
Feline coronaviruses (FCoV) exist as 2 biotypes: 8eline
enteric coronavirus (FECV) and 8eline in8ectious peritoni-
tis virus (FIPV). FECV causes subclinical in8ections; FIPV
causes 8eline in8ectious peritonitis (FIP), a systemic and 8a-
tal disease. It is thought that mutations in FECV enable in-
8ection o8 macrophages, causing FIP. However, the molecu-
lar basis 8or this biotype switch is unknown. We examined
a 8urin cleavage site in the region between receptor-binding
(S1) and 8usion (S2) domains o8 the spike o8 serotype 1
FCoV. FECV sequences were compared with FIPV se-
quences. All FECVs had a conserved 8urin cleavage moti8.
For FIPV, there was a correlation with the disease and >1
substitution in the S1/S2 moti8. Fluorogenic peptide assays
conNrmed that the substitutions modulate 8urin cleavage.
We document a 8unctionally relevant S1/S2 mutation that
arises when FIP develops in a cat. These insights into FIP
pathogenesis may be use8ul in development o8 diagnostic,
prevention, and treatment measures against coronaviruses.

Feline in&ectious peritonitis (FIP) is a &atal in&ection that
a&&ects domestic and wild members o& the &amily Fe-

lidae and is caused by a &eline coronavirus (FCoV) o& the
&amily Coronaviridae, sub&amily Coronavirinae, genus
Alphacoronavirus, species Alphacoronavirus-1 (1). The
FCoV genome is ≈29 kB and has 11 open reading &rames
encoding replicative, structural, and accessory proteins (2).
Two serotypes have been identiGed. Serotype 1 FCoVs are
highly prevalent clinically (3–5) but grow poorly in cell
culture and are there&ore underevaluated when compared
with serotype 2 FCoVs, which are easily propagated in vi-
tro but less prevalent.

Within each serotype, there are 2 biotypes, each caus-
ing distinct disease outcomes. Feline enteric coronavirus

(FECV) o& serotypes 1 and 2 in&ects enterocytes, causing
mild and generally sel&-limiting in&ections. FECV spreads
e&Gciently through the oral–&ecal route, and chronically in-
&ected cats can shed in&ectious virus in &eces &or a year or
longer (6,7). The second biotype &ound in both serotypes,
FIP virus (FIPV) is &ound less &requently but causes FIP.

The current understanding is that FIPV arises during in
vivo in&ection &rom a genetic mutation o& FECV (8–11). A
long-standing hypothesis is that FIP viruses arise &rom in-
ternal mutation o& endemic FECVs (12), which is believed
to occur in approximately 1%–5% o& enteric in&ections, re-
sulting in the ability o& the virus to in&ect blood monocytes
and tissue macrophages. The resulting productive in&ection
o& these cells, a hallmark o& FIP, enables systemic spread
and results in macrophage activation, with concomitant
immune-mediated events leading to death. To date, the
precise mutation or mutations that cause a shi&t in FCoV
biotype have not been identiGed.

As with other RNA viruses, coronavirus replication is
error-prone; the estimated mutation rate is ≈4 × 10−4 nucle-
otide substitutions/site/year (13,14). It has been suggested
that mutations in the 3c and 7b genes may be involved
in the transition to FIPV (1,12,15). Because FCoV spike
protein plays critical roles in receptor binding (S1) and &u-
sion (S2), we &ocused on structural changes in this protein
and potential role in altered cellular tropism. In particular,
acquisition o& macrophage tropism &or a serotype 2 FCoV
has previously been mapped to the spike gene (16), &urther
suggesting that key mutations within spike protein may be
important &or the biotype switch.

The coronavirus spike protein is a class I &usion pro-
tein, which typically requires activation by cellular prote-
ases. Mutation o& the proteolytic cleavage site o&ten has
pro&ound implications &or disease progression (17,18). Un-
til recently, FCoVs were thought to have uncleaved spike
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protein. However, a &unctional &urin cleavage site has been
identiGed in 2 serotype 1 FECVs, located at the shared
boundary o& the S1 and S2 subunits (19). Furin is a ubiqui-
tous proprotein convertase enriched in the trans-Golgi net-
work and is well-conserved among mammals (20). Furin
cleaves a wide range o& protein precursors into biologically
active products at a consensus moti& R-X-K/R-R, where R
is the basic arginine residue, X is any residue, and K is the
basic lysine residue (21).

