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ABSTRACT

Nipah virus (NiV) is a highly lethal paramyxovirus that recently emerged as a causative agent of febrile encephalitis and severe
respiratory disease in humans. The ferret model has emerged as the preferred small-animal model with which to study NiV dis-
ease, but much is still unknown about the viral determinants of NiV pathogenesis, including the contribution of the C protein in
ferrets. Additionally, studies have yet to examine the synergistic effects of the various P gene products on pathogenesis in animal
models. Using recombinant NiVs (rNiVs), we examine the sole contribution of the NiV C protein and the combined contribu-
tions of the C and W proteins in the ferret model of NiV pathogenesis. We show that an rNiV void of C expression resulted in
100% mortality, though with limited respiratory disease, like our previously reported rNiV void of W expression; this finding is
in stark contrast to the attenuated phenotype observed in previous hamster studies utilizing rNiVs void of C expression. We also
observed that an rNiV void of both C and W expression resulted in limited respiratory disease; however, there was severe neuro-
logical disease leading to 60% mortality, and the surviving ferrets demonstrated sequelae similar to those for human survivors of
NiV encephalitis.

IMPORTANCE

Nipah virus (NiV) is a human pathogen capable of causing lethal respiratory and neurological disease. Many human survivors
have long-lasting neurological impairment. Using a ferret model, this study demonstrated the roles of the NiV C and W proteins
in pathogenesis, where lack of either the C or the W protein independently decreased the severity of clinical respiratory disease
but did not decrease lethality. Abolishing both C and W expression, however, dramatically decreased the severity of respiratory
disease and the level of destruction of splenic germinal centers. These ferrets still suffered severe neurological disease: 60% suc-
cumbed to disease, and the survivors experienced long-term neurological impairment, such as that seen in human survivors.
This new ferret NiV C and W knockout model may allow, for the first time, the examination of interventions to prevent or miti-
gate the neurological damage and sequelae experienced by human survivors.

Nipah virus (NiV), a lethal human pathogen, recently emerged
in Southeast Asia. NiV belongs to the family Paramyxoviridae

and causes acute respiratory disease and/or severe encephalitis
with systemic vasculitis (1, 2). Outbreak case fatality rates can
reach 92% (3, 4), and many of the surviving patients experience
long-term neurological sequelae (5). A single NiV outbreak oc-
curred in Malaysia and Singapore in 1998 to 1999 (6), whereas
outbreaks occur almost annually in Bangladesh and northeastern
India (7–12); an outbreak also occurred in the Philippines in 2014
(13). Little is known about NiV pathogenesis (14, 15), and the
viral determinants that contribute to the pulmonary and enceph-
alitic components of NiV-mediated disease have not yet been
identified; however, we recently reported on the contributions of
the V and W proteins in the ferret model of NiV disease (16).

Pteropus bats are the reservoir for NiV (17), with spillover into
humans, pigs, dogs, cats, and other species (13, 18–20). Developed
experimental animal models for NiV infection exist; the most
commonly used animals include hamsters (21), ferrets (22), and
African green monkeys (AGMs) (23). Due to size, cost, and ethical
considerations, greater numbers of hamsters than of ferrets or
AGMs can be employed in experiments. However, hamsters
model NiV-mediated disease only in a dose-dependent manner;
they develop meningoencephalitis (with a low dose) or respiratory
disease (with a high dose) (24). The recently developed ferret

model of NiV infection models all major aspects of NiV-mediated
disease in humans regardless of the dose (2), including both respi-
ratory disease and complex neurological disease, as well as sys-
temic vasculitis (22, 25). Indeed, the ferret model has already
proven very useful in deciphering the determinants of NiV patho-
genesis (16).

The NiV P gene encodes four proteins; P, C, W, and V (26). The
C protein utilizes alternative start codons shortly after the P start
codon; the C open reading frame (ORF) is out of frame with P, and
therefore, the C protein shares no homology with P (26). The V
and W proteins are produced through mRNA editing by the viral
polymerase (27, 28), resulting in P, W, and V proteins that share
an N-terminal domain but contain unique C-terminal domains.
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The C, W, and V proteins are not known to interact with each
other or with other NiV proteins, and they are not required for in
vitro growth of NiV (29). The W protein localizes to the nucleus, at
least in some cell types, whereas the C, V, and P proteins localize to
the cytoplasm (30, 31).

Although the NiV V and W proteins have previously described
roles in directly inhibiting type I interferon (IFN) induction and
signaling (30, 32–37), the contribution of the NiV C protein has
not been well defined. The NiV C protein appears to decrease viral
RNA synthesis (26, 38, 39), thus indirectly inhibiting type I IFN
induction. A recent report suggests that the C proteins of several
paramyxoviruses, including NiV, inhibit the Toll-like receptor 7/9
(TLR7/9)-dependent induction of IFN-� by binding to inhibitor
of �B kinase � (IKK�), thus inhibiting the phosphorylation of IFN
regulatory factor 7 (IRF7) (40).

To investigate the role of the C protein in NiV infection, re-
combinant NiV (rNiV) mutants that do not express the C protein
(Cko) have been examined in vitro (29, 39, 41, 42) and in the
hamster model (29, 41). The in vivo studies with hamsters yielded
differing results: the first study showed that an rNiV-Cko mutant
was completely attenuated in hamsters, with 100% survival after
challenge (29), while the second study, using similar rNiV-Cko

mutants, demonstrated only partial attenuation, with 16.7% to
66.7% survival depending on the challenge dose (41).

To better understand the contribution of the NiV C protein
to pathogenesis, we utilized reverse genetics to produce rNiV-
Malaysia (rNiVM) mutants containing either a Cko mutation alone
or both the Cko and Wko mutations. These rNiVM mutants were
characterized in vitro, followed by studies in the ferret model. In
contrast to the findings of studies with hamsters, our results sug-
gest that the C protein plays only a minor role in the respiratory
component of disease and no role in the neurological component
of NiV disease in the ferret model, which is similar to the previ-
ously reported role of the W protein (16). We also determined that
the C and W proteins have either the same or complementary
targets, since rNiVM-CkoWko-infected ferrets had very little respi-
ratory disease but still developed severe neurological disease with
60% mortality. Intriguingly, the surviving ferrets demonstrated
sequelae similar to those for human survivors of NiV encephalitis.

MATERIALS AND METHODS
Cell lines. BSR-T7/5 cells, a BHK-21 cell line stably expressing T7 RNA
polymerase (43), were maintained in Dulbecco’s modified Eagle medium
(DMEM; Gibco, Carlsbad, CA) supplemented with 10% fetal bovine se-
rum (FBS; Gibco), 100 U/ml penicillin, 100 g/ml streptomycin, and 0.5
mg/ml Geneticin (Gibco). Vero 76 cells (ATCC CRL-1587) were main-
tained in Eagle’s minimum essential medium (EMEM) supplemented
with 10% FBS, 100 U/ml penicillin (Gibco), and 100 g/ml streptomycin
(Gibco). HEK 293T/17 cells (ATCC CRL-11268) and MFP cells (ATCC
CRL-1656) were maintained in DMEM supplemented with 10% FBS, 100
U/ml penicillin, and 100 g/ml streptomycin.

Primary cells. Human pulmonary microvascular endothelial cells
(HPMECs; Lonza, Basel, Switzerland) were maintained in endothelial
basal medium (EBM-2 MV; Lonza) supplemented with 5% FBS and pro-
prietary concentrations of human epidermal growth factor, fibroblast
growth factor, vascular endothelial growth factor, insulin-like growth fac-
tor, hydrocortisone, and gentamicin, all provided by Lonza. The medium
was changed every 2 to 3 days, and cells were used up to passage 7.

Plasmid construction and generation of recombinant NiVs. The
NiV genomic sequence used to construct the rNiVs in this study was
UMMC1 (GenBank accession no. AY029767), an isolate cultured from
the cerebrospinal fluid of an encephalitic human patient in the initial

outbreak in Malaysia. This NiVM genome was assembled into three seg-
ments, A (nucleotides [nt] 1 to 6780), B (nt 6780 to 10404), and C (nt
10404 to 18246), as described previously (42). These fragments could then
be mutated, followed by assembly into full-length cDNA clones in
pSL1180 cloning vectors containing T7 promoter and terminator se-
quences and a hepatitis delta virus ribozyme sequence. Three NiVM full-
length cDNA clones (pFL-NiVM-Cko, pFL-NiVM-CkoWko, and pFL-
NiVM-CkoVko) were constructed. An A segment containing the Cko

mutations (T2429C, T2432C, and C2438A), which disrupt both possible
start codons for the C open reading frame and introduce an early stop
codon, was produced previously (42). Site-directed mutagenesis was per-
formed by Mutagenex Inc. (Piscataway, NJ) to introduce the Wko

(C3628T) or Vko (A3629T) mutation into an A segment containing the
Cko mutations (see Fig. 1B); the Wko or Vko mutation introduced a stop
codon shortly after the editing site in the W or V open reading frame,
respectively, as described previously (16).

