58 56.37 no TQSRRARRSTSYSVTITY (ACACAGTCGAGAAGAGCACGTAGATCTACATCATACTCGGTGACCACCTAC
59 56.40 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAARCTCAGTGACCACCTAC
60 56.40 no TQSRRARRSTTNSVTTY |ACACAGTCTCGAAGAGCACGTAGGTCAACAACAAACTCAGTGACCACCTAC
61 56.54 no TQSRRARRSTSNSVTTY (ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
62 56.54 no TQSRRARRSTSNSVTTY (ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
63 56.54 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
64 56.82 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAARACTCAGTGACCACCTAC
65 56.89 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCARACTCAGTGACCACCTAC
66 56.96 no TQSRRARRSTSNSVTTY (ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
67 56.96 no TOSRRARRSTSNSVTTY (ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
68 57.10 no TQSRRARRSTSNSVTTY (ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
69 57.10 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
70 57.31 no TQSRRARRSTTNSVTTY |ACACAGTCTCGAAGAGCACGTAGGTCAACAACARACTCAGTGACCACCTAC
71 57.52 no TQSRRSRRSTSNSITTY |ACACAGTCGAGAAGATCACGTAGGTCGACATCAAATTCTATTACGACCTAT
72 57.52 no TQSRRARRSTPNSVTTY (ACACAGTCTCGAAGAGCACGTAGGTCAACACCAAACTCAGTAACCACATAC
73 58.22 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
74 58.29 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAARACTCAGTGACCACCTAC
75 58.32 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCARACTCAGTGACCACCTAC
76 58.39 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
77 58.43 no TQSRRARRSTPNSVTTY (ACACAGTCTCGAAGAGCACGTAGGTCAACACCAARCTCAGTAACCACATAC
78 58.47 no TQSRRARRSTSNSVTTY (ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
79 58.49 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
80 58.64 no TQSRRARRSTPNSVTTY |ACACAGTCTCGAAGAGCACGTAGGTCAACACCARACTCAGTAACCACATAC
81 58.85 no TQSRRARRSTPNSVTTY (ACACAGTCTCGAAGAGCACGTAGGTCAACACCAAACTCAGTAACCACATAC
82 58.86 no TQSRRARRSTSNSMTTY (ACACAGTCGAGAAGAGCACGTAGGTCTACATCAAACTCAATGACCACCTAC
83 59.13 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAARACTCAGTGACCACCTAC
84 59.13 no TQSRRARRSTPNSVTTY (ACACAGTCTCGAAGAGCACGTAGETCAACACCAAACTCAGTAACCACATAC
85 59.20 no TQSRRARRSTPNSVTTY |ACACAGTCTCGAAGAGCACGTAGGTCAACACCARACTCAGTAACCACATAC
86 59.20 no TQSRRARRSTPNSVTTY (ACACAGTCTCGAAGAGCACGTAGGTCAACCCCAAACTCAGTAACCACATAC
87 59.20 no TQSRRARRSTPNSVTTY (ACACAGTCTCGAAGAGCACGTAGGTCAACACCAAACTCAGTAACCACATAC
88 59.34 no TQSRRARRSTPNSVTTY (ACACAGTCTCGAAGAGCACGTAGETCARCACCAAACTCAGTAACCACATAC
89 59.41 no TQSRRARRSTPNSVTTY |ACACAGTCTCGAAGAGCACGTAGGTCAACACCAAACTCAGTAACCACATAC
90 59.56 no TQSRRARRSTPNSVTTY |ACACAGTCTCGAAGAGCACGTAGGTCAACACCARACTCAGTAACCACATAC
91 59.63 no TQSRRARRSTPNSVTTY (ACACAGTCTCGAAGAGCACGTAGGTCAACACCAAACTCAGTAACCACATAC
92 59.70 no TQSRRARRSTPNSVTTY (ACACAGTCTCGAAGAGCACGTAGCTCAACACCAAACTCAGTAACCACATAC
93 59.70 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
