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Feline morbillivirus (FeMV) is a recently discovered pathogen of domestic cats and has
been classified as a morbillivirus in the Paramyxovirus family. We determined the com-
plete sequence of FeMVUS5 directly from an FeMV-positive urine sample without virus
isolation or cell passage. Sequence analysis of the viral genome revealed potential diver-
gence from characteristics of archetypal morbilliviruses. First, the virus lacks the canoni-
cal polybasic furin cleavage signal in the fusion (F) glycoprotein. Second, conserved
amino acids in the hemagglutinin (H) glycoprotein used by all other morbilliviruses for
binding and/or fusion activation with the cellular receptor CD150 (signaling lympho-
cyte activation molecule [SLAM]/F1) are absent. We show that, despite this sequence
divergence, FeMV H glycoprotein uses feline CD150 as a receptor and cannot use
human CD150. We demonstrate that the protease responsible for cleaving the FeMV F
glycoprotein is a cathepsin, making FeMV a unique morbillivirus and more similar to
the closely related zoonotic Nipah and Hendra viruses. We developed a reverse genetics
system for FeMVUS5 and generated recombinant viruses expressing Venus fluorescent
protein from an additional transcription unit located either between the phospho-
protein (P) and matrix (M) genes or the H and large (L) genes of the genome. We used
these recombinant FeMVs to establish a natural infection and demonstrate that FeMV
causes an acute morbillivirus-like disease in the cat. Virus was shed in the urine and
detectable in the kidneys at later time points. This opens the door for long-term studies
to address the postulated role of this morbillivirus in the development of chronic kidney
disease.
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Feline morbillivirus (FeMV) is a negative-sense, single-stranded, nonsegmented RNA
virus with a genome composed of 16,050 nucleotides first discovered in domestic cats
in Hong Kong and China in 2012 (1). Sequence analysis of the complete genome sug-
gested that FeMV was a member of the Morbillivirus genus within the Paramyxovirus
family. It has six transcription units, corresponding to 30 N-P/V/C-M-F-H-L 50 of the
other morbilliviruses, including a phospho- protein (P) gene that contains an overlap-
ping reading frame corresponding to the nonstructural C protein and an editing site
that would allow generation of a V protein (1). The genome conforms to the “rule of
six,” a requirement for efficient replication of all morbillivirus and some paramyxovirus
genomes (2), although adherence has not been proven experimentally for FeMV. The
30 noncoding terminus of FeMV is 107 nucleotides long, which is identical to those of
the other morbilliviruses, and the (CN5)3 motif, shown to be necessary for morbillivi-
rus genome replication, is conserved at nucleotide positions 79, 85, and 91 (3).
Another defining characteristic of all morbilliviruses is their use of signaling lympho-

cyte activation molecule/F1 (or CD150) as the primary entry receptor. This has been
debated to be a criterion to classify a virus as a morbillivirus (3, 4). Sequence analysis
of FeMV hemagglutinin (H) glycoprotein (5) suggests that it lacks the conserved resi-
dues required for the measles virus (MV) H glycoprotein/CD150 interaction (6), amino
acids also conserved in other morbillivirus H glycoproteins (SI Appendix, Table S1). This
raises the question of whether FeMV is actually a "true" morbillivirus (3). Similarly, all
previously identified morbilliviruses contain a polybasic furin cleavage signal in their fusion
(F) glycoprotein. This facilitates cleavage of the F0 precursor protein, by furin, into
disulfide-linked F1 and F2 subunits, an essential process in the paramyxovirus life cycle (7).
FeMV lacks a polybasic cleavage signal at the predicted cleavage site in the F glycoprotein,
having only a single basic residue at this position (1), suggesting that it may utilize a
fundamentally different activation strategy to all other morbilliviruses.
Since its discovery, FeMV has been postulated to play a role in the development

of feline chronic kidney disease (CKD). In the original report (1), necropsy tissues of
two FeMV-positive cats were analyzed and revealed kidney damage consistent with
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tubulointerstitial nephritis (TIN). A follow-up case control study
then showed TIN in 7 of 12 FeMV-positive cats but in only 2 of
15 FeMV-negative cats, suggesting an association between the
FeMV infection and the TIN diagnosis (1). FeMV was subse-
quently reported elsewhere in Asia (8–13) and in Europe (14–16),
North America (17), and South America (18, 19) with varied con-
clusions as to whether FeMV was potentially associated with
CKD (10, 15, 16, 20) or not (8, 13, 14, 18, 21).
We previously demonstrated the existence of FeMV in the

United States (17), reporting the complete genome sequence
of FeMVUS1, a strain that is 98% identical to the previously
published Asian FeMV776U sequence (1) within the H gene.
Importantly, we demonstrated detection of FeMV RNA from a
clinically healthy cat in longitudinal urine samples collected
over 15 months, proving that cats can be chronically infected
with FeMV. Animals persistently shed the virus in their urine, a
characteristic that may be important for a pathogen involved in
the etiology of CKD, which progresses over many years, and in
host-to-host transmission. In that publication, we also reported
the H gene sequence of FeMVUS5, a strain that is only 86%
identical to FeMV776U. In this study, we obtain a complete
genome sequence of this unpassaged clinical isolate of FeMVUS5

and generate a reverse genetics system based on it. We examine
CD150 receptor usage and demonstrate FeMV adherence to the
"rule of six". We determined the protease necessary for F0 cleav-
age both by transient transfection studies using cloned glycopro-
teins and in the context of recombinant feline morbillivirus
(rFeMV). Finally, we developed a feline model of FeMV infec-
tion and demonstrate that FeMV causes a lymphotropic
morbillivirus-like disease in the natural host when animals are
infected by the respiratory route. This model will be indispens-
able in studies to determine if chronic FeMV infection plays the
postulated role in the development of feline CKD and for trans-
mission studies.

Results

FeMV Uses Feline CD150 as a Cellular Receptor. A quantitative
dual bimolecular complementation assay (Fig. 1A) was used to
examine receptor usage by the F and H glycoproteins of three
different FeMV strains (US1, US2, and US5).
As anticipated, when two populations of Crandell–Rees

feline kidney (CRFK) cells were transfected, no signal was gen-
erated (Fig. 1B and SI Appendix, Fig. S1, Top). Controls with
MV and canine distemper virus (CDV) glycoproteins
substituted for the FeMV glycoproteins also failed to produce a
signal; substitution with the F and G glycoproteins from Nipah
virus (NiV) that uses ephrin B2 as a receptor (22, 23), a mole-
cule we thought likely to be present on CRFK cells, acted as a
positive control. In contrast, when CRFK-feCD150 cells were
used in the assay, a signal was generated for all of the FeMV
strains (Fig. 1B and SI Appendix, Fig. S1, Middle), and MV
and CDV glycoprotein expression also led to signal generation,
indicating that these morbillivirus glycoproteins can also use
feline CD150 (feCD150) as a receptor. When human CD150
(hCD150) was substituted for feCD150, only MV glycoprotein
expression led to signal generation (Fig. 1B and SI Appendix,
Fig. S1, Bottom), indicating that FeMV cannot use hCD150 as
was already known for CDV (24).

FeMV Glycoprotein-Induced Fusion Is Dependent on Cysteine
Protease Availability. Alignment of the amino acid sequence
of the F glycoprotein of FeMVUS5 with those of MVKS and

CDVRI reveals only a single basic residue (Arg/R) at the puta-
tive cleavage site (Fig. 2A).

The closely related paramyxoviruses NiV and Hendra virus
(refs. 1 and 3 have phylogenetic trees) also contain monobasic
cleavage signals in their F glycoproteins and have been shown
to use the cysteine proteases, cathepsins, for their cleavage (25–27).
Lysates from CRFK-feCD150 cells transfected with a vector
expressing AU1-tagged FeMVUS5F in the absence or presence of
the pancysteine protease inhibitor E64d were prepared and ana-
lyzed (Fig. 2B). Unprocessed F0 and the F1 subunit could be
detected in cells treated with dimethyl sulfoxide (DMSO) as a con-
trol (lane 2 in Fig. 2B), indicating that FeMVUS5F was processed
as predicted from the sequence alignment (Fig. 2A). F0 was
detected in cells treated with E64d (lane 3 in Fig. 2B), but the
postprocessing F1 subunit was not, indicating that E64d prevented
FeMVUS5F processing and showing that a cysteine protease was
responsible.