The pTM1-HA NiVM P helper plasmid was constructed as described
previously (42); the P gene was tagged with hemagglutinin (HA) at the
amino terminus and was subcloned into the pTM1 expression plasmid.
The pTM1.W-NiVM N and pTM1.W-NiVM L helper plasmids were con-
structed previously (16) by amplifying the sequences for the N and L genes
from the A and C segments, respectively, by PCR and were cloned into a
pTM1.W expression vector.

rNiVM mutants were generated as described previously (16). Briefly,
BSR-T7/5 cells were seeded in 6-well plates and were cotransfected with
3.5 �g of an NiVM full-length cDNA clone, 0.2 �g of pTM1-HA NiVM P,
0.75 �g of pTM1.W-NiVM N, and 0.4 �g of pTM1.W-NiVM L per well in
Opti-MEM (Gibco) with Lipofectamine 2000 (Life Technologies) accord-
ing to the manufacturer’s protocol. At 72 h posttransfection, the medium
and cells were collected and were passaged onto Vero cells. Cytopathic
effect (CPE) was typically observed beginning between days 4 and 8
postinfection (p.i.). The medium was then collected and was passed on
Vero cells for plaque purification of the virus. A small quantity (passage 1
[P1]) of the plaque-purified virus was then grown in Vero cells, followed
by a larger quantity (P2) in Vero cells infected at a multiplicity of infection
(MOI) of 0.01. At 48 h p.i., the virus-containing medium was harvested,
clarified by low-speed centrifugation, aliquoted, and stored at �80°C. The
presence of the mutations introduced was confirmed by sequencing of
reverse transcription-PCR fragments amplified from virus RNA isolated
from virus stocks with TRIzol LS reagent (Ambion, Carlsbad, CA). Virus
titers were determined by standard plaque assays using 5% neutral red. All
experiments using full-length clones or infectious rNiVM were performed
using approved protocols in biosafety level 4 (BSL-4) containment at the
Galveston National Laboratory (GNL) in Galveston, TX.

Western blot analysis. Western blot analysis was performed using
polyclonal rabbit antisera against the unique C-terminal domains of the
NiV P, W, and V proteins and against the NiV C protein. The antisera were
produced by GenScript (Piscataway, NJ) as described previously (16).
Briefly, 1.2 � 106 Vero cells/well were seeded in a 6-well plate and were
infected with either wild-type rNiVM (rNiVM-wt), rNiVM-Cko, rNiVM-
CkoWko, or rNiVM-CkoVko at an MOI of 0.01. The cells were harvested at
40 h p.i. in 1 ml of 2� Laemmli sample buffer (Bio-Rad, Hercules, CA)
then heated to 95°C for 20 min. Samples were then run on a denaturing 8
to 16% SDS-PAGE gel (Bio-Rad). The proteins were transferred from the
gel to polyvinylidene difluoride (PVDF) membranes and were blocked in
TTBS (100 mM Tris-HCl [pH 7.5], 0.9% NaCl, 0.1% Tween 20) with 5%
skim milk. PVDF membranes were incubated with polyclonal rabbit an-
tisera against NiV P, W, V, and C diluted in TTBS with 5% milk (dilutions,
1:5,000 for P and 1:500 for V, W, or C) for 1 h at room temperature and
were washed 4 times in TTBS. The membranes were then incubated with
anti-rabbit IgG conjugated to horseradish peroxidase (HRP) (dilution,
1:5,000; Thermo Scientific, Waltham, MA) for 1 h at room temperature,
washed 4 times in TTBS, incubated with ECL reagent (Promega) for 5
min, and imaged with a VersaDoc system (Bio-Rad).
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Virus growth kinetics. Overall, 1.2 � 106 Vero, 293T, or MPF cells per
well were seeded in 6-well plates and were incubated at 37°C for 12 h with
either regular medium or a medium containing 1,000 U/ml of Universal
IFN-� (PBL Assay Science, Piscataway, NJ). The cells were then infected at
an MOI of 0.01 with either rNiVM-wt, rNiVM-Wko, rNiVM-Vko, rNiVM-
Cko, rNiVM-CkoWko, or rNiVM-CkoVko for 1 h, followed by the removal of
the inoculum, 4 washes with PBS, and the addition of fresh medium.
Supernatants were collected at 1, 6, 12, 24, 36, 48, and 72 h p.i., clarified by
centrifugation, aliquoted, and stored at �80°C. All infections were per-
formed in duplicate. The titers of samples were then determined on Vero
cells using standard plaque assays. The limit of detection was 25 PFU/ml.

Similarly, 2.5 � 105 HPMECs per well were seeded in 24-well plates
and were allowed to polarize for 48 h at 37°C, followed by incubation
at 37°C for 12 h with either regular medium or a medium containing
1,000 U/ml of Universal IFN-� (PBL). The cells were then infected at
an MOI of 0.01 with either rNiVM-wt, rNiVM-Cko, rNiVM-CkoWko, or
rNiVM-CkoVko for 1 h, followed by removal of the inoculum, 4 washes,
and the addition of fresh medium. Supernatants were collected at 1, 24,
48, and 72 h p.i., clarified by centrifugation, aliquoted, and stored at
�80°C. Additional aliquots were stored for use in chemokine/cytokine
analysis, described below. All infections were performed in duplicate. The
titers of samples were then determined on Vero cells using standard
plaque assays. The limit of detection was 25 PFU/ml.

Chemokine/cytokine analysis. HPMECs were infected, and superna-
tants aliquoted and stored, as described above. Levels of 6Ckine/CCL21, B
cell-attracting chemokine 1 (BCA-1)/CXCL13, cutaneous T cell-attract-
ing chemokine (CTACK)/CCL27, ENA-78/CXCL5, eotaxin/CCL11, eo-
taxin-2/CCL24, eotaxin-3/CCL26, fractalkine/CX3CL1, GCP-2/CXCL6,
granulocyte-macrophage colony-stimulating factor (GM-CSF), Gro-�/
CXCL1, Gro-�/CXCL2, I-309/CCL1, IFN-�, interleukin 1� (IL-1�), IL-2,
IL-4, IL-6, IL-8/CXCL8, IL-10, IL-16, IFN-inducible protein 10 (IP-10)/
CXCL10, IFN-inducible T cell alpha chemoattractant (I-TAC)/CXCL11,
monocyte chemoattractant protein 1 (MCP-1)/CCL2, MCP-2/CCL8,
MCP-3/CCL7, MCP-4/CCL13, macrophage-derived chemokine (MDC)/
CCL22, macrophage migration inhibitory factor (MIF), monokine in-
duced by IFN-� (MIG)/CXCL9, macrophage inflammatory protein 1�
(MIP-1�)/CCL3, MIP-1	/CCL15, MIP-3�/CCL20, MIP-3�/CCL19, my-
eloid progenitor inhibitory factor 1 (MPIF-1)/CCL23, SCYB16/CXCL16,
stromal cell-derived factor 1� and 1� (SDF-1�
�)/CXCL12, thymus-
and activation-regulated chemokine (TARC)/CCL17, thymus-expressed
chemokine (TECK)/CCL25, and tumor necrosis factor alpha (TNF-�) in
supernatants from infected HPMECs were quantified. Briefly, gamma-
irradiated supernatants were diluted 1:4, and 50 �l of each sample was
quantified using a Bio-Plex Pro human chemokine 40-plex panel
(Bio-Rad) according to the manufacturer’s instructions. Infections and
supernatant sample collection were performed in duplicate, and each
sample was quantified in duplicate. Samples were assayed across at least a
100-bead region. Assays were performed on the Bio-Plex 200 machine,
and the results were analyzed using Bio-Plex Manager software (ver-
sion 6.1; Bio-Rad).

Levels of IFN-� or IFN-� were quantified using 25 �l of undiluted
supernatant in a Human IFN-� (multisubtype) or Human IFN-� en-
zyme-linked immunosorbent assay (ELISA) kit, respectively (Thermo
Scientific), according to the manufacturer’s instructions. All samples were
read for dilution endpoints at 405 nm on a Molecular Devices (Sunnyvale,
CA) EMax microplate reader.

Statistics. Conducting animal studies in BSL-4 containment severely
restricts the number of animal subjects, the volume of biological samples
that can be obtained, and the ability to repeat assays independently, thus
limiting statistical analysis. Consequently, data are presented as means
calculated from replicate samples, not replicate assays, and error bars
represent the standard deviations across replicates.

Prism 5 software was used to calculate statistical significance through-
out this study using the log rank (Mantel-Cox) test for Kaplan-Meier
survival curves and analysis of variance (ANOVA) with Dunnett’s multi-

ple-comparison test for viral growth kinetics and chemokine/cytokine
analysis.

Animals. Animal studies were performed in BSL-4 biocontainment at
the GNL at the University of Texas Medical Branch (UTMB) in Galveston,
TX, and were approved by the UTMB Institutional Animal Care and Use
Committee (IACUC). Animal research was conducted in compliance
with the Animal Welfare Act and other Federal statutes and regulations
relating to animals and experiments involving animals. The research ad-
hered to the principles stated in the 8th edition of the Guide for the Care
and Use of Laboratory Animals, National Research Council, 2011 (44). The
facility where this research was conducted is fully accredited by the Asso-
ciation for Assessment and Accreditation of Laboratory Animal Care In-
ternational.