94 59.74 no TQSRRARRSTTNSVTTY (ACACAGTCTCGAAGAGCACGTAGCTCAACAACAAACTCAGTGACCACCTAC
95 59.77 no TQSRRARRSTTNSVTTY |ACACAGTCTCGAAGAGCACGTAGGTCAACAACARACTCAGTGACCACCTAC
96 59.84 no TQSRRARRSTPNSVTTY (ACACAGTCTCGAAGAGCACGTAGGTCAACACCAAACTCAGTAACCACATAC
97 59.91 no TQSRRARRSTTNSVTTY (ACACAGTCTCGAAGAGCACGTAGGTCAACAACAAACTCAGTGACCACCTAC
98 59.91 no TQSRRARRSTTNSVTTY (ACACAGTCTCGAAGAGCACGTAGETCARCAACAAACTCAGTGACCACCTAC
99 59.98 no TQSRRARRSTPNSVTTY |ACACAGTCTCGAAGAGCACGTAGGTCAACACCAAARCTCAGTAACCACATAC
100 59.98 no TQSRRARRSTPNSVTTY |ACACAGTCTCGAAGAGCACGTAGGTCAACACCARACTCAGTAACCACATAC
101 59.98 no TQSRRARRSTPNSVTTY |ACACAGTCTCGAAGAGCACGTAGGTCAACACCAAACTCAGTAACCACATAC
102 59.98 no TQOSRRARRSTTNSVTTY (ACACAGTCTCGAAGAGCACGTAGGTCAACAACAARCTCAGTGACCACCTAC
103 60.05 no TQSRRARRSTPNSVTTY |ACACAGTCTCGAAGAGCACGTAGGTCAACACCAAACTCAGTAACCACATAC
104 60.08 no TQSRRARRSTTNSVTTY (ACACAGTCTCGAAGAGCACGTAGCTCAACAACAAACTCAGTGACCACCTAC
105 60.19 no TQSRRARRSTTNSVTTY |ACACAGTCTCGAAGAGCACGTAGGTCAACARCAARCTCAGTGACCACCTAC
106 60.19 no TQSRRARRSTTNSVTTY (ACACAGTCTCGAAGAGCACGTAGGTCAACAACAAACTCAGTGACCACCTAC
107 60.26 no TQSRRARRSTPNSVTTY (ACACAGTCTCGAAGAGCACGTAGGTCAACACCAAACTCAGTAACCACATAC
108 60.26 no TQSRRARRSTPNSVTTY (ACACAGTCTCGAAGAGCACGTAGETCARCACCAAACTCAGTAACCACATAC
109 60.33 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAARCTCAGTGACCACCTAC
110 60.40 no TQSRRARRSTSNSVTTY |ACACAGTCGAGAAGAGCACGTAGATCTACATCAAACTCAGTGACCACCTAC
111 60.54 no TQSRRARRSTPNSVTTY (ACACAGTCTCGAAGAGCACGTAGGTCAACACCAAACTCAGTAACCACATAC
112 60.75 no TQSRRARRSTPNSVTTY (ACACAGTCTCGAAGAGCACGTAGGTCAACACCAAACTCAGTAACCACATAC
113 60.90 no TQSRRARRSTPNSVTTY |ACACAGTCTCGAAGAGCACGTAGGTCAACACCAAACTCAGTAACCACATAC
114 61.52 no TOSRRSRRSTSTSVTTY |ACACAGTCTCGAAGATCACGTAGGTCAACATCAACTTCTGTAACAACCTAT
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In the FIRbiased populationT@ble 7.3.2), we performed the FCoV fcS1/S2 gene
PCR on a total 252 FIP M gene mRNA positive specimens. Only 138 specimens (54.8%)
were also positive in the FCoV fcS1/S2 gene PCR. We obtained a total ¢quddhces
in this population after eliminating 31 specimens of which the sequence results was not
readable. Among these 107 sequences of thebiaded population, 57.9% of the
sequences harbor the mutated fcS1/S2 motif versus 42.1% of the sequenceghbarbo
canonical motif. In contrast, 2.6% of the sequences harbor the mutated fcS1/S2 motif
versus 97.4% of the sequences harbor the canonical motif in a total 114 sequences of the
FIP-unbiased population. Atwobai | ed Fi sher s Exadnethet est
differences in mutation frequency between the-lfidded andunbiased populations
(Table 7.3.3). The test generatespavalue of less than 0.001, which indicates that the
mutation frequency in the fcS1/S2 motif is highly significantly highehmm EIRbiased
population than in theunbiased populatiorréble 7.3.3).