In this article, we establish a novel approach to study-
ing FIP that complements previous work. Instead o& per-
&orming a mutation study based mainly on comparative
genetic analysis (15,22–24), we &ocus on S1/S2, a &unction-
ally relevant site, and study variations between the biotypes
and their &unctional e&&ects. This rationale could provide a
better means to uncover &unctionally important mutations
that account &or FIP.

We considered that mutations at the S1/S2 site could
alter proteolytic cleavage and modi&y S &usogenic proper-
ties, leading to tropism expansion, systemic spread and, ul-
timately, FIP. We investigated genetic variations at the S1/
S2 site o& serotype 1 FECVs and compared these sequences
to those present in viral RNA recovered &rom tissues o& cats
with FIP. Fluorogenic peptide cleavage assays were con-
ducted to assess the e&&ects o& substitutions &ound in the
S1/S2 site. We document a junction mutation at S1/S2 that
arises during development o& FIP. Our study has uncovered
a molecular basis &or FIP that has potential to lead to devel-
opments in diagnostics, prevention, and therapies.

Materials and Methods

FCoV Sequence Analysis
Clinical and demographic data are reported in on-

line Technical Appendix Table 1 (wwwnc.cdc.gov/EID/
article/19/7/12-1094-Techapp1.pd&). Fecal samples &rom
asymptomatic in&ected domestic cats were solicited &rom
shelters and veterinarians throughout the United States.
RNA was extracted by using QIAamp Viral RNA Mini Kit
(QIAGEN, Valencia, CA, USA). FCoV primers that de-
tect most circulating strains were used to screen all &ecal
samples (25). RNA extracted &rom FIPV-TN406 (Black)
laboratory-adapted strain was used as a positive control.

We analyzed 22 FIPV-positive tissue samples (Veteri-
nary Pathology Archives, Cornell University, Ithacan, NY,
USA) &rom 11 cats with FIP. Diagnosis o& FIP was based on
the standard method o& immunohistochemical evaluation by
board-certiGed pathologists. Each sample was retrieved &rom
&ormalin-Gxed, para&Gn-embedded tissue blocks &rom which
sections were stained by using FIPV 3–70 antibody (Custom
Monoclonals, Sacramento, CA, USA). Positively stained re-
gions were thinly sectioned and RNAwas extracted by using
RecoverAll (Ambion, Foster City, CA, USA).

Fecal samples collected &rom FCoV-positive house-
mates, cats 234 and 304, were processed as previously
described in this section. A&ter the re&erring veterinarian
made a diagnosis o& FIP in cat 234, the owner elected to
euthanize the animal. Fresh tissue was harvested and RNA
extracted by using MagMAX Express (Li&e Technologies,
Grand Island, NY, USA).

For all samples, 50 μL reverse transcription PCRs (RT-
PCRs) were per&ormed with One-Step RT-PCR (QIAGEN)
by using gene-speciGc S primers, encompassing S1/S2. The
PCR primers sequences are &ound in online Technical Ap-
pendix Table 2. PCR conditions were 30 min at 50°C, 15
min at 95°C, and 39 or 35 cycles o& 1 min at 94°C, 1 min at
55°C, 1 or 1.5 min at 72°C, and 10 min at 72°C. PCR prod-
ucts were puriGed by using a QIAquick Gel Extraction Kit
(QIAGEN). Sanger sequencing was per&ormed at the Li&e
Sciences Core Laboratories (Cornell University). Nucleo-
tide archive accession numbers are shown in online Tech-
nical Appendix Table 4. DNA sequences were translated
into protein sequences and alignments were per&ormed by
using Geneious 5.4 (Biomatters Ltd., Auckland, New Zea-
land). Sequence logos were generated by using Weblogo
3.1 (http://weblogo.threeplusone.com/). Statistical analysis
was per&ormed by using 2-tailed Fischer exact test. In the
test, the numbers o& FIPV-in&ected and FECV-in&ected cats
were counted. For each category o& FIPV or FECV in&ec-
tion, cats harboring viruses with or without mutations at the
S1/S2 site were counted.