Fifteen female 6- to 8-month-old ferrets (Mustela putorius furo)
weighing 0.75 to 1.0 kg were housed in groups of 2 or 3 animals per virus
cohort. Before infection, subjects were anesthetized with 5% isoflurane
and had transponder chips (Bio Medic Data Systems, Seaford, DE) im-
planted subcutaneously for animal identification and temperature mon-
itoring. For the challenge and procedures, animals were anesthetized with
a ketamine-acepromazine-xylazine (KAX) cocktail and were inoculated
intranasally (i.n.) with �5,000 PFU of rNiVM-wt, rNiVM-Cko, or rNiVM-
CkoWko in 0.5 ml of 10% FBS–Hanks’ balanced salt solution (HBSS;
Gibco). Animals were anesthetized for clinical examination, respiration
quality assessment, and blood collection on days 0, 3, 6, 15, and 35 p.i.
or at the terminal endpoint. After challenge, animals were assessed
daily for weight and temperature and were scored on a scale of 0 to 12
for clinical observations based on coat appearance, social behavior,
and provoked behavior; animals scoring 9 or higher were euthanized
per IACUC protocol.

rNiVM serum neutralization assays. Fifty percent neutralization ti-
ters (PRNT50s) were determined using a conventional serum neutraliza-
tion assay. Briefly, sera were serially diluted 2-fold and were incubated
with �100 PFU of rNiVM-wt for 1 h at 37°C. Virus and antibodies were
then added to individual wells of 6-well plates of confluent Vero cell
monolayers in duplicate. Plates were stained with neutral red 2 days after
infection, and plaques were counted 24 h after staining. The PRNT50 was
determined as the serum dilution at which there was a 50% reduction in
plaque counts from that in control wells.

Collection and processing of specimens from rNiVM-infected fer-
rets. Blood was collected and was placed in MiniCollect EDTA tubes or
serum tubes (Greiner Bio-One, Monroe, NC). Immediately following
sampling, 100 �l of blood was added to 600 �l of AVL viral lysis buffer
with carrier RNA (Qiagen) for RNA extraction. For tissue sample process-
ing, approximately 100 mg of tissue was stored in 1 ml RNAlater (Qiagen)
for 96 h to stabilize RNA. RNAlater was completely removed, and tissues
were homogenized in 600 �l RLT buffer (Qiagen) in a 2-ml cryovial using
a tissue lyser (Qiagen) and 1.4-mm ceramic beads (Precellys; Bertin Corp.,
Saint-Quentin-en-Yvelines Cedex, France). The tissues sampled included
the right lung (upper, middle, and lower lobes), left lung (upper, middle,
and lower lobes), liver, spleen, kidney, adrenal gland, pancreas, and brain
(frontal cortex). All blood samples were inactivated in AVL viral lysis
buffer with carrier RNA, and tissue samples were homogenized and inac-
tivated in RLT buffer prior to removal from the BSL-4 laboratory. Subse-
quently, RNA was isolated from blood and swabs using the QIAamp viral
RNA kit (Qiagen), and from tissues using the RNeasy minikit (Qiagen),
according to the manufacturer’s instructions supplied with each kit.

Hematology and serum biochemistry. Blood was collected on days 0,
3, 6, 15, and 35 p.i. or at the terminal endpoint for all animals. Total white
blood cell counts, white blood cell differentials, red blood cell counts,
platelet counts, hematocrit values, total hemoglobin concentrations,
mean cell volumes, mean corpuscular volumes, and mean corpuscular
hemoglobin concentrations were analyzed for blood collected in Mini-
Collect EDTA tubes (Greiner Bio-One) using a Hemavet HV950FS in-
strument according to the manufacturer’s instructions (Drew Scientific,
Oxford, CT). Serum was centrifuged at 2,000 rpm for 10 min, and blood
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chemistry was analyzed using a VetScan classic analyzer and comprehen-
sive diagnostic profile rotors measuring albumin (ALB), amylase, alanine
aminotransferase (ALT), alkaline phosphatase (ALP), calcium, glucose,
total protein, total bilirubin (TBIL), blood urea nitrogen (BUN), creati-
nine (CRE), phosphorus, sodium, and total protein (Abaxis, Union City,
CA). All blood and serum samples were processed and analyzed immedi-
ately after collection.

Histopathology and IHC. Necropsies were performed on all subjects.
Tissue samples of all major organs were collected for histopathologic and
immunohistochemical (IHC) examination and were immersion-fixed in
10% neutral buffered formalin for at least 21 days in BSL-4 containment.
Subsequently, formalin was changed; specimens were removed from
BSL-4 containment, processed in BSL-2 containment by conventional
methods, embedded in paraffin, and sectioned at a thickness of 5 �m as
described previously (25). Briefly, for IHC, specific anti-NiV immunore-
activity was detected using a rabbit primary antibody against NiV N pro-
tein (kindly provided by Christopher Broder) at a 1:5,000 dilution for 30
min. The tissue sections were processed for immunohistochemistry using
the Dako Autostainer (Dako, Carpinteria, CA). The secondary antibody
used was biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlin-
game, CA) at 1:200 for 30 min, followed by Dako LSAB2 (labeled strepta-
vidin-biotin 2) conjugated to HRP for 15 min. Slides were developed with
Dako DAB (diaminobenzidine) chromogen for 5 min and were counter-
stained with hematoxylin for 1 min. Nonimmune rabbit IgG was used as
a negative staining control.

Detection of rNiVM loads. RNA was isolated from blood or tissues
and was analyzed by quantitative real-time PCR (qRT-PCR) using prim-
ers and a probe targeting the N gene and the intergenic region between N
and P of NiV. The probe used here was 6-carboxyfluorescein (6FAM)–5=
CGT CAC ACA TCA GCT CTG ACG A 3=– 6-carboxytetramethylrhod-
amine (TAMRA) (Life Technologies, Carlsbad, CA). This strategy using
the intergenic region allows for genome and antigenome detection only,
without detection of contaminating viral mRNA. rNiVM RNA was de-
tected using the CFX96 detection system (Bio-Rad) in One-Step probe
qRT-PCR kits (Qiagen) with the following cycle conditions: 50°C for 10
min, 95°C for 10 s, and 40 cycles of 95°C for 10 s and 59°C for 30 s.
Threshold cycle (CT) values representing rNiV genomes were analyzed
with CFX Manager software, and data are expressed as genome equiva-
lents (GEq). To create the GEq standard, RNA was extracted from NiV
challenge stocks and was quantified using a NanoDrop 2000 system
(Thermo Scientific), and the number of NiV genomes was calculated us-
ing Avogadro’s number and the molecular weight of the NiV genome.
Virus titration was performed by plaque assays with Vero cells from all
blood and tissue samples. Briefly, increasing 10-fold dilutions of the sam-
ples were adsorbed to Vero cell monolayers in duplicate wells (200 �l); the
limit of detection was 25 PFU/ml.

RESULTS
rNiVM recovery and in vitro characterization. rNiVM-wt,
rNiVM-Wko, and rNiVM-Vko were recovered previously through
reverse genetics (16), while rNiVM-Cko, rNiVM-CkoWko, and
rNiVM-CkoVko mutants were successfully recovered in the present
study using the same methods (Fig. 1A, B, and C). Western blot
analysis of infected Vero cell lysates demonstrated that the C pro-
tein was not expressed by rNiVM-Cko; neither the C nor the W
protein was expressed by rNiVM-CkoWko; and neither the C nor
the V protein was expressed by rNiVM-CkoVko (Fig. 1D).

Multicycle growth kinetics were determined for each rNiVM

mutant in Vero cells (Fig. 2A) and HEK 293T cells (Fig. 2B). The
growth curves and peak titers were similar for the rNiVM-Cko,
rNiVM-CkoWko, and rNiVM-CkoVko mutants, although rNiVM-
CkoWko and rNiVM-CkoVko grew to slightly lower titers than
rNiVM-Cko early in the time course. All mutants grew to signifi-
cantly lower titers (1.0 to 1.5 log units) than rNiVM-wt. This find-

ing is similar to results reported previously for other rNiVM mu-
tants lacking C expression (29, 39, 41, 42). To investigate whether
the C and W proteins were important for overcoming the innate
immune response, multicycle growth kinetics were assessed in
Vero (Fig. 2A) and HEK 293T (Fig. 2B) cells that had been stim-
ulated with 1,000 U/ml of Universal IFN-� for 12 h prior to infec-
tion. The rNiVM-Cko and rNiVM-CkoWko mutants grew to similar
titers, which were lower than those of rNiVM-wt; all three mutants
grew to titers moderately lower (0.25 to 0.75 log unit) than those
in cells that had not been pretreated with IFN-�. rNiVM-CkoVko

grew to lower titers than rNiVM-Cko, as observed previously for
rNiVM-Vko compared to rNiVM-wt (16). To determine if a lack of
C expression led to lower titers in ferret cells, multicycle growth
kinetics were also determined for each rNiVM mutant, including
rNiVM-Wko and rNiVM-Vko, in MPF cells (Fig. 2C), and lack of C
expression did lead to lower titers, although not as drastically as in
Vero and 293T cells until 72 h p.i.

rNiVM-infected primary human microvascular endothelial
cells. Endothelial cells in the lung are thought to be early targets
for NiV infection (2); therefore, primary human lung microvas-
cular endothelial cells were infected with the rNiVM mutants at a
low MOI of 0.01 in order to determine the multicycle growth
kinetics. No virus was detectable in supernatants from infected
human pulmonary microvascular endothelial cells (HPMECs)
with any mutant lacking C expression, a finding similar to those at
most time points for the previously reported rNiVM-Vko mutant
(16) either treated with 1,000 U/ml of Universal IFN-� prior to
infection or not pretreated.