We generated FeMVUS5FPB by inserting a polybasic cleavage
signal into the FeMVUS5F glycoprotein (Fig. 2A) based on the
CDVRIF sequence (accession no. AMH87497.1) since this had
the most sequence similarity to FeMVUS5F in that region.
Lysates from CRFK-feCD150 cells transfected with a vector

Fig. 1. FeMV glycoproteins can use feCD150. (A) Summary of the dual
bimolecular complementation assay. CRFK-feCD150 (or CFRK-hCD150 or
CRFK for controls) and CRFK cell populations are transfected with pCG-
rlucEGFPC and pCG-NrlucEGFP, respectively. CRFK cells are simultaneously
transfected with FeMV, MV, or canine distemper virus (CDV) F and H glyco-
proteins (or F/G for Nipah [NiV]). After 24 h, the cell populations are trypsi-
nized and mixed. Glycoprotein-induced fusion of the cell populations
results in Renilla luciferase (rLuc)-enhanced green fluorescent protein
(EGFP) complementation, leading to EGFP fluorescence and Renilla lucifer-
ase activity. (B) Relative luminescence detected when CRFK cells expressing
various viral F and H/G glycoprotein pairs and NrlucEGFP are mixed with
CRFK cells, CRFK-feCD150, or CRFK-hCD150 cells expressing rlucEGFPC and
triplicate cell monolayers are lysed and assayed for luciferase activity. Lumi-
nescence produced when CRFK cells expressing the glycoprotein pairs are
mixed with CRFK-feCD150 cells is set to 100%.

2 of 12 https://doi.org/10.1073/pnas.2209405119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2209405119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2209405119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2209405119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2209405119/-/DCSupplemental


expressing AU1-tagged FeMVUS5FPB in the absence or presence
of E64d were prepared and analyzed (Fig. 2B). In cells treated
with DMSO (lane 4 in Fig. 2B), F0 and the F1 subunit could
be detected. In cells treated with E64d (lane 5 in Fig. 2B), both
F0 and F1 subunit could still be detected, indicating that E64d
no longer prevented F0 glycoprotein processing and that a cys-
teine protease was no longer responsible for FeMVUS5FPB
processing.
We investigated this further by performing the bimolecular

complementation assay in the presence of E64d cysteine prote-
ase inhibitor or furin inhibitor I. In the presence of DMSO
(Fig. 2C and SI Appendix, Fig. S2, Top), all viral glycoproteins
induced expected levels of fusion. In the presence of furin
inhibitor I (Fig. 2C and SI Appendix, Fig. S2, Middle), FeMV
glycoprotein-induced fusion was unaffected, while the control
MVKS and CDVRI glycoprotein-induced fusion (furin depen-
dent) was reduced. In the presence of E64d (Fig. 2C and SI
Appendix, Fig. S2, Bottom), FeMV glycoprotein-induced fusion

was significantly reduced, as was control NiVMA glycoprotein-
induced fusion (cathepsin dependent). As anticipated, in assays
using the FeMVUS5FPB protein, E64d treatment (Fig. 2C and
SI Appendix, Fig. S2, Bottom) no longer affected the fusion
activity, while furin inhibitor I treatment (Fig. 2C and SI
Appendix, Fig. S2, Middle) significantly reduced fusion, indicat-
ing that we had been successful in switching the protease
dependence of the protein.

Generation of an FeMV Reverse Genetics System. We deter-
mined the full genomic sequence of FeMVUS5 using primers
(SI Appendix, Table S2) to generate complementary (c) DNA
from clinical material and obtain PCR amplicons, which were
purified and consensus sequenced. Importantly, this entire
sequence was derived directly from a clinical sample and not
from a virus that had been isolated and grown in cell culture.
Large amplicons from the FeMVUS5 sequence determination
were subcloned, a cloning strategy was devised, and a full-length
genomic pFeMVUS5 clone was assembled sequentially. This
molecular clone was modified to include an additional transcrip-
tion unit (ATU) encoding Venus fluorescent protein between the
H and large (L) genes to generate pFeMVUS5Venus(6) or
between the P and matrix (M) genes to generate pFeMVUS5Ve-
nus(3) (Fig. 3A).

Viruses were recovered using CRFK-feCD150 cells to ensure
the virus did not evolve to use an unnatural entry pathway or
accumulate spurious mutations. The Venus protein allowed
infected cells to be identified by fluorescence microscopy even
when the cytopathic effect is not readily identifiable by phase
microscopy (SI Appendix, Fig. S3). This was vitally important
given the cell-associated growth properties of FeMV. Virus
stocks were generated, and the growth kinetics in CRFK-
feCD150 cells were determined (Fig. 3B). Both viruses grew
similarly for the first 4 d postinfection (d.p.i.).

FeMV Obeys the "Rule of Six". The FeMVUS5 sequence and the
resultant recombinant viruses we generated follow the "rule of
six" (2). To investigate whether this is a requirement for FeMV,
a minigenome, rFeMVUS5DIGluc, was generated that had the
coding sequence for Gaussia luciferase (Gluc), as a reporter gene,
surrounded by the FeMVUS5 30 and 50 noncoding termini.
rFeMVUS5DIGluc adhered to the "rule of six". When tested in
minigenome assays, this minigenome expressed a high level of
Gluc activity (Fig. 3C, +L). When the L protein–expressing vec-
tor was omitted from the assay, three logs less Gluc activity was
detected (Fig. 3C, �L), indicating that minigenome replication
and transcription were necessary to produce the Gluc signal.
rFeMVUS5DIGluc was modified by removing a second stop
codon at the end of the Gluc open reading frame (ORF) to gen-
erate rFeMVUS5DIGluc + 3. rFeMVUS5DIGluc + 3 does not
adhere to the "rule of six". When this minigenome was tested,
Gluc activity was dramatically reduced (Fig. 3C, +L vs. �L),
indicating that "rule of six" adherence is a requirement for effi-
cient FeMVUS5 replication.

FeMV Is a Cathepsin-Dependent Morbillivirus. Next, we inves-
tigated whether rFeMVUS5-induced cell-to-cell fusion was, like
H and F glycoprotein–induced fusion, dependent on a cysteine
protease. CRFK-feCD150 cells were infected with rFeMVUS5-
Venus(6) in the presence of DMSO as a control, furin inhibitor
I, cysteine protease inhibitor E64d, or cathepsin B/L inhibitor
CA-074Me. After 5 d, the rFeMVUS5Venus(6) infection in the
presence of DMSO or furin inhibitor I had spread significantly
(Fig. 3 D and E). However, the infection was limited to single

Fig. 2. FeMV glycoprotein-induced cell-to-cell fusion is inhibited by a cyste-
ine protease inhibitor. (A) Alignment of the predicted cleavage site and sur-
rounding sequences of the FeMVUS5 F glycoprotein with the equivalent
regions of MVKS and CDVRI F glycoproteins and a modified FeMVUS5 F glyco-
protein engineered to contain a polybasic cleavage signal (FeMVUS5FPB).
The polybasic cleavage signal is boxed, and an arrow marks the predicted
cleavage site in F0, which gives rise to F1 and F2 subunits, (-) amino acid
absent in sequence aligment, (*) conserved amino acid in sequence alig-
ment, (.) conservative replacement of amino acid in sequence alignment.
(B) Western blot analysis of transfected CRFK-feCD150 cell lysates. Cells
were transfected with pCG-FeMVUS5F (lane 1) as a background blotting con-
trol or with pCG-FeMVUS5FAU1 (lanes 2 and 3) or pCG-FeMVUS5FPB-AU1 (lanes
4 and 5). Transfected cells were treated with DMSO (lanes 1, 2, and 4) or
E64d cysteine protease inhibitor (lanes 3 and 5). F glycoproteins were
detected with anti-AU1 antibody (red), and an anti�β-actin antibody was
used as a loading control (β; 42 kDa; green). The predicted F0 (61-kDa) and
F1 (49-kDa) subunits are indicated based on the marker sizes (lane M). (C)
Relative luminescence detected when CRFK cells expressing various viral F
and H (or F/G for NiV) glycoprotein pairs and NrlucEGFP are mixed with
CRFK-feCD150 cells expressing rlucEGFPC in the presence of DMSO, furin
inhibitor I, or E64d cysteine protease inhibitor and triplicate cell monolayers
are lysed and assayed for luciferase activity. Luminescence produced when
fusion assays were carried out in the presence of DMSO is set to 100%.
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cells, with no spread from the initially infected cell in the pres-
ence of cysteine protease (Fig. 3F) or cathepsin (Fig. 3G) inhibi-
tors. To quantify these differences, CRFK-feCD150 cells were
transfected with pCG-NrlucEGFP; 24 h later, they were infected
with rFeMVUS5Venus(6), and inhibitors were added. After
another 24 h, these cells were overlaid (in the presence of inhibi-
tor) with a population of CRFK-feCD150 cells that had been
transfected with pCG-rlucEGFPC 48 h earlier. After incubation
with inhibitors for 2 d, monolayers were assessed for luciferase
activity (Fig. 3H). As expected, there was no difference in lucifer-
ase activity in cells treated with furin inhibitor vs. the DMSO
control, whereas activity was reduced in cells treated with cyste-
ine protease or cathepsin inhibitors.