Furin Cleavage Assay
Fluorogenic 12-mer peptides were designed and synthe-

sized by RS Synthesis, Louisville, KS, USA (online Techni-
cal Appendix Table 3). PuriGed recombinant human &urin
was purchased &rom NEB (Ipswich, MA, USA). For each re-
action, 1 unit o& enzyme was used in 100 μL Gnal volume by
using the reaction bu&&er 100 nmol/L HEPES, 0.5% Triton
X-100, 1 mmol/L CaCl2, 1 mmol/L 2-mercaptoethanol, pH
7.5. Peptides were diluted to 50 μmmol/L. Reactions were
per&ormed in triplicate at 30°C and fuorescence was mea-
sured with a SpectraMax fuorometer (Molecular Devices,
Sunnyvale, CA, USA), enabling Vmax determination. Re-
sults &or each peptide are expressed as percent cleavage by
&urin compared with the canonical sequence.

To per&orm comparative analysis o& the S1/S2 cleav-
age site between FECVs and FIPVs, we identiGed cases o&
FIP that were conGrmed postmortem by using immunohis-
tochemistry, the standard &or FIP diagnosis; archival im-
munohistochemistry-positive &ormalin-Gxed tissues were
used as the source o& FIPV RNA. To ensure good quality
sequence in&ormation &rom archival material, the RT-PCR
amplicon size was limited to 160bp (including the S1/S2
site). This same region was then ampliGed &rom &ecal mate-
rial &rom coronavirus-positive healthy cats.
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Results

FECV S1/S2
Sequencing o& the S1/S2 site o& 30 S sequences &rom

FECV &ecal samples revealed an extremely well-conserved
moti& at the amino acid level (Figure 1, panel A). In par-
ticular, arginine (R) residues are &ound exclusively at the
most critical positions &or &urin recognition and cleavage
(P1, P2, and P4) in all sequences analyzed (Figure 2, panel
B). The P1′ position is extremely well conserved, because
serine (S) is &ound in 100% o& cases. The P5 position is
also well conserved, evidenced by a clear majority o& ba-
sic residues &ound (96.6% arginine or lysine [K]; Figure 2,
panel B). At P3, limited variability is &ound (76.7% serine
and 23.3% alanine [A]). Overall, 100% o& FECV sequences
analyzed contain the &urin cleavage site, with a core moti&
o& R-R-S/A-R-R-S.

FIPV S1/S2
Analysis o& the S1/S2 cleavage site o& FIPV sequences

shows that it has much more variability, both within the
narrow &urin cleavage recognition moti& (P4-P1) and in
residues extending out o& it (P8-P5 and P2′-P4′) (Figure
2A). A striking observation is that the critical positions P1
and P2 are among the most consistently mutated (Figure 3).
To a lesser degree, variability extends to other positions o&
the cleavage moti&, notably in the P1′, P3, P4, and P5 posi-
tions (Figure 2). Examination results o& the entire portion
o& spike sequenced in this study indicate that the conserved
R-R-S/A-R-R-S moti& in FECV is present within a region
o& the spike gene that shows a high degree o& variability, in
contrast to other neighboring regions that are more highly
conserved (online Technical Appendix Figure 1).

Correlation between FIP Status of Cats and
Presence of Mutations at S1/S2

A Fisher exact test was per&ormed to establish whether
a correlation existed between the FIP status o& the sampled
cats and mutations at the S1/S2 site o& viruses analyzed
(Table 1). The test unequivocally demonstrated that there
was a strong correlation (p<0.0001) between FIP and pres-
ence o& mutations at S1/S2.

Fluorogenic Peptide Furin Cleavage Assay
To test whether the identiGed FIPV S1/S2 mutations