To examine the chemokine/cytokine response after initial tar-
get cell infection, supernatants from infected HPMECs were used
to quantify the levels of 42 chemokines/cytokines by a Bio-Plex
assay or ELISA. Overall, four chemokines in supernatants from
mutant-infected cells exhibited levels elevated over the baseline
and above those in supernatants from rNiVM-wt-infected cells
(Fig. 3). These four chemokines, macrophage migration inhibi-
tory factor (MIF), macrophage-derived chemokine (MDC), my-
eloid progenitor inhibitory factor 1 (MPIF-1), and stromal cell-
derived factor 1 (SDF-1), are noted for their roles in recruiting
macrophages, monocytes, dendritic cells, natural killer cells,
and/or lymphocytes through chemotactic mechanisms (45).

Clinical disease in ferrets infected with the Cko or CkoWko

mutant. Three cohorts of 5 ferrets each were challenged intrana-
sally (i.n.) with �5,000 PFU of rNiVM-wt, rNiVM-Cko, or rNiVM-
CkoWko. After the challenge, animal weight, temperature, and
clinical score were assessed daily, with blood drawn on days 3, 6,
10, and 15 and on terminal days (Fig. 4A).

All animals in the rNiVM-wt cohort succumbed to rNiVM-me-
diated disease on days 7 to 8 p.i. (Fig. 4B, blue) with fever, severe
respiratory disease, and mild to moderate neurological signs (Ta-
ble 1). Similarly, all animals in the rNiVM-Cko cohort succumbed
to disease at different points on day 8 p.i. (Fig. 4B, orange) with
fever, mild respiratory disease, and moderate neurological signs
(Table 1). All animals in the rNiVM-CkoWko cohort developed
fever, mild respiratory signs that resolved after a few days, and
neurological signs. In three of these animals (rNiVM-CkoWko-1,
-2, and -3), the neurological signs were very severe, including
ataxia, myoclonus, seizures, and paralysis that progressed in a
consistent manner. The other two animals in the rNiVM-CkoWko

cohort (rNiVM-CkoWko-4 and -5) also developed motor deficits,
including ataxia, myoclonus, and tremors, but did not suffer sei-
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zures or paralysis. Over the remainder of the study, the presence of
these neurological signs undulated, with periods when the ferrets
showed no motor deficits, gained weight, and had minimal clini-
cal scores, followed by periods of renewed neurological signs,
weight loss, higher clinical scores, and recurrent fever (Fig. 4C,
purple; Table 1). These two animals both survived to day 35 of the
study, although they still had neurological sequelae, including ap-
parent visual deficits, aggressive behavioral change in one animal

(rNiVM-CkoWko-4), and undulating periods of clinical signs.
Clinical signs observed in animals from all cohorts included de-
pression, lethargy, ocular and nasal discharge, sneezing, rales,
ataxia, tremors, and myoclonus (Table 1).

Clinical biochemistry and hematological analyses were per-
formed on all blood samples. As the disease progressed, the find-
ings for animals from all cohorts included thrombocytopenia,
lymphopenia, hypoalbuminemia, �3-fold increases in blood urea

FIG 1 rNiVM genome design. (A) (Top) Schematic of the rNiVM genome showing the location of each gene (N, P, M, F, G, and L). Open segments represent open
reading frames, and shaded segments represent noncoding regions of the genome. (Bottom) Schematic of the P gene showing the location of the alternative start
site for the C protein ORF and the location of the mRNA editing site, which allows for the production of the V and W proteins, as well as the P protein, from the
P gene. (B) The start site and ORF for the C protein are shown in relation to the P/V/W start site and ORFs. Nucleotide changes (indicated by orange arrowheads
and letters) were incorporated into the P gene to obliterate the C start codons and to introduce early stop codons into the C ORF. (C) Relationships of the unique
C-terminal domains of P, V, and W to the mRNA editing site. Nucleotide changes (indicated by green and red arrowheads and letters) were incorporated into
the P gene to introduce early stop codons into the V and W ORFs. Numbers flanking the nucleotide sequences indicate positive-sense antigenomic positions. (D)
Western blot analysis of Vero cell lysates that were either mock infected or infected with rNiVM-wt, rNiVM-Cko, rNiVM-CkoWko, or rNiVM-CkoVko. NiV P-, V-,
W-, and C-specific antibodies were used to detect the presence or absence of the respective proteins.
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nitrogen (BUN), and hyperglycemia. These were not observed as
frequently, as consistently, or to the same degree for animals in the
rNiVM-CkoWko cohort as for the other cohorts (Table 1).

Neutralizing antibody response. To assess the humoral im-
mune response, the amount of circulating neutralizing antibody
was determined by a plaque reduction neutralization assay
(PRNT). No significant neutralizing antibody was detected in any
animals from the rNiVM-wt or rNiVM-Cko cohort, while detect-
able levels of neutralizing antibody were observed in all animals
from the rNiVM-CkoWko cohort beginning at day 10 p.i. (Fig. 4D).

Gross pathology. A necropsy was performed on each animal
after it had succumbed to disease or at the study endpoint. Gross
pathology revealed marked differences in the lung lesions among
the three cohorts, with all animals (5/5) in the rNiVM-wt cohort
displaying multifocal to coalescing hemorrhagic and necrotizing
pneumonia (Fig. 5A). All animals (5/5) in the rNiVM-Cko cohort
had multifocal pinpoint hemorrhagic and necrotizing pneumonia
(Fig. 5B), though with considerably less severe gross lesions than
those seen in the rNiVM-wt cohort. The rNiVM-CkoWko cohort
showed inconsistent lesions; both survivors (2/2) showed no sig-
nificant gross pulmonary lesions, and of the animals that suc-
cumbed to disease, one (rNiVM-CkoWko-3) showed significant

multifocal to coalescing hemorrhagic and necrotizing pneumonia
(1/3), while the others showed only a very few small points of
hemorrhagic lesions (2/3) (Fig. 5C). The spleens of all animals in
all three cohorts were enlarged and mottled, with multifocal white
and dark red patches indicating splenomegaly and multifocal ne-
crosis, respectively, although the spleens of the two survivors in
the rNiVM-CkoWko cohort, when examined at the end of the
study, were not as enlarged or mottled as those of the animals that
succumbed. Some animals in the rNiVM-wt (2/5) and rNiVM-Cko

(3/5) cohorts and one animal (1/5) in the rNiVM-CkoWko cohort
(rNiVM-CkoWko-3) had mucosal hemorrhagic lesions in the uri-
nary bladder.

Some ferrets in the rNiVM-wt cohort (2/5) had mild conges-
tion of the meningeal blood vessels, while all ferrets (5/5) in the
rNiVM-Cko cohort (Fig. 6A) and all ferrets in the rNiVM-CkoWko

cohort that succumbed (3/3) (Fig. 6B) had marked congestion of
the meningeal blood vessels. One of the survivors from the
rNiVM-CkoWko cohort still had mild congestion of the meningeal
blood vessels at the study endpoint, and the other survivor had
poorly defined cerebral gyri and sulci, interpreted as edema, at the
study endpoint (Fig. 6C). One ferret that succumbed to rNiVM-
CkoWko infection also had blood pooled on the right lateral hemi-

FIG 2 In vitro growth kinetics of rNiVM in the Vero, 293T, and MPF cell lines. Shown are the growth kinetics in Vero (A), 293T (B), or MPF (C) cells that either
were pretreated with IFN-� for 12 h (light colors) or were not pretreated (dark colors). Error bars show standard deviations. LOD, limit of detection (25 PFU/ml).
ANOVA was carried out with Dunnett’s multiple-comparison test (n  4). *, P � 0.05; **, P � 0.01; ***, P � 0.001 for comparisons of data on the indicated bars.
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sphere, with a 1- to 2-mm-diameter raised focus within the neural
parenchyma.