Triplicate CRFK-feCD150 monolayers were infected with
rFeMVUS5Venus(6) or rFeMVUS5Venus(3) in the presence of
DMSO, E64d cysteine protease inhibitor, or CA-074Me cathep-
sin inhibitor. After 4 d, released virus was quantified (Fig. 3I).
The presence of cysteine protease or cathepsin inhibitors reduced
the infectious virus titers by two logs, indicating that the inhibi-
tors prevented efficient assembly and egress of infectious virions.

FeMV Initially Causes a Typical Morbillivirus-Like Disease in
the Natural Host. Nothing is known about the primary route of
infection or disease progression of FeMV-infected animals. Cats
were infected with rFeMVUS5Venus(6) and rFeMVUS5Venus(3).
Animals were preimplanted (intraperitoneally) with a tempera-
ture data logger, and blood samples were collected every 2 d.p.i.
until 14 d.p.i. At 7, 14, and 28 d.p.i., one cat was euthanized,
and a full necropsy was performed to determine the acute-phase
pathogenesis of the virus. Data loggers recorded an increase in
body temperature after infection, peaking at 5 d.p.i. (Fig. 4A).

All animals developed lymphopenia early after infection (Fig.
4B). White blood cells (WBCs) were isolated from the blood
samples, and the percentage of virus+ (Venus+) cells was deter-
mined by flow cytometry (Fig. 4C). All animals had detectable
Venus+ WBCs at 6 to 10 d.p.i., with concomitant virus isola-
tion from these samples (Table 1), after which the infection
cleared from the blood. At necropsy, Venus+ cells could be
detected in single-cell suspensions from lymph nodes and in
the bronchoalveolar lavage (BAL) sample at 7 d.p.i. (Fig. 4D).
By 14 d.p.i., Venus+ cells were barely detectable in the BAL
and were not detectable in the lymph nodes. Histopathological
assessment of tissues collected at each necropsy confirmed dis-
ease and identified the peak of virus detection at 7 d.p.i. In the
lungs, Venus protein and viral RNA could be detected in the
interstitium (Fig. 4 E and H and SI Appendix, Fig. S4A), bron-
chial tissue (Fig. 4 F and I and SI Appendix, Fig. S4B), and
bronchus-associated lymphoid tissue (Fig. 4 G and J and SI
Appendix, Fig. S4C) at 7 d.p.i, and virus was isolated from lung
tissue and BAL at this time point (Table 1).

FeMV Targets the Kidneys Later in Infection. In addition to
the samples outlined above, urine samples were also collected
from all living animals at 6, 12, and 21 d.p.i. and from all

Fig. 3. rFeMVUS5-induced cell-to-cell fusion is inhibited by a cathepsin pro-
tease inhibitor. (A) Schematic representation of plasmids generated to allow
recovery of rFeMVUS5 expressing Venus from an ATU between the H and L
genes [pFeMVUS5Venus(6); Upper] or P and M genes [pFeMVUS5Venus(3);
Lower]. Coding sequences (purple), noncoding sequences (white), and inter-
genic trinucleotide (vertical black lines in noncoding sequences) are indi-
cated. Genomes are surrounded by a T7 RNA polymerase promoter (T7), a
hammerhead ribozyme (red boxes), a hepatitis delta ribozyme (δ), and T7
RNA polymerase terminator (φ) sequences to allow for recovery of RNA cor-
responding to the viral genomes from the plasmids. (B) Multistep growth
analysis of rFeMVUS5Venus(6) (position [pos] 6) and rFeMVUS5Venus(3) (posi-
tion [pos] 3) in CRFK-feCD150 cells over 4 d. Error bars represent one SEM
for all curves (n = 3 for each virus). (C) Gluc activity in HEp-2 cells at 2 d post-
transfection with p(�)FeMVUS5DIGluc (DIGluc; "rule of six" compliant) or
p(�)FeMVUS5DIGluc + 3 (DIGluc + 3; not "rule of six" compliant), pCG-FeM-
VUS5N, and pCG-FeMVUS5P either with (+L) or without (�L) pCG-FeMVUS5L.

(D–G) Representative photomicrographs depicting Venus fluorescence
observed in CRFK-feCD150 cells 5 d after infection with rFeMVUS5Venus(6) in
the presence of DMSO (D) or inhibitors: furin inhibitor I (E), E64d (F), or
CA-074Me (G). (H) Luminescence (y axis; R.L.U.) detected 2 d after CRFK-
feCD150 cells transfected with pCG-NrlucEGFP and infected with rFeMVUS5-
Venus(6) in the presence of inhibitors were overlaid (in the presence of
inhibitors) with a population of CRFK-feCD150 cells that had previously been
transfected with pCG-rlucEGFPC. (I) Quantification of virus recovered 4 d
after infection of triplicate CRFK-feCD150 monolayers with rFeMVUS5Venus(6)
or rFeMVUS5Venus(3) in the presence of DMSO, E64d cysteine protease inhib-
itor, or CA-074Me cathepsin inhibitor. Titers determined in the presence of
DMSO are set to 100%.
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animals at necropsy. Virus was isolated from all animal 02 sam-
ples from 12 d.p.i. onward and from animal 03 at necropsy (14
d.p.i.) (Table 1). No virus was isolated from any animal urine
at the earlier time point, when virus detection peaked in the
WBCs (Fig. 4C) and in lymph nodes and BAL (Fig. 4D). His-
topathological assessment of hematoxylin and eosin–stained
kidney sections indicated the presence of lymphoplasmacytic
lesions and pelvitis in the 14- and 28 d.p.i. sections but not in
the 7 d.p.i. sections. Based on these observations, kidney sections
were assessed for the presence of virus, with Venus protein
(indicating infected cells) (Fig. 4K) and viral RNA (Fig. 4L)
detected in medullary tubule epithelium in the 28 d.p.i. sec-
tions. Virus was not detected in the 7- or 14 d.p.i. sections.

Lymphoid Tissues Are Targeted during Acute rFeMV Infection.
Three additional cats were infected with rFeMVUS5Venus(6)

and rFeMVUS5Venus(3) to examine the peak of infection. Ani-
mals were preimplanted (subcutaneously) with a data logger,
and blood samples were collected from all animals at 2, 5, and
6 d.p.i. and two animals at 7 d.p.i. All animals were euthanized
at 7 d.p.i., and full necropsies were performed to characterize
the acute-phase pathogenesis of the virus. Infections proceeded
similarly, temperature increases peaked at 5 d.p.i. (Fig. 5A),
and similar percentages of Venus+ cells were detected in the
blood at equivalent time points (Fig. 5B).

Macroscopic imaging confirmed lymphotropism of the acute
infection. All lymph nodes were highly infected (Fig. 5 C and F)
with the thymus (Fig. 5 C and D) and tonsils (Fig. 5E) fluo-
rescing brightly during macroscopic bioimaging. Multiplex
fluorescence immunohistochemistry (IHC) in formalin-fixed,
paraffin-embedded (FFPE) lung and lymph node tissues was
performed to identify the infected cell populations. Antibodies

Fig. 4. rFeMVUS5 causes a morbillivirus-like disease in the natural host. Infection of cats with rFeMVUS5Venus(6) and rFeMVUS5Venus(3) resulted in systemic
disease. (A) Body temperature was measured every 10 min preinfection (gray) and postinfection (black) using an intraperitoneal data logger. Temperature
data for cats euthanized at 7, 14, and 28 d.p.i. are depicted left to right. *Procedure related temperature spikes. (B) Lymphocyte numbers were measured in
EDTA blood samples. Venus-positive cells were quantified by flow cytometry in purified WBC samples (C; symbols are the same as in B) and in cell samples
dissociated from mandibular (man.), retropharyngeal (RP), and cervical (cerv.) lymph nodes (LNs) or prepared from BAL samples at 7 (D7) or 14 (D14) d.p.i.
(D). (E–J) Virus distribution in cat lung tissue at 7 d.p.i. Visualized by immunodetection (IHC) of Venus protein (E–G; purple) or detection of virus genome
(RNAscope) by ISH (H–J; purple) in formalin-fixed interstitial (E and H), peribronchial (F and I), and bronchus-associated lymphoid (G and J) tissue sections.
(K and L) Detection of infected cells in renal medullary tubules at 28 d.p.i. Visualized by immunodetection (IHC) of Venus protein (K; purple) or detection of
virus genome (RNAscope) by ISH (L; purple) in serial sections. (Scale bars: E–J, 200 μm; K and L, 100 μm.)
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that are verified for use in cat tissue are limited, but we were
able to identify B cell (CD20) and monocyte/macrophage
(myeloid/histiocyte antigen) markers that were functional. An
antibody against Venus was also included to mark infected cells.
In all tissues examined, the majority of Venus+ cells were mono-
cytes/macrophages (Fig. 5 G–K and SI Appendix, Fig. S5); how-
ever, not all monocytes/macrophages were Venus+. We did not
readily identify Venus+ B cells in any of the tissues examined.