Table 7.3.3. Statistical analysis of the fcS1/S2 motif mutation frequency between the FIP

biased versusunbiased populations.

Pobulation Mutated Canonical Total

P fcS1/S2 motif  fcS1/S2 motif sequences
FIP-biased 62 (57.9%) 45 (42.1%) 107
FIP-unbiased 3 (2.6%) 111 (97.4%) 114
Two-tailed Fisher's Exact test P<0.001

We then investigated whether the PCR target capybers (M gene mRNA
copy/mL) of the cases with mutant sequences in thebRsed population differ from
those with the canonical oneBaple 7.3.4). As shown inTable 7.3.4, the mean M gene

MRNA copy number of the cases with the canonical fcS1/S2 nsotifore than double
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that of the sequence with the mutant fcS1/S2 motif. However, the data variance is too high
for the difference of the means to achieve significapee (0. 31, tt8€thudent 6 s

Table 7.3.4. Analysis of PCR target copy number of fcS1/Sariants in the FIP-biased

population.
fcS1/82 motif Total sequences Mean M gene mRNA/mL Std. Dev.
Mutated 62 3072.27 7813.39
Canonical 45 6545.96 25433.04
Student’s t-test P=0.31

Peptide sequence results of the fcS1/S2 moti¥When compared to the peptide
sequences of the fcS1/S2 motif published by Licitra et al. (2048) 7.3.1), we found
that the sequences we obtained substantially differentTable 7.3.1 and7.3.2. The
sequences of the Fiflased population displayed substantially more overall diversity than
those of theunbiased population.

In the upstream fcS1/S2 region, sequences identified in our study gestadlly
with TQ in both the FIfbiased andunbiased populations. In thenbiased population,
only 6 noncanonical TR, TK, TT, and TS amino acids are interspersed. In tHeidded
population, we observed 69 TQ initial amino acids, 17 TH, and addi2dnéR, TP, TS,
TG, TA, TD, TY, KS, PH, or PQ sequences. The majority of the next 2 amino acids in
both populations were SR, but also PR or few other amino acids. However, the TR
sequence identified by Licitra et al. (2013) as canonical was only fourad simall
percentage (6.5%) of the Fhitased population. In the furin cleavage recognition motif
region, the mutated sequences in both populations demonstrate a distribution of the mutant
amino acids across all five positions. In addition, for the compi#®biased population

we found 71.0% of serine in the P3 position, identical to the 71.2% serine reported by

119



Licitra et al. (2013) in the combined FECV and FIP sequences. Interestingly however, for

the FIRunbiased population we found a significantlyvér proportion with 24.6% of
serine in the P3 positiop (< 0.001; Fisher exact twiailed test), while the remaining
sequences contain alanine (and a single threonine) at the same position. Downstream of

the fcS1/S2 motif, we found high sequence polyrhsm, similar to what Licitra et al.

(2013) report.

Peptide name

Canonical

P1'

P1
P1
P1
P2
P2
P2
P2
P3
P4
P4
P5
P6
P7
P7

Figure 7.3.1. Cleavage efficiency of variant S1/S2 peptides determined by Licitra et al. (2013mino

sL
R-G
R-M
R-T
R-H
R-L
R-P
R-S
S-A
R-K
R-S
R-K
T-F
H-Q
H-Q P5 R-K

Sequence

P4 P3 P2

THTRRSRRSAPA
THTRRSRRLAPA
THTRRSRGSAPA
THTRRSRMSAPA
THTRRSRISAPA
THTRRSHRSAPA
THTRRSLRSAPA
THTRRSPRSAPA
THTRRSSRSAPA
THTRRARRSAPA
THTRKSRRSAPA
THTRSSRRSAPA
THTKRSRRSAPA
THERRSRRSAPA
TQTRRSRRSAPA
TQTKRSRRSAPA

%THTRRSRRSAPA

Sequence Vmax

100%
8%
-2%
-5%
5%
0%
52%
129%
19%
124%
83%
-3%
149%
162%
186%
232%

acids different from the canonical sequence THTRRSRRSAPA are underlined. Furin cleavage efficiencies

were evaluated by the furin cleavage assays of the fluorogenic peptides.