Histopathology and IHC. Tissues were examined by hematox-
ylin-and-eosin (H&E) staining and by immunohistochemistry
(IHC) using antibodies specific to the NiV N protein. Hepatic
lesions for all animals in the rNiVM-wt (Fig. 7A) and rNiVM-Cko

(Fig. 7E) cohorts included minimal to moderate hepatocellular
degeneration/necrosis with minimal to mild vacuolar change,
moderate congestion with occasional sinusoidal leukocytosis
(neutrophilia), and moderate to severe periportal lymphoplasma-
cytic infiltrates. Strong immunolabeling for NiV antigen was pres-
ent in all animals in the rNiVM-wt (Fig. 7B) and rNiVM-Cko (Fig.
7F) cohorts. Immunolabeling for NiV antigen was present in mul-
tifocal regions of the sinusoidal lining cells, a few scattered mono-
nuclear cells within the sinusoids (Kupffer cells), the endothelia of
medium- to large-caliber vessels, and scattered mononuclear in-
flammatory cells, which were largely centered near areas of necro-
sis. In the rNiVM-CkoWko cohort, no hepatocellular degeneration/
necrosis was noted for any animals that succumbed to (Fig. 7I) or
survived (Fig. 7M) infection; there was also no immunolabeling
for NiV antigen in the livers of animals that succumbed to (Fig. 7J)
or survived (Fig. 7N) infection.

Splenic lesions for all animals in the rNiVM-wt (Fig. 7C) and
rNiVM-Cko (Fig. 7G) cohorts included moderate to marked dif-
fuse depletion of lymphoid follicles, syncytial cell formation, hem-
orrhage, and fibrin deposition of the white pulp with accumula-
tion of viable neutrophils, degenerative neutrophils, and cellular
debris. Strong immunolabeling for NiV antigen was present in all
animals in the rNiVM-wt (Fig. 7D) and rNiVM-Cko (Fig. 7H) co-
horts. Immunolabeling for NiV was present in scattered mono-
nuclear cells (largely centered on lymphoid follicles/germinal

center remnants), syncytial cells, and scattered endothelial
cells. The splenic architecture appeared mildly disturbed in
spleens from the animals in the rNiVM-CkoWko cohort that suc-
cumbed, with lymphocytic proliferation and, in some of the ani-
mals (2/3), a few areas of minimal necrosis and germinal center
disorganization (Fig. 7K) associated with the presence of minimal
immunolabeling of the endothelium (Fig. 7L, white arrows). No
splenic histopathologic lesions were noted in the survivors of the
rNiVM-CkoWko cohort (Fig. 7O); splenic architecture appeared
undisturbed; and no immunolabeling for NiV antigen was noted
(Fig. 7P). Of note, the spleens from the rNiVM-Wko cohort
described previously (16) looked very similar to those of the
rNiVM-wt and rNiVM-Cko cohorts described here. These are all
distinct from the phenotype observed for the rNiVM-CkoWko

cohort.
Pulmonary lesions in all lung lobes of animals in the rNiVM-wt

(Fig. 8A) cohort and, to a lesser extent, in those of all animals in
the rNiVM-Cko (Fig. 8E) cohort included interstitial pneumonia
with nodular inflammation and necrosis of the alveolar septae
near the terminal bronchioles and occasional, small syncytial cell
formation (Fig. 8A, inset) of endothelial and/or respiratory epi-
thelial cells. Strong immunolabeling for NiV antigen was present
in scattered mononuclear, endothelial, and respiratory epithelial
cells in the rNiVM-wt (Fig. 8B) cohort. Strong immunolabeling
was also observed in the rNiVM-Cko (Fig. 8F) cohort, although it
was almost entirely localized to areas of nodular inflammation
that appeared more discrete and smaller than in the rNiVM-wt
cohort. More edema and hemorrhage were noted throughout the
lung lobes from the rNiVM-wt cohort. Some of the animals (2/3)
in the rNiVM-CkoWko cohort that succumbed (Fig. 8I) had rare
areas of minimal interstitial pneumonia and very small inflam-

FIG 3 Selected chemokine/cytokine levels in supernatants of infected HPMECs. Inflammatory chemokine levels in HPMECs infected with rNiVM-wt (blue),
rNiVM-Wko (red), rNiVM-Cko (orange), or rNiVM-CkoWko (purple) are shown. Error bars represent standard deviations. ANOVA was carried out with Dunnett’s
multiple-comparison test (n  4). Asterisks indicate significant differences (*, P � 0.05; **, P � 0.01; ***, P � 0.001) from values for rNiVM-wt. FI, fluorescence
intensity (in arbitrary units); MIF, macrophage migration inhibitory factor; MDC, macrophage-derived chemokine; MPIF-1, myeloid progenitor inhibitory
factor 1; SDF-1, stromal cell-derived factor 1.
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FIG 4 Clinical disease in ferrets after experimental infection with rNiVM. (A) Flow chart showing the day of infection (arrowheads) and days of samples
collection (arrows). (B) Kaplan-Meier survival curve for ferrets infected with rNiVM-wt (blue circles), rNiVM-Cko (orange inverted triangles), rNiVM-CkoWko

(purple diamonds), or rNiVM-Wko (red triangles). All data for rNiVM-Wko-infected animals (labeled “historical”) are from a previously published study (16). A
log rank (Mantel-Cox) test was carried out (n, 5 for all rNiVM ferret cohorts). Asterisks indicate significant differences (**, P � 0.01) from the rNiVM-wt and
rNiVM-Cko curves. (C) (Top) Changes in weight for animals from the rNiVM-wt (blue circles) or rNiVM-Cko (inverted orange triangles) cohort, rNiVM-CkoWko

cohort animals 1, 2, and 3 (dark purple squares), rNiVM-CkoWko cohort animal 4 (medium purple triangles), rNiVM-CkoWko cohort animal 5 (light purple stars),
and rNiVM-Wko cohort animals (red triangles). Error bars show standard deviations. (Bottom) Windows for neurological signs, respiratory signs, and fever. (D)
Neutralizing antibody titers for ferret cohorts. Results for each animal in the rNiVM-CkoWko cohort are shown individually.
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TABLE 1 Clinical disease in ferrets after experimental infection with rNiVM

Ferret no.

Clinical
outcome,a

day p.i. Respb Neuroc Hemd

Days p.i. on
which fever
occurred Clinical disease

rNiVM-wt-3 Suc., 8 
 

 � 5–6 Thrombocytopenia (day 6), lymphopenia (day 6), hypoalbuminemia (day
6), hyperglycemia (day 6), depression (days 5–7), lethargy (days 5–7),
inappetence (days 6–7), ocular and nasal discharge (days 6–7), ataxia
(day 7), hindlimb myoclonus (day 7)

rNiVM-wt-4 Suc., 7 
 

 
 4–6 Thrombocytopenia (days 6–7), lymphopenia (days 6–7), hypoalbuminemia
(days 6–7), �3-fold increase in BUN (day 7), hyperglycemia (day 7),
depression (days 6–7), lethargy (days 5–7), inappetence (days 6–7),
ocular and nasal discharge (days 6–7), nasal/oral frothing (day 7), facial
edema (day 7), ataxia (days 6–7), myoclonus (day 7), violent tremors
(day 7), hypothermia (day 7)

rNiVM-wt-5 Suc., 8 
 
 
 4–7 Thrombocytopenia (days 6, 8), lymphopenia (day 6), hypoalbuminemia
(days 6, 8), �3-fold increase in BUN (day 8), depression (days 5–7),
lethargy (days 5–7), inappetence (days 6–8), dehydration (day 8), rales
(days 6–8), ocular, nasal, and oral discharge (day 6), ataxia (days 6–8),
severe hypothermia (day 8)

rNiVM-wt-6 Suc., 7 
 

 � 4–6 Thrombocytopenia (days 6–7), hypoalbuminemia (day 7), hyperglycemia
(day 7), depression (days 6–7), lethargy (days 6–7), inappetence (day 7),
ocular and nasal discharge (days 6–7), myoclonus (day 7), ataxia (day 7)

rNiVM-wt-7 Suc., 8 
 
 
 4–6 Thrombocytopenia (days 6, 8), lymphopenia (day 8), hypoalbuminemia
(days 6, 8), �3-fold increase in BUN (day 8), depression (days 6–8),
lethargy (days 6–8), inappetence (days 7–8), sneezing (days 7–8), nasal
discharge (days 6–8), rales (days 6–8), ataxia (days 7–8), obtundation
(day 8), hypothermia (day 8), loss of �10% of body weight

rNiVM-Cko-1 Suc., 8 
 
 
 5–7 Thrombocytopenia (days 6, 8), lymphopenia (days 3, 6), hypoalbuminemia
(day 8), hyperglycemia (day 8), depression (days 6–8), lethargy (days
6–8), sneezing (day 7), ataxia (day 8), hypothermia (day 8)

rNiVM-Cko-2 Suc., 8 
 

 � 5–7 Thrombocytopenia (days 6, 8), lymphopenia (days 6, 8), hypoalbuminemia
(day 8), hyperglycemia (day 8), depression (days 6–8), lethargy (days
6–8), inappetence (days 7–8), sneezing (day 7), rales (day 7), ataxia (days
7–8), myoclonus (day 8)

rNiVM-Cko-3 Suc., 8 
 

 
 4–7 Thrombocytopenia (day 8), lymphopenia (days 6, 8), hypoalbuminemia
(days 6, 8), �3-fold increase in BUN (day 8), hyperglycemia (day 8),
depression (days 6–8), lethargy (days 6–8), sneezing (day 7), ocular and
nasal discharge (days 7–8), myoclonus (day 8), hypothermia (day 8)