Discussion

FeMV Uses feCD150 as an Entry Receptor. Based on a lack of
conservation of residues known to be important for morbillivi-
rus H glycoprotein interaction with CD150 (28–34), our
hypothesis was that FeMV could not use CD150 as a receptor.
However, when FeMV F and H glycoproteins were expressed in
feCD150-positive cells, they caused cell-to-cell fusion (Fig. 1B
and SI Appendix, Fig. S1). MV and CDV also bind feCD150
and induce cell-to-cell fusion. Similarly, rFeMVUS5Venus(6) and
rFeMVUS5Venus(3) also required feCD150 expression to infect
and spread in CRFK cells. When we attempted to analyze the
growth kinetics of these viruses in CRFK cells lacking feCD150,
they occasionally entered cells at very low efficiency. However,
cell-to-cell spread was limited, and infectious virus was never
recovered (SI Appendix, Fig. S6). The ability of wild-type FeMV
to enter CRFK cells at low efficiency likely explains how some
groups have been able to culture FeMV after prolonged "blind
passage" in cells lacking a CD150 receptor (1, 11, 35, 36). This
is presumably concomitant with the accumulation of adaptive
mutations, which has been shown to occur during wild-type
MV passage in Vero and chicken fibroblast cells (37–39) and led
to adaption of that virus to use CD46 as a receptor (40, 41).
Crucially, the virus that we based our reverse genetics system on
was sequenced directly from a clinical sample (urine) and had
never been isolated or passaged in laboratory cells; it is critical
that such a virus, which has had no opportunity to adapt to
alternative receptor usage, is used for the type of pathogenesis
studies described in this manuscript.

FeMV Is a Unique Morbillivirus Employing a Cathepsin Protease
for F Glycoprotein Processing. All paramyxovirus F glycopro-
teins are expressed first as an inactive precursor (F0), which is
processed proteolytically by the ubiquitous cellular protease
furin (42) to produce disulfide-linked active F1 and F2 subu-
nits. Processing exposes the hydrophobic fusion peptide, and
biologically active F1 and F2 subunits in complex with the H

glycoprotein are transported to lipid rafts on the plasma mem-
brane where virions are assembled and budding occurs (43).
Until the discovery of FeMV, all morbillivirus F glycoprotein
sequences contained a polybasic cleavage signal at the pre-
dicted furin cleavage site. Alignment of the FeMV F glycopro-
tein sequences of FeMV, MV, and CDV identified the highly
conserved hydrophobic fusion peptide at the end of F1. However,
surprisingly, an upstream polybasic signal was absent, and only a
single basic residue was present at the predicted cleavage site.

It has been reported that FeMV uses a cellular trypsin-like
protease to cleave F0 at the monobasic cleavage signal (1).
When we first performed fusion assays with the FeMV glyco-
proteins transfected into CRFK-feCD150 cells, we observed
that the induction of cell-to-cell fusion did not require the
addition of exogenous trypsin and that the addition of such
protease did not enhance fusion; similarly, it was subsequently
reported that the addition of trypsin during virus titration in
CRFK cells did not augment the resultant virus titers (44).
This suggested that F0 was being cleaved efficiently using an
endogenous protease expressed in the cells.

We used our quantitative dual bimolecular complementation
assay in the presence of protease-specific inhibitors to show that,
as expected, furin was not the protease responsible and that a
cysteine protease was. The cysteine protease inhibitor E64d and
cathepsin B/L inhibitor CA-074Me (45) also prevented cell-to-cell
fusion and spread by the recombinant viruses rFeMVUS5Venus(6)
and rFeMVUS5Venus(3) in CRFK-feCD150 cells. Replication of
the viruses must occur in infected cells before green fluorescence
can be detected. Thus, comparison of the foci of infection in Fig.
3D with the number of infected cells in Fig. 3 F and G shows
that in the presence of E64d or CA-074Me, viruses can enter cells
and initially replicate. The block in cell-to-cell fusion must occur
due to the inability of de novo synthesized fusion protein to be
cleaved and trafficked to the plasma membrane. These data also
indicate that the F0 glycoprotein is not cleaved during entry of the
virus to the cell as is the case with, for example, Ebola virus (46)
or some coronaviruses (47). Whether this feature, alongside the
genetic distance from canonical morbilliviruses, will ultimately
lead to FeMV being assigned to a new genus remains to be
determined.

FeMV Infects Immune Cells in the Natural Host during the
Early Stages of the Disease. Cats (Felis catus) are naturally
infected by FeMV and are, therefore, the ideal species to exam-
ine FeMV infection, pathogenesis, and transmission. Initially,
we inoculated three cats with FeMV-expressing fluorescent pro-
tein to examine the time course of infection. The ability of a
virus to produce green fluorescence in infected cells is a power-
ful means to track virus spread in animals (48–51) and identify
very small numbers of infected cells (52). Animals were eutha-
nized at 7, 14, and 28 d.p.i. to examine spread of the virus over
time and the tissues that are targeted. The sampling and necropsy
time points were chosen based on our detailed understanding of
the disease courses of CDV in ferrets (53) and MV in macaques
(54). All animals showed an increase in temperature, peaking at
5 d.p.i., which is reminiscent of CDV-induced temperature
increases in ferrets (53). Virus was detected in the WBCs, and
animals developed lymphopenia, both hallmarks of morbillivirus
disease in susceptible hosts (48, 49, 55, 56). In both the animals
that remained alive after 7 d.p.i. the lymphocyte numbers recov-
ered, although they did not reach preinfection levels during the
time course of the experiment, a pattern also observed in
MV and CDV infections. Lymphodepletion contributes to the
long-term immunosuppression seen after morbillivirus infection

Table 1. Summary of d.p.i. when the virus was isolated
from clinical samples

Animal WBCs*
Throat and
nose swabs† Urine‡ BAL§ Lung§

01¶ 4, 6, 7 —# —# 7 7
02¶ 8 —# 12, 21, 28 —# —#

03¶ 4, 6, 8, 10, 12, 14 —# 14jj —# —#

*Samples were collected from living animals at 2, 4, 6, 8, 10, 12, 14, and 21 d.p.i. and
from each animal at necropsy.
†Samples were collected from living animals at 2, 6, 12, 17, and 21 d.p.i. and from animal
02 at necropsy.
‡Samples were collected from living animals at 6, 12, and 21 d.p.i. and from each animal
at necropsy.
§Samples were collected at necropsy only.
¶Animals 01, 02, and 03 were euthanized at 7, 28, and 14 d.p.i., respectively.
#Virus was not isolated from any samples collected.
jjNo sample was obtained at 12 d.p.i.
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(56, 57). At peak, the percentage of Venus+ WBCs was very low
compared with those seen in MV-infected macaques (49, 58)
and particularly, in CDV-infected ferrets (48, 53) where cell pop-
ulations are decimated, leading to a propensity for secondary
infections and frequent necessity to euthanize animals by 14 to
16 d.p.i (53). One possible explanation for this is the availability
of cathepsin B in the peripheral blood cells; in humans, levels are
extremely low in CD19+ B cells and CD4+ and CD8+ T cells
(http://biogps.org/#goto=genereport&id=1508), which are all
major targets for MV and CDV in the animal models (48, 49).
Cathepsin B levels are significantly higher in CD14+ monocytes,
which are present at much lower levels in the cat blood (2.4 to 7.
1% at day 0) compared with the lymphocytes (40.9 to 45.8% at
day 0). Monocytes are also significant target cells for MV in
humans (59) that are not recapitulated in macaque infections
(49). The low levels of infected cells in WBCs, even at the peak
of acute infection, may also explain why other groups have been
unsuccessful in detecting virus in blood samples (1, 8, 10, 35).
Surprisingly, we did not isolate the virus from nose or throat swabs
at any time point assayed; virus shedding from the respiratory tract

peaks at 7 to 11 d.p.i. in MV-infected macaques (60) and increases
during the second week of infection in CDV-infected ferrets (53).
However, we isolated virus from urine at later time points.