Licitra et al. (2013), we assumed a generally high cleavage efficfendlie canonical
RSRRS (P4 1 06)

for their canonical sequence peptide, given the dominant Q at Phipdjmilations. For

As consequences for the S1/S2 furin cleavage efficiency, based on lijse gty

mot i f,

186% of

t
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mutations within the core S1/S2 motif, we assumed complete abrogation of cleavage for

any mutation of the RP 1 6

RS

amino

120

a c i-Xdcesnyersern, an® r amyn | y

f

C



conversion other than to A or T at P3 and to K at P4. Undse tassumptions, all 62
mutant S1/S2 motifs of the Fiftased population, except for the four cases #8, 25, 32, and
51, are refractory to furin cleavage. In contrast, of the 3 mutant sequences of-the FIP
unbiased population, only the single case #3 iscédry.

Melting temperature (Tm) analysis. To assess whether the PCR melting
temperature differs between the mutated and canonical fcS1/S2 DNA sequences, a
St ud ¢tast was performed on the data obtained from thebkl®ed andunbiased
populations Table 7.3.5. The total of 221 FCoV fcS1/S2 sequences from both
populations includes 65 mutated fcS1/S2 sequences and 156 canonical fcS1/S2 sequences.
The Tm dispersion as measured by the standard deviation is almost equal in the mutated
and canonical f cS1/ Sttestyengratesmvaleedess thatth0eél St ud
indicating that thél'm of the mutated sequences is highly significantly lower than of
the canoni cal sequences. However, Pear son
correlation of the probe melting temperatufe ) with the logtransformed FIP M gene
mRNA copy numbers in the FBlased population.{= 0.009,p=0.33).

Table 7.3.5. Analysis ofT, data of the FIP-biased and-unbiased populations.

fcS1/82 motif Total sequences Mean Ty, Std. Dev.
Mutated 65 50.29 5.28
Canonical 156 53.89 5.37
Student’s t-test P<0.001
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Figure 7.3.2. Logistic regression analysis of PCR melting temperature difference between the mutated
and canonical fc S1/S2 motifThe PCR melting temperaturek,) of the mutated fcS1/S2 motif sequences

are more dispersed when compared to the canonical sequences. The probability of mutation of fc S1/S2
decreases as the melting temperature increasesp vidhee of 0.00001 generated by hi-square statistics

indicates that there is a significant difference of melting temperature between the mutated and canonical

fcS1/S2 sequences.

In addition, logistic regression analysis showed that the probability of a mutated
fcS1/S2 motif highly significantly decreases as firebe melting temperaturel )
increasesKig. 7.3.1). TheTm of the mutated fcS1/S2 motif sequences are more scattered
than that of the canonical sequences, butThestandard deviation of the canonical

sequences is marginally higher because of two outhags 7.3.1; Table 7.3.4).

122



7.4. DisCUSSION
In this study, we investigated whether mutations of the FCoV furin cleavage site in
the S1/S2 gene (fcS1/S2 motif) asisbe with FIP infection. We approached this aim by
first developing the FCoV fcS1/S2 gene gRTR that amplifies the FCoV fcS1/S2 motif
identified by Licitra et al. (2013), followed by performing the PCR on two independent
FCoV-infected cat populationtie FIRbiased and ubiased populationgéble 7.3.1 and
7.3.2. Among a total of 252 FIP M gene mRMNsitive specimens tested by the FCoV
fcS1/S2 gene qRPCR, only 138 (54.8%) specimens were also positive for the FCoV
fcS1/S2 gene. The low sensitiwivf this PCR is likely the result of high polymorphisms
in the spike protein gene, including the relatively conserved primer regions such that in
many cases the primers fail to anneal to, and amplify, the cognate region of the S gene.
By DNA sequencing ofthe fcS1/S2 motif region, we determined mutation
frequencies of the fcS1/S2 motif in both populatiohable 7.3.3. In the FIRbiased
population, we identified among a total of 107 S1/S2 sequences 57.9% mutated versus
42.1% canonical fcS1/S2 motif§gble 7.3.3. In contrast, only 2.6% of the Fiihbiased
population harbored a mutated fcS1/S2 motif among a total of 114 S1/S2 sequiabzes (
733. Atwot ai l ed Fisheroés Exact t est confir me
fcS1/S2 motif mutation figuencies between the two populatiops(Q.001) Table 7.3.3).
These finding indicate that a mutant fcS1/S2 motif that modulated furin cleavage of the
spike protein is highly significantly associated with FIP infection, consistent with literature
findings(Licitra et al, 2013). However, the substantial portion of 42.1% oikdBnosed
cases with canonical fcS1/S2 motif in the #BiBsed population indicates that a fcS1/S2