have an e&&ect on cleavability by &urin, we per&ormed an in
vitro proteolytic assay.We used human &urin &or these exper-
iments. Human and &eline &urin are very similar (96% iden-
tical) and are expected to cleave in an equivalent manner.
However, &eline &urin has not been directly studied to any
degree, and reagents are not readily available. Feline and hu-
man cells lines show identical rates o& cleavage &or a known
&urin target protein (PSCK-9), which contains an active &urin
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Figure 1. Sequence analysis o8 8eline enteric coronavirus (FECV)
spike S1/S2 site. RNA 8rom 30 FECVs collected 8rom 30 8ecal
samples obtained 8rom subclinically in8ected cats was extracted,
puriNed, and reverse-transcribed into cDNA. Sequencing o8 the spike
gene was per8ormed in a region surrounding the S1/S2 cleavage
site. A) Sequence alignment. Sequence identiNcation row (blue 8ont):
residue positions in the S1/S2 cleavage site 8rom P8 to P4′. Red
arrow indicates the site o8 8urin cleavage. B) To visualize the diversity
o8 residues at each position o8 the S1/S2 site, sequences were
subjected to WebLogo 3.1 analysis (http://weblogo.threeplusone.
com/create.cgi). Top: WebLogo 8or the 30 FECV S1/S2 sequences
with the 8requency o8 residue 8ound at each position displayed.
Bottom: summary o8 the diversity o8 residues 8or each position 8rom
P4 to P1′ and percentages o8 each amino acid represented.
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cleavage site (online Technical Appendix Figure 2). We
used fuorogenic peptides containing the canonical moti& (R-
R-S-R-R-S) or with substitutions &rom positions P1′ through
P7 (Figure 4, panel A). The canonical peptide was e&Gciently
cleaved by &urin (Figure 4), with average Vmax o& 235 Rela-
tive Fluorescence Units (RFU) per minute.

Within the P4-P1′ core peptide, in the canonical back-
ground, when the P1′ serine residue is changed into a leu-
cine (L), &urin cleavage is severely diminished (8% o& ca-
nonical cleavage rate), a result that shows the key role o&
the conserved P1′ serine. ModiGcations o& the P1 arginine
in the canonical peptide, regardless o& the residue tested,
&or example, glycine (G), methionine (M) or threonine
(T), abrogate cleavage by &urin (Figure 4). ModiGcations
at the P2 arginine residue in the canonical peptide have
variable e&&ects. When P2 arginine is changed to histidine
(H), there is complete inhibition (0% o& canonical cleav-
age). When P2 is changed to leucine or serine, cleavage
e&Gciency is reduced by ≈50% and 20%, respectively.
When P2 is modiGed to proline (P), cleavage e&Gciency
slightly increases to 129% o& the canonical peptide (Figure
4). The P3 S-A substitution minimally enhances cleavage

(Figure 4). P4 arginine is another residue position that is
essential &or &urin cleavage. In the canonical peptide, P4
R-K substitution, there is a slight decrease in cleavage e&-
Gciency (88.7% o& canonical rate). In contrast, when the
P4 arginine is substituted with glycine, &urin cleavage is
completely abrogated (Figure 4).

For positions upstream o& P4, while P5 R-K and P6
T-F modiGcations have moderate enhancing e&&ects on
&urin cleavage (149% and 162% o& canonical rate, respec-
tively), the P7 H-Q peptide shows a substantial increase in
its cleavability (186% compared with canonical). The P7
H-Q P5 R-K peptide shows that the e&&ect o& each modi-
Gcation can be additive (232% compared with canonical
peptide) (Figure 4).

Functionally Relevant S1/S2 Mutation
To &urther conGrm our Gndings, we analyzed the S1/

S2 sites &rom viral samples taken &rom cats 234 and 304,
who lived in the same household (Table 2). At the initial
sampling in 2009 (t = 1), both cats were asymptomatic
&or FIP and were shedding FCoV in their &eces. In sam-
ples &rom both cats, the S1/S2 sites had a core sequence
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Figure 2. Sequence analysis o8 8eline in8ectious peritonitis virus (FIPV) spike S1/S2 site. RNA 8rom 22 FIPVs collected 8rom 11 cats who
had 8eline in8ectious peritonitis was extracted, puriNed, and reverse-transcribed into cDNA. Sequencing o8 the spike gene was per8ormed
in a region surrounding the S1/S2 cleavage site. A) Sequence alignment. Sequence identiNcation row (blue 8ont): residue positions in the
S1/S2 cleavage site 8rom P8 to P4′. Red arrow indicates the site o8 8urin cleavage. B) To visualize the diversity o8 residues at each position
o8 the S1/S2 site, sequences were subjected to WebLogo 3.1 analysis (http://weblogo.threeplusone.com/create.cgi). Top: WebLogo 8or the
22 FIPV S1/S2 sequences with the 8requency o8 residue 8ound at each position displayed. Bottom: summary o8 the diversity o8 residues
8or each position 8rom P4 to P1′ and percentages o8 each amino acid represented.
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R-R-S-R-R-S consistent with the FECV consensus. Upon
the second sampling in 2011/2012 (t = 2), FIP was di-
agnosed in cat 234. Cat 304 remained asymptomatic but
continued to shed virus in &eces. Notably, when the S1/
S2 sequences were analyzed at the second sampling, only
the cat with FIP (234) had a change in the FECV con-
sensus sequence (a P2 R-L mutation). While exhibiting
a change in the P3 residue (S-A), the virus present in cat
304 retained the conserved S1/S2 &urin cleavage moti&
(Table 2). These data provide direct evidence o& muta-
tions in spike linked with development o& FIP in cats.