At necropsy, virus was detected in cells purified from lymph
nodes and a BAL sample at 7 d.p.i. Viral antigen and RNA were
also both abundant in the lungs at this time point. Bronchi and
bronchiole epithelium never displayed immunoreactivity/probe
hybridization, and only rare alveolar type 1 pneumocytes were
impacted, with the overwhelming majority of signal observed in
perivascular, peribronchiolar, interstitial, and alveolar mononu-
clear infiltrates. Phenotyping the infected cells in the lymph nodes
and lung indicated that the majority of the Venus+-infected cells
costained for the monocyte/macrophage marker, with minimal to
absent costaining for the B cell marker. Unfortunately, we could
not identify a specific T cell marker that worked efficiently in
feline tissues. However, limited preliminary analysis and the local-
ization of infected cells suggest that T cells are also not a major
target for FeMV in lymphoid/lung tissues. These findings are at
variance to what is seen in lymphoid tissue infection with MV in
macaques and CDV in ferrets, where B and T cells are

Fig. 5. Lymphoid tissues are targeted during acute rFeMVUS5 infection. (A) Body temperature was measured every 5 min using a subcutaneous data logger.
Temperatures for each d.p.i. were averaged and are displayed as the change in temperature relative to the average temperature for the 7 d preinfection
(plotted as 0 d.p.i.). (B) Venus-positive cells were quantified by flow cytometry in purified WBC samples. (C–F) Macroscopic detection of Venus fluorescence in
the thymus (C, red arrow, and D), lymph nodes (C and F; representative lymph nodes are marked with white arrows), tonsils (E, white arrows; tongue and
tonsils are shown at a lower magnification in E, Inset for orientation), and other lymphoid tissues (F) at 7 d.p.i. C and F depict the same animal before (C) and
after (F) removal of the thymus and upper respiratory tract. (G–K) Infected cell (Venus-positive; purple) phenotyping using antibodies against CD20 (B cells;
green) and myeloid/histiocyte antigen (monocytes/macrophages; red) in the lung (G), tonsil (H), mesenteric lymph node (I), inguinal lymph node (J), and axillary
lymph node (K). The areas marked by white boxes in the main triple-overlay image are shown at higher magnifications as red (monocytes/macrophages)/green
(B cells) and purple (Venus-positive)/green (B cells) double-overlay images in G, Inset, H, Inset, I, Inset, J, Inset, and K, Inset. Nuclei are counterstained with
40,6-diamidino-2-phenylindole (DAPI) (gray). (Scale bars: 200 μm.)
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abundantly infected (48, 49, 58). However, macrophages/
dendritic cells were identified as a major target for MV in the
lung (49, 58). Interestingly, it was previously shown that a feline
macrophage cell line, Fcwf-4, was highly susceptible to FeMV
(35), and we have corroborated this by infection of these cells
with rFeMVUS5Venus(3) (SI Appendix, Fig. S7). IHC performed
on lymph node sections from naturally infected FeMV+ cats also
identified infected macrophages (1, 61). It has previously been
shown that feline primary pulmonary epithelial cells are suscepti-
ble to a closely related FeMV in vitro (35). Our in vivo study
extends this observation, showing that although some FeMV-
infected pneumocytes could be detected in the lung (SI Appendix,
Fig. S4A), we did not observe the extensive alveolar epithelium
disruption reported for MV (60), which could explain why we
did not isolate virus from the nose and throat swabs.

Urine Is Likely to Play a Major Role in FeMV Host-to-Host
Transmission. FeMV was originally detected in and isolated
from cat urine samples (1). As expected, we were able to isolate
virus from the urine of cats infected with rFeMVUS5. rFeM-
VUS5 was shed in the urine from 12 d.p.i. and was still present
at necropsy in the urine of the one cat that was allowed to pro-
gress to 28 d.p.i. Virus could not be isolated from any cat urine
sample collected at 6 d.p.i. MV can also be isolated from the
urine of measles patients after the appearance of rash (62), and
CDV can be detected in the urine of naturally infected dogs
(63, 64), where it is present at high viral load (63). At nec-
ropsy, we detected rFeMVUS5 in the renal medullary tubule
epithelium by IHC and corroborated this by detecting RNA in
a serial section. This detection is in good agreement with analy-
sis of kidney sections from naturally infected cats, where the
FeMV antigen was detected in renal tubular cells (1, 61, 65). It
has also been previously shown that feline primary kidney cells
are susceptible to FeMV and that epithelial cells are the pri-
mary target (35). The facts that infectious FeMV can be readily
isolated from cat urine for a prolonged period [16 d in this
study to months (35)] and that we did not isolate virus from
nose or throat swabs at any time in our study raise the intrigu-
ing questions of how FeMV is transmitted and whether this
differs from the respiratory transmission used by other morbilli-
viruses. Although this study was focused on understanding
FeMV primary pathogenesis receptorology, we have performed
a preliminary analysis for usage of the second morbillivirus
(epithelial) receptor nectin-4 (66, 67). Like CD150, FeMVUS5

H glycoprotein lacks the majority of conserved amino acids
shown to be important for morbillivirus H glycoprotein/nectin-4
binding and/or function, but all the amino acids in nectin-4
shown to be important for these functions are completely con-
served (29, 68–71). Further studies will be required to confirm if
nectin-4 acts as a receptor for FeMV and whether the potential
for alternative receptor usage contributes to the excretion of the
virus in the urine rather than from the respiratory tract.
In these studies, we have shown that FeMV uses feCD150 as a

cellular receptor and employs a unique protease for F glycoprotein
processing. Our fluorescent protein–expressing rFeMV has been
used to illuminate viral pathogenesis in the cat following infection
by a natural route. These approaches and viruses pave the way to
determine the role that FeMV may have in the development of
CKD, the leading cause of morbidity and mortality in older cats.

Materials and Methods

Cells. The CRFK epithelial cell line and the feline macrophage cell line Fcwf-4
were obtained from ATCC and grown in Eagle’s minimum essential medium

(ATCC) supplemented with 10% (vol/vol) fetal bovine serum (Thermo Fisher Sci-
entific). The CRFK-feCD150 and CRFK-hCD150 derivative cells were grown in the
same medium with periodic passage in the presence of puromycin (500 μg/mL)
to maintain expression of CD150. HEp-2 cells were grown in Opti-MEM I supple-
mented with 3% (vol/vol) fetal bovine serum (both Thermo Fisher Scientific);
293T cells were purchased from ATCC and grown in advanced minimal essential
medium supplemented with 10% (vol/vol) fetal bovine serum (both Thermo
Fisher Scientific).

Generation of CRFK-feCD150 and CRFK-hCD150 Stable Cell Lines. DNA
strings encoding feCD150 (accession no. NM_001278826) or hCD150 (acces-
sion no. NM_003037.5) were synthetically generated (GeneArt Gene Synthesis;
Thermo Fisher Scientific) and cloned into a lentiviral expression vector, which also
encoded puromycin resistance to generate pHAGEpuro-feCD150 and pHAGEpuro-
hCD150. pHAGEpuro-feCD150 or pHAGEpuro-hCD150, helper plasmids expressing
HIV-gag and pol, and vesicular stomatitis virus (VSV) glyco- (G) protein (VSV-G)
were cotransfected into 293T cells using lipofectamine 2000 (Thermo Fisher
Scientific). Lentivirus-containing supernatants were collected every 12 h for 2
consecutive days starting at 48 h posttransfection (h.p.t.). The supernatants
were pooled and filtered through a sterile 0.45-μm filter (Millipore) to
remove any residual cells. The lentiviral particles were concentrated by centri-
fugation through 20% (wt/vol) sucrose at 28,000 × g for 2 h at 4 °C. The pel-
let was resuspended in 200 μL phosphate buffered saline (PBS, Thermo
Fisher Scientific), and 20 μL were used to transduce 5 × 105 CRFK cells
seeded in a six-well culture plate in the presence of polybrene (5 μg/mL;
Sigma Aldrich). Cells were then selected using puromycin (5 μg/mL; Thermo
Fisher Scientific) 2 d after the transduction.