motif mutation is not the sole mutation associated with FIP infection.
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We further faind that the M gene mRNA copy numbers of the canonical sequences
was more than double that of the mutant sequences, but this difference was not significant
(Table 7.3.4). While not significant, this result still is consistent with the hypothesis that
FIP viruses in general replicate inefficiently, thus presenting a low antigenic exposure to
the immune system that prevents elimination of the infection.

Next, we examined the differences between fcS1/S2 motif sequences in this study
and the sequences reportayl Licitra et al. (2013). In an overview, we found that the
sequences of the Fiflased population were considerably more diverse than that of the
FIP-unbiased population. Also, we found a high percentage of serine in the P3 position in
the FIRbiased ppulation versus a high percentage of alanine in the same position in the
-unbiased population, indicating a strong selection for lower furin cleavage efficiency in
the FIRbiased populationFg. 7.3.12).

On further examination of the differences to Licitra et al. (2013), the initial two
amino acids of the wupstream fcS1/S2 regior

addition, we only found 8% of the initial amino acids were TH, in contrast to 44% of

Licit rads. For the next two amino ab@seds, SR
andiunbi ased popul ations, in agreement with
Licitrads canonical TR sequence ohelFl accou

biased population and was absent in thebiased population. In the furin cleavage
recognition motif region, our mutant sequences in both populations demonstrated a
distribution of mutations across all five positions, which showed higher pobpmsons

than those of Licitra et al. (2013). Finally, both studies found the downstream fcS1/S2

motifs highly polymorphic. Overall, the present study shows a broader spectrum of FCoV
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fcS1/S2 motif sequences than the sequences reported by Licitra @13l., These highly
polymorphic fcS1/S2 sequences genuinely reveal the high mutation frequency of
coronavirus, which inevitably imposes a substantial challenge to FIP diagnosis.

We then investigated furin cleavage efficiency of our data by using the data on
S1/S2 peptide furin cleavage efficiency reported by Licitra et al. (2013). In our analysis,
we assumed that any mutation of the’P1 6 RS a mi no a-8 codversion,at P2
and any conversion other than to A or T at P3 and to K at P4 would beknhettation
that completely abrogates furin cleavage of FCoV. Under these assumptions, we found 58
out of 62 mutant sequences in theBiBsed population and 1 out of 3 mutant sequences
in the-unbiased population harbored mutations that render the gpke&in refractory to
furin cleavage. While the difference in the proportion of furin cleavaffactory and
susceptible S1/S2 motifs between the -Bi&sed and-unbiased populations is not
significant, it nevertheless suggests that the abolisheddlgavage of the spike protein
exerts a strong influence on the conversion of FECV to FIPV. However, it is also evident
that the mutant fcS1/S2 motif of the FCoV spike protein is not the sole determinant for FIP
etiology. Furthermore, other reports idgnadditional spike protein mutations outside the
fcS1/S2 motif that also associate with FIP infection (Chang et al., 2012; Felten et al., 2017,
Porter et al., 2014; Rottier et al., 2005). As a result, abolished furin cleavage of the FCoV
spike protein kearly is not the sole determinant of FIP etiology. The fact that almost half
of the sequences of the FiRased population did not harbor such a mutation further
support this notion.