Discussion
To study FIP, we have taken an alternative approach

that complements earlier studies that were based on ana-
lytical outcomes o& putative FIP-causing mutations and
in&erence o& their &unctional consequences. We &ocused
on the S1/S2 sequence, a speciGc and &unctionally highly
relevant cleavage site within the S protein, and documented
mutations between asymptomatic and highly symptomatic
cats that correlated strongly with FIP. We also documented
a &unctional S1/S2 cleavage site mutation that arose in an
asymptomatic cat that subsequently developed FIP.

Our sequence data show that serotype 1 FECV &rom
&eces o& asymptomatic cats contain a highly conserved
&urin cleavage moti& at the S1/S2 site, with the &ollowing
narrow range o& residues: (R>>K/G)P5-(R)P4-(S>A)P3-(R)P2-
(R)P1-(S)P1′. In addition to the consensus R-X-K/R-R moti&,
additional fanking residues can also be consequential &or
&urin-mediated cleavage (26–28). In particular, a serine (S)
residue is critical in the P1′ position (29) and it is notable

that all FECVs examined contained a P1′ S residue. The
&act that the S1/S2 site is extremely well conserved is an
indication that it is &unctionally essential &or FECV replica-
tion in the enteric epithelium.

In contrast to the situation &or asymptomatic cats in-
&ected with FECV, we &ound that sequences o& FCoV
sampled &rom tissue o& conGrmed FIP-positive cats con-
sistently have mutations at the S1/S2 site. In the most criti-
cal position &or &urin cleavage, P1, we &ound that >40% o&
FIPVs have a mutation in the arginine residue, which is
replaced by an aliphatic (methionine and glycine) or polar
uncharged (threonine) residue. Overall, the distinguishing
&eature o& FIPVs is the absence o& the P1 arginine, rather
that the presence o& any particular residue. This is corrobo-
rated by our peptide cleavage data that demonstrate that
&urin cleavage is &ully abrogated &or all P1 substitutions
tested. The next most common position mutated in FIPV is
P2; >30% o& the FIPVs analyzed bore mutations at this po-
sition. Most mutated residues &ound were aliphatic (P and
L). Some sequences were substituted with a polar basic (H)
or a polar uncharged (S) residue. Apart &rom the P2 R-P
substitution, peptide cleavage data indicates that all other
substitutions have an inhibiting e&&ect on &urin cleavage. O&
note, &or murine hepatitis virus (MHV), a betacoronavirus
that also harbors an S1/S2 cleavage site in its spike protein,
there is a precedent &or the inhibitory e&&ect o& the introduc-
tion o& a histidine in the P2 position o& the cleavage site.
Two well-studied strains, MHV strain A59 (MHV-A59)
and the neurovirulent MHV strain JHM (MHV-JHM),
have a notable di&&erence at this site. MHV-A59 has an R-
R-S-H-R-S sequence and is less e&Gciently cleaved than
MHV-JHM, which has an R-R-A-S-S-R sequence (18).
P4 is generally considered to be critical &or &urin cleav-
age, but we &ound limited variation in this residue posi-
tion &or the FIPVs tested and &ound mutation to the polar
basic residue (K) or polar uncharged residue (S) in <5% o&
viruses. The peptide data indicates that, although introduc-
tion o& a serine at P4 completely abrogates cleavage, the P4
R→K substitution has minimal e&&ect. The FIPV P3 posi-
tion showed small variation compared with FECV a&ter the
introduction o& a polar uncharged residue (T) in 1 sample.
For the P5 position, the only change was a slightly higher
&requency o& the lysine residue in samples &rom cats with
FIPV. Peptide cleavage data indicated that the common
S-A substitution &ound &or FECV and FIPV P3 positions
has only slightly increasing e&&ect on proteolysis by &urin.
Furthermore, the P5 R→K substitution has an enhancing
e&&ect in the peptide cleavage assay. At P1′, the conserved
polar uncharged residue (S) was retained in the majority
o& FIPV samples, however, the introduction o& an aliphatic
amino acid (L) was &ound. It is notable that &urin cleavage
has been suggested to be incompatible with a hydrophobic
aliphatic side chain, with a strong pre&erence &or serine in
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Figure 3. Amino acid substitution 8requency at each position o8 the
8eline in8ectious peritonitis virus S1/S2 cleavage site. The histogram
is based on 8eline in8ectious peritonitis virus S1/S2 WebLogo
3.1 analysis (http://weblogo.threeplusone.com/create.cgi), showing
percentage o8 modiNcation o8 residues at each position o8 the S1/
S2 site, compared with 8eline enteric coronavirus S1/S2 canonical
sequence consensus.
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the P1′ position (27,29). In the D04-397-2 sample contain-
ing the P1′ L, the basic residues within the S1/S2 site re-
main identical to the ones &ound in FECV sequence; we
suggest that disruption o& &urin cleavage is mediated by a
mutation in P1′, rather than the more typical P1, P2 and/or
P4 mutation. This hypothesis is supported by the peptide
cleavage assay, where the P1′S-L peptide is unable to be
cleaved by &urin.