Plasmids. The F and H glycoprotein sequences of FeMVUS1 (17), FeMVUS2

(accession nos. ON783815 and ON783816), and FeMVUS5 and the N, P, and L
protein sequences of FeMVUS5 were generated by PCR and cloned into the
eukaryotic expression vector pCG (72) using unique Asc I and Afe I restriction
sites to generate pCG-FeMVUS1F, pCG-FeMVUS1H, pCG-FeMVUS2F, pCG-FeM-
VUS2H, pCG-FeMVUS5F, pCG-FeMVUS5H, pCG-FeMVUS5N, pCG-FeMVUS5P, and
pCG-FeMVUS5L. pCG-FeMVUS5F was modified by insertion of a PCR-generated
insert containing an AU1 epitope tag at the carboxyl (C) terminus of FeMVUS5F
between unique EcoR V and Afe I restriction sites to generate pCG-FeMVUS5FAU1.
A synthetically generated gene string (GeneArt Gene Synthesis) containing a pol-
ybasic cleavage signal at the original monobasic cleavage site in FeMVUS5F was
used to modify pCG-FeMVUS5FAU1 by cloning between unique Asc I and BsrG I
restriction sites to generate pCG-FeMVUS5FPB-AU1. The F and H glycoprotein
sequences of MVKS (52) and CDVRI (73) and the F and G glycoprotein sequences
of NiV (74) were generated by PCR and cloned into pCG using unique Asc I and
Spe I restriction sites to generate pCG-MVKSF, pCG-MVKSH, pCG-CDVRIF, pCG-
CDVRIH, pCG-NiVMAF, and pCG-NiVMAG. Sequences for NrlucEGFP and rlucEGFPC
were amplified from plasmid templates (75, 76) by PCR and cloned into pCG
using unique Mlu I and Pst I restriction sites to generate the pCG-NrlucEGFP and
pCG-rlucEGFPC plasmids used in the bimolecular fluorescence complementation
assay. The sequence for FeMVUS5DIGluc was generated synthetically (GeneArt
Gene Synthesis) and cloned into a modified pBluescript plasmid (77) using
unique Nar I and Not I restriction sites to generate p(�)FeMVUS5DIGluc. This con-
tains a Gluc ORF flanked by the FeMVUS5 30 and 50 noncoding termini and sur-
rounded by a T7 RNA polymerase promoter downstream and by a hepatitis delta
virus ribozyme and T7 terminator sequences upstream. A synthetically generated
gene string (GeneArt Gene Synthesis) was used to modify p(�)FeMVUS5DIGluc
by removing an extra stop codon after the Gluc ORF and was cloned using
unique Nco I and BsrG I restriction sites to generate p(�)FeMVUS5DIGluc + 3.
Both plasmids produce negative-sense minigenome transcripts upon T7 RNA
polymerase transcription.

Inhibitors. The cysteine protease inhibitor, E64d (Sigma-Aldrich), was used at a
concentration of 20 μM. The cell-permeable cathepsin B/L inhibitor, CA-074Me
(Calbiochem), was used at a concentration of 10 μM. The furin inhibitor, furin
inhibitor I (Calbiochem), was used at a concentration of 50 μM. All inhibitors
were dissolved in sterile DMSO. For fusion assays, inhibitors were added after
the transfection of glycoprotein-expressing plasmids. For virus assays, inhibitors
were added with the virus inoculum. In both cases, controls containing the same
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volume of DMSO were included, and fresh inhibitor/DMSO was supplied with
media changes.

Bimolecular Fluorescence Complementation Assay. This assay is based
on the previously published self-associating split green fluorescent protein (GFP)
(76, 78). Subconfluent CRFK cells in six-well trays were transfected with 1 μg
each of pCG-NrlucEGFP and plasmids encoding homologous pairs of glycopro-
teins. Separate wells of CRFK cells (for controls) or CRFK-feCD150 or CRFK-
hCD150 cells were transfected with pCG-rlucEGFPC. At 18 h.p.t., all cells were
trypsinized and mixed in appropriate combinations before reseeding in six-well
trays and further incubation. Cells were observed using a DMI3000B inverted
microscope, and images were acquired using a DFC345 FX camera and LAS soft-
ware (all Leica Microsystems) when sufficient green fluorescence was detected
(at 48 to 72 h.p.t.). At this point, the growth medium was removed, the cells
were washed once with PBS (1 mL), and 1× lysis buffer (500 μL; Renilla Lucifer-
ase assay system; Promega) was added before scraping the cells into the super-
natant. The cell lysates were collected into 1.5-mL microcentrifuge tubes, and
supernatants were collected by centrifugation at 6,000 rpm for 1 min. The super-
natants were assayed by the addition of 1 μL (diluted in 49 μL of lysis buffer) to
50 μL of rLuc substrate (Renilla Luciferase assay system; Promega) followed
immediately by light quantification using a LUMIstar Omega luminometer (BMG
Labtech). The resulting luciferase activity is expressed as relative light units (R.L.U.).

For assays with virus, separate populations of CRFK-feCD150 cells were
transfected (Lipofectamine 2000; Life Technologies) with pCG-NrlucEGFP or
pCG-rlucEGFPC (1 μg plasmid per 106 cells); 24 h later, cells transfected with
pCG-NrlucEGFP were infected with rFeMVUS5Venus(6) at a multiplicity of infec-
tion (M.O.I.) of 0.1. Infection was performed in the presence of inhibitors.
After 24 h, these cells were overlaid (in the presence of inhibitor) with the
population of CRFK-feCD150 cells that had been transfected with pCG-
rlucEGFPC. After incubation with inhibitors for 2 d, monolayers were assessed
for luciferase activity as described above for glycoprotein assays.

Sample Preparation, Polyacrylamide Gel Electrophoresis, and Western

Blotting. CRFK-feCD150 cells were transfected with pCG-FeMVUS5F, pCG-FeM-
VUS5FAU1, or pCG-FeMV

US5FPB-AU1 in the absence or presence of the pancysteine
protease inhibitor E64d. At 2 days posttransfection (d.p.t.), cell lysates were pre-
pared. Medium was removed, and the monolayers were rinsed twice with 1 mL
cold Dulbecco’s (D)-PBS. Cold 1× radioimmunoprecipitation assay (RIPA) buffer
(Boston Bioproducts; 200 μL) containing 1× HALTTM protease inhibitors (Thermo
Fisher Scientific) was added to the monolayers and incubated on ice for 15 min.
Monolayers were scraped into the buffer and transferred to cold 1.5-mL tubes.
Lysates were incubated on ice for 30 min with intermittent vortexing before
being centrifuged at 14,000 × g for 15 min at 4 °C to pellet nuclei. The cleared
supernatants were used to prepare samples for polyacrylamide gel electrophore-
sis (PAGE) by adding appropriate volumes of 4× NuPAGE LDS sample loading
buffer and ×10 NuPAGE reducing agent (both Thermo Fisher Scientific). PAGE
samples were heated to 70 °C for 10 min before separation of proteins on a
10% NuPAGE bis-tris(hydroxymethyl)aminomethane polyacrylamide gel using
the Xcell SureLock Mini-Cell system (Thermo Fisher Scientific) according to the
manufacturer’s instructions. An aliquot of SeeBlue Plus2 Protein Standard
(Thermo Fisher Scientific) was included on each gel to allow for estimation of
protein sizes. Proteins were transferred to nitrocellulose using an iBlot (standard
7 min at 20 V transfer protocol; Thermo Fisher Scientific) according to the manu-
facturer’s instructions. Blots were blocked for 1 h in Odyssey blocking buffer
(PBS; LI-COR). Blots were incubated with primary antibodies (rabbit anti-AU1,
1:1,000, Novus Biologicals and mouse anti–β-actin, 1:5,000, Abcam; diluted in
50:50 Odyssey blocking buffer: PBS containing 0.2% [vol/vol] Tween-20) over-
night at 4 °C.

Primary antibodies were removed, and blots were washed three times for
15 min with excess PBS. Blots were incubated with secondary antibodies (goat
anti-rabbit 680, 1:10,000 and goat anti-mouse 800, 1:10,000, both LI-COR; diluted
in 50:50 Odyssey blocking buffer: PBS containing 0.2% [vol/vol] Tween-20) with
rocking for 1 h at room temperature. Secondary antibodies were removed, and
blots were washed three times for 15 min with excess PBS before imaging using
an Odyssey CLx (LI-COR) according to the manufacturer’s instructions.