rNiVM-Cko-4 Suc., 8 
 

 
 6–7 Thrombocytopenia (day 6), lymphopenia (day 6), hypoalbuminemia (day
8), �3-fold increase in BUN (day 8), hyperglycemia (day 8), depression
(days 6–8), lethargy (days 7–8), sneezing (days 7–8), nasal discharge (day
7), rales (day 8), severe ataxia (day 8), myoclonus (day 8)

rNiVM-Cko-5 Suc., 8 
 

 
 5–6 Thrombocytopenia (days 6, 8), lymphopenia (days 3, 6, 8),
hypoalbuminemia (days 6, 8), �3-fold increase in BUN (day 8),
depression (days 6–8), lethargy (days 7–8), sneezing (days 7–8), nasal
discharge (day 7), myoclonus (day 8), hypothermia (day 8), loss of
�10% of body weight

rNiVM-CkoWko-1 Suc., 10 
 


 � 7–9 Lymphopenia (days 6, 10), hyperglycemia (day 10), depression (days 8–10),
lethargy (days 8–10), sneezing (days 8–9), nasal discharge (days 8–9),
rales (day 9), progressive hindlimb myoclonus and paralysis (day 10),
severe tremors (day 10), seizures (day 10), loss of �10% of body weight

rNiVM-CkoWko -2 Suc., 15 
 


 � 7–15 Thrombocytopenia (day 15), hypoalbuminemia (day 10), depression (days
8–15), lethargy (days 8–15), sneezing (days 8–12), ocular and nasal
discharge (days 8–9, 11), rales (day 9), facial edema (days 10–11), dilated
pupils (days 10–12), ataxia (days 14–15), progressive hindlimb/forelimb
myoclonus and paralysis (days 13–15), facial myoclonus (day 15),
seizures (day 15), loss of �10% of body weight

rNiVM-CkoWko -3 Suc., 12 
 


 � 6–10 Thrombocytopenia (day 12), hypoalbuminemia (day 12), �3-fold increase
in BUN (day 12), hyperglycemia (day 12), depression (days 8–12),
lethargy (days 9–12), sneezing (days 8–11), ocular and nasal discharge
(days 8–11), dilated pupils (days 11–12), progressive hindlimb/forelimb
myoclonus and paralysis (days 11–12), obtundation (day 12), severe
hypothermia (day 12)

(Continued on following page)

Satterfield et al.

6334 jvi.asm.org July 2016 Volume 90 Number 14Journal of Virology

 on January 5, 2017 by U
niversity of P

ittsburgh H
S

LS
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org
http://jvi.asm.org/


matory nodules with minimal or no immunolabeling for NiV
antigen (Fig. 8J); in one of these animals, rNiVM-CkoWko-3,
hemorrhage and edema were associated with these inflamma-
tory nodules.

No lesions were noted upon routine H&E staining of the brains
of all animals in the rNiVM-wt (Fig. 8C), NiVM-Cko (Fig. 8G), and
rNiVM-CkoWko (Fig. 8K and O) cohorts. However, strong immu-
nolabeling for NiV antigen was present in the endothelia of small-
caliber vessels within multiple sections of the brain (cerebrum,
brainstem, choroid plexus, and meninges) in all animals of the
rNiVM-wt (Fig. 8D) cohort. Congestion of vessels and hemor-
rhage were noted expanding the meninges in all animals in the
rNiVM-Cko cohort and in those in the rNiVM-CkoWko cohort that
succumbed. Some animals in the rNiVM-Cko cohort (Fig. 8H) and
those in the rNiVM-CkoWko cohort that succumbed (Fig. 8L) had
multifocal areas with strong immunolabeling for NiV antigen
within the endothelium and neurons in the cerebrum, cerebel-
lum/brainstem, and/or hippocampus, but those that survived did
not (Fig. 8P). Although the blood-brain-barrier (BBB) consists of
the entire interface of the neural parenchyma and the meninges
and all blood vessels in the brain, the choroid plexus is known to
be a more permissive region of the BBB. The choroid plexus
showed labeling in mononuclear cells and some endothelial cells
in some of the animals that succumbed from all three cohorts;
however, no labeling in the neurons adjacent to the choroid
plexus, which would have suggested an obvious breach of the BBB
at the choroid plexus, was seen.

Viral loads. To assess viral loads in animals, qRT-PCR was
used to quantify the viral genomes present in blood (Fig. 9A). All
animals in the rNiVM-wt and rNiVM-Cko cohorts had detectable
levels of viral genome on day 6 p.i. which remained detectable
until they succumbed to disease. Notably, only one animal in the
rNiVM-CkoWko cohort (rNiVM-CkoWko-1) had detectable levels
of viral genome in the blood; this was at day 10 p.i., the day on
which this animal succumbed to disease.

Viral loads were also measured in 10% (wt/vol) tissue homog-
enates taken at necropsy; RNA was extracted, and the viral ge-
nomes were detected and quantified by qRT-PCR (Fig. 9B). High
levels of viral genomes were detected in all tissues assayed for all
animals in the rNiVM-wt and rNiVM-Cko cohorts. The three ani-
mals in the rNiVM-CkoWko cohort that succumbed to disease also
had detectable levels of viral genome in all tissues, although these

TABLE 1 (Continued)

Ferret no.

Clinical
outcome,a

day p.i. Respb Neuroc Hemd

Days p.i. on
which fever
occurred Clinical disease

rNiVM-CkoWko -4 S.E., 35 
 

 � 5–11e Recurrent fever (days 14, 17, 24), thrombocytopenia (day 10),
hypoalbuminemia (day 10), depression (days 10–35), lethargy (days 8–
35), sneezing (days 8–13), ocular and nasal discharge (days 8–13), dilated
pupils (days 11–13, 19, 30, 35), ataxia (days 22–28, 32–35), facial
myoclonus (days 16–19), periodic quadrupedal tremors (days 20, 27–33,
35), aggressive behavioral change with vocalization and visual deficit
(days 16–35), temporary loss of �15% of body weight (days 18–33)

rNiVM-CkoWko -5 S.E., 35 
 

 � 10–14e Recurrent fever (days 19, 22), depression (days 8–31), lethargy (days 8–31),
sneezing (days 8–10), ocular and nasal discharge (days 8–12), dilated
pupils (days 11–13, 17–18, 30–31), ataxia (days 21–25), facial myoclonus
(days 19–20), hindlimb myoclonus (day 19), periodic quadrupedal
tremors (days 22–25, 28–31), visual deficit (days 20–35)

a Suc., succumbed to rNiVM-mediated disease; S.E., euthanized at study endpoint.
b Resp, respiratory involvement. Results are expressed as the absence (�) or presence (
) of increased respiratory effort and/or rate.
c Neuro, neurologic involvement. Results are expressed as the absence (�) or presence of minor (
), moderate (

), or severe (


) neurological signs.
d Hem, hemorrhage (extensive periorbital, facial, and ventral neck edema with subcutaneous hemorrhages).
e Fever recurred after the initial fever resolved; see “Clinical disease” column for details.

FIG 5 Gross pathology of lungs from rNiVM-infected ferrets. Images show
representative gross pathology of lungs taken from ferrets infected with
rNiVM-wt (A), rNiVM-Cko (B), or rNiVM-CkoWko (C). Multifocal to coalesc-
ing hemorrhage and necrosis of all lung lobes are seen in rNiVM-wt-infected
ferrets (A), while much fewer and smaller hemorrhagic and necrotic foci are
seen in rNiVM-Cko-infected ferrets (B), and very few, small, white or hemor-
rhagic foci are observed in rNiVM-CkoWko-infected ferrets (C).
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were lower (typically 1 to 5 log units lower) than those observed in
the rNiVM-wt and rNiVM-Cko cohorts, and the levels in the animal
that succumbed on day 15 p.i (rNiVM-CkoWko-2) were 1 to 2 log
units lower than those in the two animals that succumbed on day
10 (rNiVM-CkoWko-1) or day 12 (rNiVM-CkoWko-3) p.i. Of the
survivors, rNiVM-CkoWko-5 had no detectable levels of viral ge-
nome in any tissues, and rNiVM-CkoWko-4 had a low level of viral
genome detectable in the spleen and a large amount detectable in
the brain. Virus isolation was attempted from PCR-positive sam-
ples of the liver, spleen, kidney, and adrenal gland, and virus was
isolated from all PCR-positive samples from animals in the
rNiVM-wt and rNiVM-Ckocohorts, except for some of the liver
samples from the rNiVM-Cko cohort; however, no virus was iso-
lated from any samples from the rNiVM-CkoWko cohort (Fig. 9C).

DISCUSSION

The role of the NiV C protein in viral pathogenesis has proved to
be more enigmatic than those of the other P gene products. Our
previous work demonstrated that the NiV V protein is a major
determinant of pathogenesis in the ferret model and that the W
protein contributes to the disease course, but not to the lethality,
of NiV (16). To date, no studies have examined the role of the C
protein in the ferret model; however, two studies have examined
the contribution of the C protein in the hamster model (29, 41).
Both studies demonstrated that rNiV mutants lacking C expres-
sion were attenuated in hamster infections. Together, they re-
vealed that the C protein plays an important role in NiV patho-
genesis in the hamster model and is responsible for suppressing
inflammatory chemokines to the lungs that lead to necrosis and
edema.