To investigate whether the PCR probe melting temperaiue dan be usd to

differentiate the sequences that harbor either the mutant or the canonical fcS1/S2 motifs,
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the probe meammnd at a wer e an a lt-test @00 FablS3bdndFigt 6 s
7.3.2. The result indicated that the mutant sequences generatgtila $ignificantly

lower meanTmthan the canonical one$gble 7.3.5. This finding is consistent with the

fact that the more mismatches between the probes to the canonical template exist
(indicating higher probability of fcS1/S2 nonsynonymous mutatjdhs)easier the probes
dissociate from the template, resulting in a lower probe melting temperature. A logistic
regression analysis also demonstrated that the probability of a mutated fcS1/S2 motif
substantially decreases as the prohencreasesKig. 7.3.2). In this case, the probability

of a mutated fcS1/S2 sequence can be determined solely by the Tsolwé&hout
examination of DNA sequencing results. For instance, a prebgf 58°C suggests an

18% probability of FCoV fcS1/S2 motif mutation; whieprobeTm of 40°C suggests a

65% probability Fig. 7.3.2. The lower the probe melting temperature, the higher the
probability is that the sequence harbors a fcS1/S2 mutation. However, there was no
significant correlation between probg and the logransformed FIP M gene mRNA copy
numbers in the FHBiased population = 0.009,0=0.33). This finding is consistent with

the nonsignificantly increased M gene mRNA copy number of FIP cases with mutant
fcS1/S2 motif, suggesting that data variance ishigh to ascertain the notion that FIPV
replicates less efficiently than FECV.

In conclusion, fcS1/S2 motif mutations that result in abrogation of furin cleavage
are highly significantly associated with FIP infection. It is, however, not an exclusive
muteion that converts FECV to FIPV. Rather, our evidence as well as that of others
strongly suggests that mutations of multiple genes, and not single mutations within the

FCoV genome, are the trigger for full conversion to FIP virus. Given that viral
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polymarphisms can be modulated by the cellular environm8ahjuanand Dominge
Calap, 2016), one can even assume that after an initial mutation that enables FECV to
escape the intestinal habitat, the host immune response may orchestrate the entire FIP
disease aurse by selecting for additional immune escape mutants within the initial FIPV
population. An enabling factor is that coronavirus, as a posiwse singkstranded
RNA virus, is prone to mutate, generating®1td 2x103 mutations per nucleotide per
replication round (Holland et al., 1982; Drake, 1993; Duffy et al., 2008). The notion that
multiple mutations within the FCoV genome are associated with FIP infection is consistent
with reports of several such mutant loci (Borschensky et al., 2014;Chang2ét0, 2012;
Dedeurwaeder et al., 2013; Licitra et al., 2013; Herrewegh et al., 1995; Hora et al., 2016;
Rottier et al., 2015; Pedersen et al., 2009, 2012; Porter et al., 2014; Vennema et al.,1998).
On the basis of the results obtained in this stadg clear that FIP cannot be
diagnosed via detection of, and polymorphisms within the FCoV S1/S2 motif. First,
because of low conservation of the S protein gene, PCR detection of S gene mRNA is much
less sensitive than of the M or N genes at 54.8% oMigene mRNA detection rate.
Assuming a 79.1% sensitivity of the M gene mRNA PCRi(e 6.4.3), this detection rate
results in a disappointing 43.3% sensitivity of the FCoV fcS1/S2 geneP§iR. Second,
the probelm allows only a very inaccurate estin@tiof S1/S2 motif mutation probability.
Finally, even accurate detection of S1/S2 motif mutations by PCR product sequencing
would be inconclusive because of the fextlusive association of abolished furin cleavage
with FIPV. Therefore, functional diagsis of FIP by extrantestinal presence of FCoV

RNA and mRNA remains the method of choice for nucleic-aesed FIP diagnosis.
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CHAPTER 8 Conclusions
8.1. SUMMARY AND CONCLUSIO NS

Feline infectious peritonitis (FIP) is a fatal chronic progressivenune
pathological disease caused by feline coronavirus (FCoV), which affects mainly young cats
(Cahn and Line, 2010; Pedersen, 2009). Feline coronavirus occurs as two pathotypes, the
low-virulence feline enteric coronavirus virus (FECV) and the twighlence feline
infectious peritonitis virus (FIPV). It is widely believed that FIPV is an accumulation of
mutations of the lowirulence FECV favored by a muitiat environment (Chang et al.,
2010; Pedersen et al., 2009; Poland et al., 1996; Vennemal&ad). However, the full
scope of etiological mutations of FECV to FIPV conversion has remained unknown. The
enigmatic pathogenesis of FIP also is a major impediment to accurate diagnosis of the
disease. Therefore, an accurate antetem diagnosis dFIP, currently unavailable, is
essential.