Minigenome Assays. HEp-2 cells were grown to 80% confluency in 24-well
trays, rinsed with Opti-MEM I (1 mL; Thermo Fisher Scientific), and infected with

MVA-T7 at an M.O.I. of one for 45 min. Lipofectamine 2000 (Thermo Fisher
Scientific) was diluted with Opti-MEM I according to the manufacturer’s instruc-
tions and incubated at room temperature for 10 min. A DNA mixture containing
pCG-FeMVUS5N, pCG-FeMVUS5P, and pCG-FeMVUS5L eukaryotic expression plas-
mids and either p(�)FeMVUS5Gluc or p(�)FeMVUS5Gluc + 3 was added, and
liposome–DNA complexes were formed by incubation for 20 min at room tem-
perature. The MVA-T7 inoculum was removed, and the complexes were spotted
onto the HEp-2 cell monolayers. Opti-MEM I (1 mL) was added to each well. After
18 h of incubation at 37 °C, the complexes were replaced with Opti-MEM I
(1 mL) containing 3% (vol/vol) fetal bovine serum (Thermo Fisher Scientific).
Supernatant samples were collected at 48 h.p.t. and were assayed by the addi-
tion of 100 ng native coelenterazine substrate (Nanolight Technologies) in
D-PBS (Thermo Fisher Scientific) followed immediately by light quantification
using a LUMIstar Omega luminometer (BMG Labtech). The resulting Gluc activity
is expressed as R.L.U.

FeMVUS5 Sequence Determination. A urine sample was collected by cysto-
centesis from a male neutered healthy pet domestic shorthair cat. All RNA extrac-
tion, cDNA synthesis, and PCR were performed in a clean room using dedicated
pipettes, kits, enzymes, primers, and plasticware. cDNA synthesis and PCRs were
set up using different pipettes. A reverse-transcriptase negative control was
included to demonstrate that amplicons were not attributable to contamination.
No tube that might contain an FeMV amplicon was ever opened in the clean
room. All DNA gel electrophoresis was performed in a separate laboratory on a
different floor.

Total RNA was extracted using a Viral RNA Minikit (Qiagen), and cDNA was
prepared using SuperScript III reverse transcriptase (Thermo Fisher Scientific)
priming with random hexamers. Screening (17) identified the sample as positive
for FeMV RNA. Primers (SI Appendix, Table S2) were used to generate additional
cDNAs from the extracted total RNA and generate PCR amplicons, which were
either purified using a QIAquick PCR purification kit (Qiagen) or gel extracted
and purified using a QIAquick gel extraction kit (Qiagen) before sequencing
(Genewiz) with the same primers used to amplify the target region. Initially, pri-
mers (SI Appendix, Table S2, Asia and 776U designations) were designed using
alignments of published FeMV sequences to identify highly conserved regions.
Once the FeMVUS5 sequence was available from these amplicons, FeMVUS5-spe-
cific primers (SI Appendix, Table S2, U122 and US5 designations) were designed
for cDNA synthesis, PCR, and sequencing. Rapid amplification of cDNA ends was
used to generate amplicons containing leader and trailer sequences as previ-
ously described (79); these were sequenced to determine the authentic genomic
termini of FeMVUS5. Sequences were aligned in DNAstar SeqMan Pro software
(Lasergene), and contigs were generated corresponding to the consensus
sequence. DNAstar SeqBuilder software (Lasergene) was used to assemble and
annotate the complete genome sequence. The complete FeMVUS5 sequence is
available with accession number MN604235.

Generation of Full-Length Clones and Recombinant Virus. Large ampli-
cons from the FeMVUS5 sequence determination were modified to incorporate
an A overhang using Taq DNA Polymerase (Thermo Fisher Scientific) and subcl-
oned using the TOPO TA Cloning Kit for Subcloning (Thermo Fisher Scientific).
Clones were sequenced (Genewiz) to identify those that matched the consensus
FeMVUS5 sequence. A cloning strategy was devised based on available cloned
DNA and unique restriction sites. A subclone was generated containing some
viral sequences and the restriction sites necessary for the cloning strategy in a
modified pBluescript vector (80). The full-length pFeMVUS5 plasmid was gener-
ated by stepwise modifications of this subclone by insertion of sequences from
the TOPO-cloned fragments using the appropriate subclone restriction sites.

To make pFeMVUS5Venus(3) and pFeMVUS5Venus(6), one of the TOPO-cloned
fragments used in the generation pFeMVUS5 was modified with synthetic DNA
(GeneArt Gene Synthesis) to insert an ATU encoding Venus fluorescent protein
between the P and M genes [pFeMVUS5Venus(3)] or H and L genes [pFeMVUS5-
Venus(6)]. Appropriate restriction sites were used to switch the modified TOPO-
cloned fragment containing the ATU into pFeMVUS5.

CRFK-feCD150 cells were infected with recombinant vaccinia virus MVA-T7 for
1 h at 37 °C. Inoculum was aspirated, and cells were transfected (Lipofectamine
2000; Life Technologies) with pCG-FeMVUS5N, pCG-FeMVUS5P, pCG-FeMVUS5L,
and pFeMVUS5Venus(6) or pFeMVUS5Venus(3). After 18 h, the transfection mix
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was removed and replaced with Eagle’s minimum essential medium (ATCC)
containing 10% (vol/vol) fetal bovine serum (Life Technologies). Cells were incu-
bated for 5 to 7 d at 37 °C with 5% (vol/vol) CO2. The presence of virus was
confirmed by the cytopathic effect observed by phase-contrast microscopy and
fluorescent microscopy. Virus stocks were prepared by trypsinizing cells in a
virus-positive well and expanding to a T75 flask; when the cytopathic effect was
maximal, monolayers were subjected to one freeze–thaw cycle, and debris was
removed by centrifugation at 3,000 rpm for 10 min at 4 °C. The cleared superna-
tant (virus stock) was aliquoted and titrated in CRFK-feCD150 cells; calculated
quantities, expressed in tissue culture infectious dose (TCID)50 units (81), were
used to calculate M.O.I.s for infections. Large volumes of virus stock were pre-
pared in the presence of ruxolitinib (Thermo Fisher Scientific; 0.5 to 2.0 μM/mL)
to enhance the virus production (82). The virus stock was then subjected to high-
speed centrifugation through 20% (wt/vol) sucrose (Sigma) to generate purified
virus stock for animal infections. Purified stocks were titrated as above.

Multistep Growth Analysis. CRFK-feCD150 cells in suspension were infected
with rFeMVUS5Venus(6) or rFeMVUS5Venus(3) in triplicate at an M.O.I. of 0.1 for
4 h at 37 °C. The cells were spun out of the inoculum at 700 × g for 5 min, the
pellet was resuspended, and the cell suspension was divided into aliquots in
36-mm-diameter wells (5 × 105 cells/well). At each indicated time point, the
cells and medium were combined into a tube and subjected to one freeze–thaw
cycle to release total virus. Virus present in the sample for each time point was
determined by end-point titration in CRFK-feCD150 cells, and quantities are
expressed in TCID50 units/mL (81).

Animal Study Design. Animal experiments were conducted in compliance
with all applicable US federal policies and regulations and Association for Assess-
ment and Accreditation of Laboratory Animal Care (AAALAC) International stand-
ards for the humane care and use of animals. Protocols were approved by the
Boston University Institutional Animal Care and Use Committee. Animals were
housed in groups, and cages contained appropriate sources of environmental
enrichment. Animals were observed several times per day, and all procedures
were performed under light anesthesia using ketamine, medetomidine, and
butorphanol followed by atipamezole reversal after handling. To determine the
peak of infection, three 16- to 17-wk-old male domestic shorthair cats were
infected with rFeMVUS5Venus(6) and rFeMVUS5Venus(3) (106 TCID50 each intra-
tracheal and 2 × 105 TCID50 each intranasal). Twenty days prior to infection, cats
were implanted (intraperitoneally) with data loggers programed to record core
temperature every 10 s. Surgery sites were examined frequently and were fully
healed prior to infection. Samples were collected from all living animals at vari-
ous time points. Small blood samples were collected 2, 4, 6, 8, 10, 12, 14, and
21 d.p.i. Urine samples were collected 6, 12, and 21 d.p.i., and throat and nose
swabs were collected 2, 6, 12, 17, and 21 d.p.i. Individual animals were eutha-
nized at 7, 14, and 28 d.p.i., and full necropsies were performed. To further
examine and confirm the peak of infection, three 16- to 17-wk-old male domes-
tic shorthair cats were infected with rFeMVUS5Venus(6) and rFeMVUS5Venus(3)
(106 TCID50 each intratracheal and 2 × 105 TCID50 each intranasal). Twenty days
prior to infection, cats were implanted (subcutaneously) with data loggers pro-
gramed to record temperature every 5 s. Small blood samples were collected 2,
5, 6, and 7 d.p.i. All animals were euthanized 7 d.p.i., and full necropsies
were performed.