The results of our experiments show some distinct differences
between rNiVM-Cko-infected ferrets and hamsters infected with
similar rNiV mutants. Most notably, rNiVM-Cko was still 100%
lethal in ferrets, with animals succumbing in the same time frame
as rNiVM-wt-infected ferrets (Fig. 4B). Virus titers and genome
levels in terminal blood and tissues did not differ substantially
between the rNiVM-wt and rNiVM-Cko cohorts (Fig. 9). Also, like
rNiVM-wt-infected ferrets, rNiVM-Cko-infected ferrets did not de-
velop a neutralizing antibody response (Fig. 4D). The previous

hamster study demonstrated that rNiVM-Cko-infected hamsters
developed an antibody response by ELISA, but neutralization was
not examined (41).

This is reminiscent of studies with related morbilliviruses, spe-
cifically measles virus (MeV) in the rhesus macaque model and
canine distemper virus (CDV) in the ferret model. CDV is often
used as a surrogate for studying MeV, since CDV causes a lethal,
measles-like infection in ferrets, in contrast to the nonlethal model
of MeV in rhesus macaques. Morbilliviruses produce V and C
proteins from the P gene, although they do not produce a W
protein. In the nonlethal rhesus macaque model of MeV infection,
rMeV-Vko and -Cko mutants (46) were both attenuated compared
to rMeV-wt. In the lethal ferret model of CDV infection, an
rCDV-Vko mutant was attenuated in ferrets, causing only mild
clinical disease; however, an rCDV-Cko mutant remained fully
lethal (47).

One function of the MeV C protein is to promote the assembly
and release of stable viral particles; large amounts of defective
interfering viral genome RNA are formed in rMeV-Cko infection
(48, 49), leading to lower titers of rMeV-Cko in vitro. This might
also occur with rNiVM-Cko; certainly, lower titers are also ob-
served for rNiVM-Cko in vitro, although what effect this might
have in vivo is not yet clear. It is not clear if the morbillivirus C
protein and the NiV C protein have the same targets, so we cannot
say if there is a specific, common mechanism underlying the lesser
role of the C protein in the ferret models of rCDV and rNiVM

infection compared to those in the hamster model. It would there-
fore be of great interest to observe the effect of rNiVM-Cko infec-
tion in the AGM model of NiV disease. In an effort to determine if
this effect was due to an intrinsic ability of the mutants to grow
differently in ferret cells, we examined virus growth kinetics in
AGM Vero cells, human 293T cells, and ferret brain MPF cells
(Fig. 2). As in previous reports (29, 39, 41, 42), rNiV mutants
containing the Cko mutation grew to lower titers than rNiVM-wt
in Vero or 293T cells. We also observed this in MPF cells, although
the difference was smaller in MPF cells at time points before 72 h
p.i. Although rNiVM-Cko was still 100% lethal in ferrets, there
were some minor differences in disease course and pathogenesis
from the rNiVM-wt cohort, including a reduction in the severity of

FIG 6 Gross pathology of brains from rNiVM-infected ferrets. Images show representative gross pathology of brains taken from a ferret infected with rNiVM-Cko

(A), a ferret that succumbed to infection with rNiVM-CkoWko (B), and a ferret that survived infection with rNiVM-CkoWko (C). Congestion of meningeal blood
vessels was observed in ferrets infected with rNiVM-Cko (A) and in all ferrets infected with rNiVM-CkoWko (B) except for one of the survivors, which had poorly
defined sulci and gyri of the brain, indicating that edema was still present at 35 days p.i. (C).
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lesions in the lungs and accompanying respiratory signs, but the
neurological signs were as severe as those of the rNiVM-wt cohort.
This pattern was reminiscent of the rNiVM-Wko-infected ferret
cohort described previously (16), but without the delayed time to
death and the subsequent severe neurological signs.

Due to the observation that infection of ferrets with either
rNiVM-Cko or rNiVM-Wko altered the disease course in similar
ways while remaining 100% lethal, we were interested in examin-
ing the effects of rNiVM-CkoWko infection in order to further elu-
cidate the roles of the C and W proteins. Surprisingly, the disease
course was greatly altered in the rNiVM-CkoWko cohort, with only
very mild respiratory signs, milder even than those for the rNiVM-
Wko or rNiVM-Cko cohort. These signs quickly decreased and were
completely resolved in some of the ferrets within a few days of
onset (Fig. 5C; Table 1). Moderate neurological disease set in for
all five ferrets and progressed to severe neurological disease in
three of the ferrets, including tremors, myoclonus, seizures, and
progressive paralysis. These three ferrets succumbed; they exhib-
ited similar disease courses, beginning with paralysis of one

hindlimb, followed by paralysis of the second hindlimb within 12
to 24 h and paralysis of one or both forelimbs within the next 24 h,
leading to humane euthanasia. However, these animals survived
significantly longer than those in the rNiVM-wt cohort (Fig. 4B).

The two survivors had similar clinical signs but never devel-
oped the progressive paralysis. Over time, the neurological signs
diminished somewhat, and there were periods when no motor
signs could be observed, but these would return a day or two later;
this occurred multiple times in an undulating pattern. Although
this study ended 35 days p.i., these sequelae are similar to the
persistent gait disorders described for human survivors (1, 5, 50).
The two surviving ferrets also exhibited dilated pupils and appar-
ent visual deficits, possibly caused by oculomotor nerve palsy (cra-
nial nerve III), which has been described as one of the neurological
sequelae of some human survivors of NiV encephalitis (5). This
lesion could be caused by direct viral infection, an inflammatory
response, or increased intracranial pressure; both of these animals
still had mild congestion and/or diffuse intracranial edema at the
study endpoint.

FIG 7 H&E and immunohistochemistry specimens of ferret liver and spleen. Shown are representative H&E-stained specimens (A, C, E, G, I, K, M, and O) and
immunohistochemistry specimens labeled with a polyclonal rabbit antibody specific to NiV N protein (B, D, F, H, J, L, N, and P). Liver (A, B, E, F, I, J, M, and
N) and spleen (C, D, G, H, K, L, O, and P) specimens were from representative ferrets infected with rNiVM-wt (A to D), rNiVM-Cko (E to H), or rNiVM-CkoWko

(I to P) that succumbed to disease (I to L) or survived disease (M to P). White arrows indicate small areas of immunolabeling. Magnification, �20.
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One of the survivors, rNiVM-CkoWko-4, developed a stark be-
havioral change, shifting from a very calm and docile demeanor to
extremely aggressive behavior. Similar persistent behavioral dis-
turbances, including increased irritability and violent outbursts,
have been reported frequently for human survivors of NiV en-
cephalitis (5, 50).

The differences in gross pathology and histopathology
among the three ferrets in the rNiVM-CkoWko cohort that suc-
cumbed and the ferrets in the rNiVM-wt, rNiVM-Cko, and pre-
viously reported rNiVM-Wko cohorts were striking (16). Two of
the three rNiVM-CkoWko-infected ferrets had only a few, very
small lesions and inflammatory nodules in the lungs associated
with little or no NiV antigen (Fig. 5C and 7I and J), while the third
had more gross hemorrhaging and serosanguineous fluid around
the lung with larger hemorrhagic lesions, although these were still
associated with only limited viral antigen. None of these three
ferrets from the rNiVM-CkoWko cohort had necrosis of the splenic
germinal centers, which was observed in ferrets in the rNiVM-wt,
rNiVM-Cko (Fig. 7), and previously reported rNiVM-Wko cohorts,

although the splenic architecture was altered in the three ferrets
from the rNiVM-CkoWko cohort that succumbed, with occasional
areas of necrosis. Because the splenic germinal centers remained
intact in the rNiVM-CkoWko cohort, these ferrets were able to de-
velop a neutralizing antibody response, unlike ferrets in the
rNiVM-wt, rNiVM-Cko, and previously reported rNiVM-Wko co-
horts. Although this antibody response may have played a role in
the decreased amounts of NiV antigen, genome, and virus isola-
tion in various organs (Fig. 9) and in the resolution of respiratory
signs, it did not prevent the onset or progress of neurological signs.
This observation has implications for the ability of therapeutics
such as human monoclonal antibody m102.4 (51) to treat enceph-
alitic cases of NiV infection.