Overall, in terms o& FIP-positive animals, we &ound
that 10 o& 11 cats harbored viruses with mutations in the
&urin moti& R-R-S/A-R-R-S &ound in FECV o& asymptom-
atic cats. For most FIP-positive cats, we sequenced viral
RNA collected &rom di&&erent tissues (online Technical Ap-
pendix Table 1). Our data provides strong support &or the
internal mutation hypothesis, as the mutations are unique
to individual cats.

O& note, not all tissues &rom the same animal carry the
same mutation. In some instances, mixed populations o& vi-
ruses exist within the same animal. The majority o& viruses
sequenced had 1 mutation, although 5 (D06-244-1, D06-
244-2, 08-153990-2, N07-95-1, and D04-93-2) had 2 muta-
tions. However, there are 2 apparent exceptions o& cats har-
boring viruses that do not have clearly deGned mutations
in the &urin cleavage site: samples &rom cat 151643 (1–3)
and samples &rom cat N05-110 (1,2). We consider that the
presence o& a P6 &urin cleavage in samples o& cat 151643 is
consistent with our hypothesis o& a switch in the activating
protease &or the virus, because this is not typical o& natu-
rally occurring &urin cleavage sites. Samples 1 and 2 &rom
cat N05-110 harbor virus with an atypical lysine residue at
P5. While unusual &or FECVs, a P5 lysine residue does ap-
pear to be compatible with &urin cleavage, so it remains to
be determined how noteworthy a P5 lysine residue versus

a P5 arginine residue is in the context o& a protease switch
&or FIPV, or whether other mutations correlated with FIPV
in the case o& this cat.

As part o& our study, we analyzed Geld samples &rom
cats harboring FCoV at di&&erent times. In cat 234, the
virus underwent a transition &rom FECV to FIPV, and had
a &unctionally relevant mutation in the S1/S2 moti& (P2
R-L). Cat 304, living in the same house as cat 234, re-
mained asymptomatic. Cat 304 harbored a mutated virus,
but the mutation was in a &unctionally irrelevant position
(P3 S-A). IdentiGcation o& cats with FECV in which FIP
subsequently develops is challenging, and while we pres-
ent a single example, we consider these data to be strong
evidence that mutations at the S1/S2 site are linked to
a change in the pathogenic properties o& the virus, and
likely to be essential &or the acquisition o& macrophage
tropism seen in FIP.