What we did. The clinical challenge of accurately diagnosing FIP lies in the fact
that there are no FiBpecific clinical manifestations and laboratory findings. Further
diagnostic investigation of this disease is impeded by the absence of diagnostic assays that
arecapable of differentiating lowirulence FECV from higtvirulence FIPV infection. To
approach a solution to this diagnostic conundrum, we developed severéimeeal
guantitative PCR assays to detect FIPV via either the detectisabgienomic FCoV
MRNA, the replicating virus (FIP M gene mRNA gHPICR and FIP N gene mRNA gRT
PCR), or FCoV RNA, both the replicating virus and the viral particles (FIP MN gene qRT
PCR) in extrantestinal specimens, i.e. detection of FIPV based on the functional

characteristis of FIPV. Simultaneously, we developed as a -gtddhdard for the
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performance analyses of the PCR assays a high quality FIP immunofluorescence (IF) assay
with the capability of dual labeling FIRWMfected macrophages as well as FCoV in high
resolution.

What we found. As a result, we were able to pinpoint the FIP MN gene-§&R
as the most sensitive among the three PCR assays based on the evaluations of PCR
performance against the gold standard FIP IF asBalyl€ 6.4.3. Upondiscovering a
nearly mirra distribution of cases that were positive by one and negative by the other of
either IF or MN gene PCR assalaple 6.3.1), we reversed the performance analysis by
using the MN gene PCR as the gold standard for IF assay performance evalsiles (
6.44 and 6.4.5. After initial reevaluation, we converted all cases that had been scored
as falsepositive in either assay by virtue of a negative result in the other assay into true
positive results. This was based on our gold staridaependent, absdk measure of
specificity in both assays (PCR: positive amplification combined with specific melting
point in highresolution melting curve analysis; IF: positive detection of viral fluorescence,
specifically localized to macrophages). This analysis stowmat the two assays
performed nearly indistinguishabl&gble 6.4.5. Furthermore, by combining both the
results of both 1009specific assays, and assuming every single positive result as diagnosis
of FIP disease, even of borderline case$48hat wee singlecell positive in the IF assay
but negative in the MN gengRT-PCR we demonstrate in 63 specimens from-FIP
suspicious cats that 55 cats were actually diseased withTale(6.3.1). These data
further point to a more frequent occurrence of EH&n thought, and potentially a large

number of falsely negative diagnosed cases.
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What is the optimal single diagnostic assayBased on the preceding analyses, it
is clear that there is a pressing need for a single assay that quickly and reliablyeglentifi
FIP infection with absolute specificity of detectioto avoid erroneous euthanasia due to
falsepositive diagnosis, and highest possible sensitividyavoid suffering of cats due to
falsely undetected FIP infection. To this end we extended thétsesf previous
performance analyses to all 63 examined catabl¢ 6.3.1), eliminating falsepositive
diagnoses and including all borderline cases. The resUleies8.1.1and8.1.2indicate
83.6% sensitivity and 47.1% negative predictive valuaglferMN genegRT-PCR, lower
than the respective 92.7% and 66.7% of the IF assay. However, these analyses are
misleading because they do not include the 52.3% of all cases that cannot be diagnosed
with the IF assay to low cellularity of specimen cytosp&parations. Thus, we added 69
cases to the 63 diagnosed ones, and assumed results that were equally distributed as in the
63 cases, and all results of the IF assay were negative, dueetatith@asia consequence
of a positive FIP tesi(Table 81.1). Under these assumptions the sensitivity of the IF

drops dramatically to 44.3% and the negative predictive value to 21%.

Table 81.1. Comprehensive distribution of FIP MN gene gRTPCR and IF assay results.