These observations may shed some light on the mechanism of
the neurological signs observed in NiV-mediated disease. From
rabies virus, a distantly related human encephalitic virus in the
order Mononegavirales, it is known that one of three possibilities
can occur: (i) usually the BBB remains intact, leading to a lethal
infection due to the absence of an immune response in the

FIG 8 H&E and immunohistochemistry specimens of ferret lung and brain. Representative H&E-stained specimens (A, C, E, G, I, K, M, and O) and immuno-
histochemistry specimens labeled with a polyclonal rabbit antibody specific to NiV N protein (B, D, F, H, J, L, N, and P) are shown. Lung (A, B, E, F, I, J, M, and
N) and brain (C, D, G, H, K, L, O, and P) specimens were from representative ferrets infected with rNiVM-wt (A to D), rNiVM-Cko (E to H), or rNiVM-CkoWko

(I to P) that succumbed to disease (I to L) or survived disease (M to P). The inset in panel A shows syncytial cell formation at a higher magnification (�60).
Magnifications, �10 (lung) and �60 (brain).
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central nervous system (CNS) (52); (ii) rarely, immune effec-
tors, including antibodies, transit the BBB and mediate a CNS
immune response, leading to extensive immunopathology that
contributes to the disease and clinical signs (52, 53); or (iii)

very rarely, immune effectors transit the BBB and are able to
clear the virus from the CNS without significant immunopa-
thology (52). In this study, no signs of immunopathology in the
CNS were detectable, and since the neurological signs persisted

FIG 9 Viral loads in rNiVM-infected ferrets. (A and B) Viral loads in ferrets, expressed as genome equivalents per milliliter of blood (A) or per gram of tissue (B), were
detected by qRT-PCR. (A) Asterisks indicate that rNiVM was successfully isolated from whole-blood samples. The dagger marks a sample for which neither virus isolation
nor qPCR data were available. (B) Hashed blue and hashed orange bars represent the averages for all animals in the rNiVM-wt and rNiVM-Cko cohorts, respectively. Error
bars show standard deviations. For hashed bars, a total of 10 samples (2 replicates from each of 5 animals) were used; for all other bars, 2 replicates were used. RU, right
upper; RM, right middle; RL, right lower; LU, left upper; LM, left middle; LL, left lower. (C) Concentrations of rNiVM (expressed as PFU per gram) isolated from tissues
of ferrets after necropsy.
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after the development of the neutralizing antibody response
and viral antigen was detectable in the brains of the animals
that succumbed, we can surmise that the virus was not cleared.
Therefore, it is likely that the BBB remained largely intact in
these animals and that NiV enters the CNS directly through the
endothelium, through small disturbances in the BBB, or by

hitchhiking on leukocytes (54), a scenario similar to that of
human immunodeficiency virus (HIV) encephalitis (55), but
without large-scale disruption of the BBB such as that seen in
encephalitis due to several bacterial causes (56, 57).

It is also possible that small areas, possibly centered on areas of
NiV-infected endothelium, may cause small breaches in the BBB,

FIG 10 Model of the roles of the NiV C and W proteins in ferret pathogenesis. (A) rNiVM-wt spreads unhindered in early target lung endothelial cells, leading
to extensive lung injury (Fig. 5A), followed by spread to the spleen, causing germinal center necrosis (Fig. 7C), leading to a lack of neutralizing antibody response
(Fig. 4D). The virus also spreads to the endothelium of the brain (Fig. 8D), and mild to moderate neurological signs develop before the ferret succumbs to severe
respiratory disease. (B) rNiVM-Cko shows sequestered viral spread in distinctive inflammatory nodules of the lung (Fig. 5B and 8F), thus causing milder
respiratory signs. rNiVM-Cko is still able to spread to the spleen, causing germinal center necrosis (Fig. 7G) and leading to a lack of neutralizing antibody response
(Fig. 4D). The virus also spreads to the brain endothelium and, possibly due to altered cytokine production leading to BBB permeability, to neurons as well (Fig.
8H), leading to severe neurological signs and causing the animals to succumb to neurological disease. (C) rNiVM-CkoWko is unable to spread efficiently or cause
injury in the lungs (Fig. 5C), leading to only temporary, mild respiratory disease. Although there is limited spread to the spleen (Fig. 7L), splenic germinal centers
remain intact (Fig. 7K), and a potent neutralizing antibody response develops (Fig. 4D). The virus spreads efficiently to the brain (Fig. 8L), leading to severe
neurological disease with a 60% fatality rate, and the survivors develop neurological sequelae similar to those of human survivors.
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allowing limited entry of NiV without large-scale passage of in-
flammatory molecules or antibodies. This BBB gateway model has
recently been suggested as a method for neuroinvasion by various
viral agents (58, 59). This model suggests that nuclear factor �B
(NF-�B) signaling through signal transducer and activator of
transcription 3 (STAT3) is the key to opening this gate, and NF-�B
interacts closely with the TLR/IKK/IRF pathways known to be
affected by the NiV W and C proteins (36, 40). This may be one
reason for the increased neurological signs observed in the rNiVM-
Wko, rNiVM-CkoWko, and, to a lesser extent, rNiVM-Cko cohorts
relative to the rNiVM-wt cohort, although delayed time to death
may also have contributed in the rNiVM-Wko and rNiVM-CkoWko

cohorts. Further studies are needed to better elucidate the mech-
anisms and timing of CNS invasion by NiV; the egress of NiV from
infected kidney epithelial cells is predominantly from the apical
side (60), but it is not known whether this holds true for brain
endothelial cells. More-extensive, serial sacrifice studies could
help identify the time course of NiV spread to various organs,
including the CNS, and clarify what role the P gene products play
in altering the time course of NiV spread through the various
organs and to the CNS.

While our previous work identified the NiV V protein as the
major determinant of virulence in the ferret model (16), it is note-
worthy that rNiVM-CkoWko, which can still produce the V protein,
is not 100% lethal, although all ferrets infected with rNiVM-
CkoWko developed moderate to severe neurological disease with
only limited respiratory disease. This suggests that the V protein is
critical for infection in the initial target cells of the lung but is not
sufficient to establish the severe respiratory component of NiV-
mediated disease, because there is still CNS invasion and estab-
lishment of the neurological component of NiV-mediated disease.
Further studies are needed to elucidate the initial target cells of
NiV in vivo so as to ultimately define the roles that C, V, and W
play in the establishment and progression of NiV infection.

In summary, the rNiVM ferret studies presented here and pre-
viously (16) demonstrate that, compared to the rNiVM-wt cohort,
the rNiVM-Vko cohort had only very mild disease, with 100% sur-
viving; the rNiVM-Wko cohort had decreased pulmonary disease,
increased neurological disease, and a delayed time to death but 0%
survival; the rNiVM-Cko cohort had decreased pulmonary disease
but no change in the time to death and 0% survival; the rNiVM-
CkoWko cohort had greatly decreased pulmonary disease but se-
vere neurological disease, with 40% surviving. Although plasmid-
based studies suggest that the W and C proteins inhibit various
aspects of the innate immune viral recognition pathways (30, 36,
40), the current study demonstrates that neither the W nor the C
protein plays a major role individually in NiV pathogenesis in the
ferret model. The W and C proteins do appear to play comple-
mentary roles in the respiratory component of NiV-mediated dis-
ease but do not solely contribute to the lethality of NiV. These
proteins are not necessary for neuroinvasion and may actually
slow down or decrease the ability of NiV to invade the CNS. The C
and W proteins likely either have a common target or have com-
plementary targets or pathways in the host innate signaling re-
sponse, leading to the progression of respiratory disease, since
most rNiVM-CkoWko-infected ferrets had only mild respiratory
signs and even fewer pulmonary pathological lesions than rNiVM-
Wko- or rNiVM-Cko-infected ferrets but still had very severe, often
fatal neurological disease. Alternatively, the decreased ability of
the Cko rNiVM to form functional viral particles may serve as a

complement to the mechanisms inhibited by the Wko mutation.
These results are summarized in Fig. 10. Although it is likely that
as yet unidentified targets and pathways are affected by the W and
C proteins, one possibility for these complementary pathways
might be the ability of the W protein to inhibit TLR3 signaling
through IKKε and another unidentified target (36), while the C
protein can inhibit TLR7/9 signaling through IKK� (40). Since the
roles of C, V, and W have been examined in the ferret model,
future work should focus on examining these innate pathways and
other possible targets in the context of NiV infection through
mutations in innate immune-modulating motifs, such as STAT1,
STAT2, and MDA-5, for comparison with other paramyxoviruses
(61, 62). Additionally, future work should focus on identifying the
specific mechanisms of NiV neuroinvasion, and rNiVM-CkoWko

should prove to be a useful tool for identifying these mechanisms.
While research for developing vaccines and therapeutics for

NiV should continue, in an outbreak scenario many NiV-infected
patients will need to be treated at various points in the disease
process. Intensive supportive therapy, including mechanical ven-
tilation, can be used to help patients survive the respiratory com-
ponent of NiV infection. However, these patients often succumb
to neurological disease or develop long-term sequelae. Various
therapeutic options need to be examined to prevent lethal neuro-
logical disease and the development of long-term sequelae. Since
intensive supportive care and mechanical ventilation of animals in
a BSL-4 laboratory are not feasible, the fact that rNiVM-CkoWko-
infected ferrets develop only limited respiratory disease while re-
taining the neurological component of NiV disease allows this
model to potentially serve as a surrogate model for intensive sup-
portive care in a BSL-4 scenario. The use of rNiVM-CkoWko in the
ferret model can thus provide a platform for testing therapeutic
interventions targeted at limiting neurological disease and se-
quelae.
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