The S1/S2 cleavage site and surrounding residues o&
serotype 1 FIPV S sequences were &ound to be systemati-
cally modiGed by mutations. Chang et al. recently pub-
lished an extensive comparative analysis o& FIP mutations
at the nucleotide level by per&orming whole-genome se-
quencing o& FECVs and FIPVs; the authors &ound a site
within S (nucleotide position 23531), but outside o& S1/
S2, to be the most &requently mutated in FIPV (15). We
have undertaken an analysis o& the S1/S2 sites sequenced
by Chang et al. and Gnd that our hypothesis that mutation
within the S1/S2 &urin moti& correlates with FIP in ≈64%
o& their samples. There are 3 di&&erences in methodology
that may explain this lack o& agreement: Grst, we employed
immunohistochemistry to conGrm the diagnosis o& FIP,
while Chang et al. reported using postmortem examination;
second, all FIP samples in this study originate &rom tissue,
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Figure 4. Furin cleavage assays o8 fuorogenic peptides. A) Synthetic fuorogenic peptides were generated with sequences matching
consensus 8eline enteric coronavirus and a panel o8 modiNed sequences with substitutions (underlined) 8ound by 8eline in8ectious
peritonitis virus sequencing. Peptides (50 μmol/L) were subjected to cleavage by recombinant human 8urin (1 U/100 μL), at pH 7.5, 30°C,
and the release o8 fuorescence over time was measured by a spectrofuorometer enabling calculation o8 the Vmax o8 each reaction.
Peptide cleavage scores generated by the ProP 1.0 server (www.cbs.dtu.dk/services/ProP/) are also displayed. B) For each modiNed
peptide (substitutions underlined), the percentage o8 cleavage rate compared with the canonical sequence was calculated and displayed.
Cleavage assays were per8ormed in >3 independent experiments. Error bars indicate SD 8or each measurement.
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while Chang et al. included both tissue and ascites fuid;
and Gnally, we report multiple sequences &or FIP-a&&ected
cats, while Chang et al. reported a single sequence. Se-
quence data &rom samples D04-397-1 and D04-397-2 pro-
vide evidence that both FECV and FIPV populations can be
identiGed within an a&&ected animal. Sequence in&ormation
&rom a single sample may not be adequate &or the detection
o& mutated virus.

Most mutations negatively a&&ect &urin processing, but
some enhance it. Given that the majority o& the FIPV S pro-
teins still harbor basic residues at the S1/S2 boundary, it
could be reasoned that the mutated site becomes more open
and can be cleaved by a range o& other proteases. The switch
in proteolytic requirements o& S that we propose may o&&er
an explanation &or the crucial tropism transition during FIP.
A possible consequence o& the mutations is cleavability by
monocytic/macrophage-speciGc proteases. These could be
pro-protein convertases, cathepsins, or other macrophage-
speciGc proteases. In particular, cathepsin B, matrix metal-
loproteases, and &urin-related PCSK1 are likely to be ex-
pressed on the sur&ace o& macrophages and recognize the
hallmark residues remaining or acquired in FIPV S1/S2
cleavage site (30). Matrix metalloprotease 9 is o& particular
interest because it was demonstrated to be upregulated in
activated monocytes and macrophages during FIP (31). A
shi&t in the entry pathway to enable virus entry at the cell
sur&ace instead o& the endosome may simultaneously ex-
plain the ability o& FIPV to in&ect macrophages and the mac-
rophage resistance o& FECV. It is also possible that the mu-
tations in the S1/S2 region a&&ect the heparin sul&ate binding
site in this region (19). However, heparin sul&ate binding is
a cell culture adaptation o& the virus, and as so, its relevance
to the clinical situation would appear to be unlikely.

A contrasting view to the internal mutation hypoth-
esis to explain the genesis o& FIP outbreaks is that there

is a circulating FCOV other than FECV that is speciGc
&or FIP (22). For a complex disease process such as FIP,
we and others consider it likely that there may be circu-
lating FECVs that are closer to making the critical muta-
tions necessary &or FIP, possibly explaining paradoxical
FIP outbreaks (32). Based on the data we present here, we
conclude that mutation o& the S1/S2 locus and modulation
o& a &urin recognition site normally present in the S gene
o& FECVs is a critical contributing &actor &or development
o& FIP. Further studies could serve to analyze how S1/S2
mutations Gt with the other mutations posited to account
&or FIP development.
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