MN gene PCR Diseased® Non-diseased Pos!tlve with 69 IF- Neg_atlve with 69 IF-
undiagnosable cases  undiagnosable cases

Positive 46 0 46+50 = 96 0

Negative 9 8 9+10 =19 8+9=17

IF assay

Positive 51 0 51 0

Negative 4 8 4+60 = 64 8+9 =17

a2 Any positive test is assumed to indicate Higease.
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Table 8.1.2. Comprehensive performance analysis of the FIP MN gene gFFICR and IF

assays.
Se Sp PPV NPV Accuracy
MN gene PCR 90.2% 100% 100% 61.5% 91.5%
MN gene PCR +69IF- g5 6o 100% 100% 47.1% 85.7%

undiagnosable cases
IF assay 92.2% 100% 100% 66.7% 93.2%

IF assay + 69 IF-
undiagnosable cases

44.3% 100% 100% 21.0% 51.5%

These result shows that if there were only one assay available for FIP testing, the
FIP MN gene gRIPCR is the assay of choice. Itis more sersitnan FIP mMRNA PCRs,
with higher negative predictive valudJnlike the FIP IF assay, it is not influenced by
specimen conditions and can be applied to any specimen. This makes it more sensitive,
with higher negative predictive value and accuracy thanmhimunofluorescent assay that
is applicable to less than 50% of specimens because of low numbers of retrievable cells. If
such specimens still were scored in the FIP IF assay, 83% would be reported as false
negatives Tables 8.1.1 and8.1.2. In clinical practice,the PCR assay is also more
efficient owing to its technical ease and rapid turnaround time. For these reasons, we
conclude that the FIP MN gene gfPLCR is the best assay in this study for FIP diagnosis.
In addition, this PCR demonstrates heg sensitivity and specificity compared to the
available FIP diagnostic assayg et al., 2008; Hartmann et al., 2003; Hornyak A et al.,
2012; Sharif et al., 2010; Simon et al., 2005;Soma et al.,)2013

In this study, we also investigated, by casatrol study, the known critical clinical
parameters that are associated with FIP. We determineddbadased red blood cell,
decreased serum albumin concentration, and decreased serum albumin to globulin ra

(A/G) are associated with FIP, in agreement with literature reports (Norris et al., 2005;
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Paltrinieri et al., 2001; Riemer et al., 2016; Tsai et al., 2011). In particular, the low serum
albumin concentration genuinely reflects the chronic inflammatmyrse of FIP.
However, since absolute albumin and globulin differ in dependence of cat genetics and
nutrition, we believe that serum A/G may be best used as clinical FIP correlate. In our
study, we identified A/G values of 0.5 or lower as clinical cicainparameter for FIP
diagnosis.

Lastly, we investigated whether the mutation of the furin cleavage recognition
motif of the FCoV spike protein, and consequently modified cleavage efficiency, are
associated with FIP. We approached this aim by first dpugy the FCoV fcS1/S2 gene
gRT-PCR that amplifies the FCoV fcS1/S2 motif reported by Licitra et al. (2013), followed
by performing the PCR on two independent Fdn#écted cat populations, the Fiitased
and unbiased populationsTéble 7.3.1 and7.3.2. We then examined by PCR product
DNA sequencing fcS1/S2 mutation frequencies between the two populations. The results
led to the conclusion that the fcS1/S2 mutation is highly associated with FIP, it is, however,
not the sole determinant of FECV to FIPWnwersion. Analysis of the amino acid
polymorphisms within and adjacent to the fcS1/S2 motif prompted us to conclude that
mutations leading FIPV conversion are overwhelmingly associated with abrogation of
furin cleavage of the FCoV spike protein.

In summary, our studies have confirmed serum albumin and serum albumin to
globulin ratio as the most Hpertinent clinical parameters. We also conclude that
mutations within the FCoV fcS1/S2 motif that largely abrogate furin cleavage of FCoV
spike protan are associated with approximately 58% of FIP cases while 42% of FCoV

associated with clinical FIP do not harbor such mutations. Most importantly, we have
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established the FIP MN gene iR as the most robust am@rtem diagnosis of FIP,

with a detectin sensitivity of ~84% at 100% specificity, resulting in 100% positive and
47% negative predictive values. The relatively low negative predictive value of this
optimized FIP assay is still unsatisfactory. It is a direct result of the nature of FIP as a
chronic progressive disease with very low numbers of simtexcted macrophages. The
only remedy to this unsatisfactory reliability of negative results is increasing sensitivity by
increased the analyzed specimen volume by subjecting multiple extractethespe

aliquots to FIP MN gene gRIPCR analysis.
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