Samples and Assays. Small blood samples were collected in Vacuette tubes
containing ethylenediaminetetraacetic acid (EDTA) as the anticoagulant. Before
further processing, 50 μL were analyzed on a VetScan HM5 (Abaxis) using cat-
specific parameters according to the manufacturer’s instructions. Red blood cells
(RBCs) were lysed in the remaining sample using ×1 multispecies RBC lysis
buffer (eBioscience), and the remaining WBCs were collected by centrifugation
(350 × g for 10 min), washed three times with D-PBS (Thermo Fisher Scientific),
and resuspended in an appropriate volume of D-PBS based on pellet size. The
WBCs were used directly for flow analysis using an LSRII flow cytometer (BD Bio-
sciences). Venus protein fluorescence was detected in cells by excitation of the
fluorophore with a Blue (488-nm) laser and detection using the Octagon detec-
tor array and fluorescein isothiocyanate parameter (using the 505 long pass mir-
ror and a 530/30 band pass filter). The WBCs were also used for virus isolations
by coculture with CRFK-feCD150 cells and screening for the development
of Venus fluorescent protein. Urine samples were collected by cystocentesis;

a 22- to 24-gauge (1- to 1.5-in) needle was used to enter the bladder percutane-
ously to withdraw a sample of up to 5 mL (maximum) of urine. Urine (1 mL) was
directly used to inoculate confluent monolayers of CRFK-feCD150 in six-well
trays. The inoculum was allowed to adsorb for 2 h at 37 °C before removal.
Monolayers were washed twice before the addition of 2 mL CRFK medium.
Monolayers were screened for the development of Venus fluorescent protein.
Nose and throat swabs were collected into 1 mL virus transport medium. The
medium was used directly for virus isolation by titration on CRFK-feCD150 cells
in 96-well trays and screening for the development of Venus fluorescent protein.

At necropsy, tissues were collected directly into formalin for fixation and sub-
sequent pathological processing and assessment. Lymph nodes were also
collected into D-PBS for subsequent preparation of single-cell suspensions. Fatty
tissue was removed from the lymph nodes, which were dissected into small
pieces and added to gentleMACS dissociation C tubes (Miltenyi Biotec) contain-
ing advanced Roswell Park Memorial Institute (RPMI) medium supplemented
with 10% (vol/vol) fetal bovine serum, 1% (vol/vol) Glutamax, and ×1
antibiotic–antimycotic (all Thermo Fisher Scientific). Samples were dissociated
using a gentleMACS Dissociator (Miltenyi Biotec) set to the m_spleen_C preset
parameter and transferred through 100-μm Falcon Cell Strainers into 50-mL cen-
trifuge tubes (Thermo Fisher Scientific). The dissociated cells were collected by
centrifugation (350 × g for 10 min), washed once with D-PBS (Thermo Fisher
Scientific), and resuspended in an appropriate volume of D-PBS based on pellet
size. The dissociated cells were used directly for flow analysis as above for
WBCs. BAL samples were collected by insertion of an appropriately sized naso-
gastric tube into a primary mainstem bronchus and instillation of 10 to 15 mL
of sterile saline using an attached syringe followed by rapid retraction of as
much saline as possible. BAL cells were collected by centrifugation (350 × g for
10 min), washed once with D-PBS (Thermo Fisher Scientific), and resuspended
in an appropriate volume of D-PBS based on pellet size. The cells were used
directly for flow analysis and virus isolation as above for WBCs.

Macroscopic Detection of Venus Fluorescence. To examine fluorescence in
the body cavity, the area was illuminated with a custom-made lamp containing
six light emitting diodes (LEDs) with peak emission of 490 to 495 nm and
viewed through amber glasses, which transmitted green light. Images were
acquired using an iPhone 8 (Apple) and amber filter.

Chromogenic IHC. Tissues were stained immunohistochemically to detect the
presence of Venus protein (surrogate of viral infection) in affected tissues. IHC
was performed by an automated Ventana BenchMark ULTRA platform; 5-μm sec-
tions were deparaffinized in a xylene bath and rehydrated through graded etha-
nol solutions. Antigen retrieval was completed for 36 min at 95 °C using ULTRA
CC1 (Roche); 100 μL of rabbit polyclonal anti-green fluorescent protein diluted
at 1:400 (A11122; Invitrogen) was incubated on each slide at 37 °C for 32 min.
Venus is a red-shifted variant of GFP, with only nine amino acid changes to that
of GFP; furthermore, GFP antibodies are pan-GFP variant. One hundred microli-
ters UV Red UNIV MULT (Roche) was dispensed onto each slide and incubated
for 12 min at 36 °C. One hundred microliters of UV Red Enhancer (Roche) was
dispensed onto each slide and incubated for 4 min at 36 °C. One hundred
microliters each of UV Fast Red A and UV Red Naphthol (Roche) were dispensed
onto each slide and incubated for 8 min at 36 °C. One hundred microliters of UF
Fast Red B (Roche) was dispensed onto each slide and incubated for 8 min at
36 °C. One hundred microliters Hematoxylin II (Roche) was dispensed onto each
slide and incubated for 8 min. One hundred microliters Bluing Reagent (Roche)
was dispensed onto each slide and incubated for 8 min. All washes in between
steps were completed with ready to use reaction buffer (Roche). Slides were
removed from the autostainer, rinsed with water and Dawn dishwashing deter-
gent, and dehydrated through graded alcohols and xylene. Slides were cover-
slipped using an automated coverslipper and coverslipping film. A lung section
from a cat determined to no longer have systemic infection was used simulta-
neously as a negative control for EGFP.

Chromogenic In Situ Hybridization. In situ hybridization (ISH) targeting viral
Venus messenger (m) RNA was performed on FFPE tissues using the RNAscope
2.5 high-definition RED kit (Advanced Cell Diagnostics) according to the manu-
facturer’s instructions. Briefly, 14 probe pairs targeting the Venus gene were
designed and synthesized by Advanced Cell Diagnostics (493891; Advanced Cell
Diagnostics). After deparaffinization with xylene, a series of ethanol washes, and
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peroxidase blocking, sections were heated in Antigen Retrieval Buffer (Advanced
Cell Diagnostics) and then digested by proteinase plus (Advanced Cell Diagnos-
tics). Sections were exposed to ISH target probe and incubated at 40 °C in a
hybridization oven (HybEZ; Advanced Cell Diagnostics) for 2 h. After rinsing, the
ISH signal was amplified using company-provided preamplifier and amplifier
conjugated to alkaline phosphatase and incubated with a red substrate–
chromogen solution for 10 min at room temperature. An F. catus–specific probe
targeting the PPIB gene (455011; Advanced Cell Diagnostics) and a Bacillus sub-
tilis probe targeting the DApB gene (310043; Advanced Cell Diagnostics) were
utilized as positive and negative controls, respectively. Sections were then coun-
terstained with hematoxylin, air dried, and coverslipped.

Multiplex fluorescent IHC. Tissue sections (5-μm) were baked at 60 °C for an
hour and deparaffinized with xylene and a graded series of ethanol. Antigen
retrieval was conducted using a Decloacking chamber (Biocare Medical) at 90 °C
for 15 min in AR6 buffer (Akoya Biosciences). Multiplex fluorescent immunos-
taining was conducted following the Opal four-color user manual (Akoya
Biosciences), including a nuclear 40,6-diamidino-2-phenylindole (DAPI) counter-
stain. A tracheobronchial lymph node from a cat determined to no longer have
systemic infection was used simultaneously as a negative control for GFP and a
positive control for myeloid/histiocytic antigen and CD20. Whole-slide images
were acquired using a Zeiss Axio Scan Z.1 whole-slide scanner at 200×
equipped with a Colibri 7 LED light source and 16-bit Orcha Flash 4.0 mono-
chrome camera. Immunohistochemical and acquisition parameters are outlined
in SI Appendix, Table S3.

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix.
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