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Background.  Nipah virus (NiV) and Hendra virus (HeV) are zoonotic paramyxoviruses that cause severe disease in both ani-
mals and humans. There are no approved vaccines or treatments for use in humans; however, therapeutic treatment of both NiV and 
HeV infection in ferrets and non-human primates with a cross-reactive, neutralizing human monoclonal antibody (mAb), m102.4, 
targeting the G glycoprotein has been demonstrated. In a previous study, we isolated, characterized, and humanized a cross-reactive, 
neutralizing anti-F mAb (h5B3.1). The mAb h5B3.1 blocks the required F conformational change needed to facilitate membrane 
fusion and virus infection, and the epitope recognized by h5B3.1 has been structurally defined; however, the efficacy of h5B3.1 in 
vivo is unknown.

Methods.  The post-infection antiviral activity of h5B3.1 was evaluated in vivo by administration in ferrets after NiV and HeV 
virus challenge.

Results.  All subjects that received h5B3.1 from 1 to several days after infection with a high-dose, oral-nasal virus challenge were 
protected from disease, whereas all controls died.

Conclusions.  This is the first successful post-exposure antibody therapy for NiV and HeV using a humanized cross-reactive 
mAb targeting the F glycoprotein, and the findings suggest that a combination therapy targeting both F and G should be evaluated 
as a therapy for NiV/HeV infection.
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Nipah virus (NiV) and Hendra virus (HeV) are closely related 
highly pathogenic zoonotic viruses and are the type species 
within the paramyxovirus genus Henipavirus [1]. Both viruses 
can cause significant morbidity and mortality in a variety of 
vertebrate species including humans [2]. Pteropid bats (family 
Pteropodidae), commonly known as flying foxes, are the pre-
dominant natural reservoirs for both HeV and NiV [3–7], 
although evidence of henipavirus infection has now been re-
ported in a wider range of both frugivorous and insectivorous 
bats (reviewed in [8]).

HeV spillovers, predominantly into horses, have occurred in 
Australia 61 times since the first occurrence in 1994, resulting 
in the death or euthanasia of more than 100 horses across 39 dif-
ferent locales in Queensland and New South Wales, including 

the euthanasia of 2 HeV-seropositive dogs [9]. These occur-
rences of HeV also resulted in 7 known human infections with 4 
case fatalities all resulting from contact with sick horses, and 13 
cases of significant risk of HeV infection resulting in the com-
passionate emergency use of a human monoclonal antibody 
(mAb) known as m102.4 as a postexposure therapy in people 
(reviewed in [10]) (E. G.  Playford, unpublished data, 2019). 
Since the emergence of the Malaysian strain of NiV (NiV-MY) 
in 1998 [11] and followed by the recognition of NiV infections in 
Bangladesh and India by a Bangladesh strain of NiV (NiV-BD) 
[12, 13] and NiV-MY in the Philippines [14], NiV has repeat-
edly caused spillover events involving hundreds of human 
cases, with significant amounts of human-to-human transmis-
sion and high case fatality rates (40%–100%). Nipah virus was 
recently classified by the World Health Organization (WHO) as 
an epidemic threat needing urgent research and development 
action and is included in the WHO R&D Blueprint list of pri-
ority pathogens with epidemic potential [15]. In addition, NiV 
and HeV also have a remarkably broad host tropism spanning 
6 mammalian orders and are a significant transboundary threat 
capable of causing an often fatal widespread systemic disease in 
horses, pigs, cats, dogs, ferrets, hamsters, guinea pigs, and non-
human primates [2, 16, 17].
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Infection of host cells by NiV and HeV requires 2 membrane-
anchored envelope glycoproteins; the attachment (G) glyco-
protein, which recognizes the ephrin-B2 or ephrin-B3 entry 
receptor, and the fusion (F) glycoprotein, which drives virus-
host cell membrane merger [18–20]. Both glycoproteins are 
major targets of the host neutralizing antibody response [21]. 
In a previous study, we developed a cross-reactive, neutralizing, 
human mAb (m102.4) that recognizes and blocks the ephrin 
entry receptor binding site on the G glycoprotein [22–24]. 
m102.4 can potently neutralize HeV and NiV-M and NiV-BD 
in vitro, and when delivered as a therapeutic modality it has 
been shown to protect ferrets and nonhuman primates (African 
green monkeys [AGMs]) from lethal disease even when ad-
ministered up to several days postinfection [25–28]. It has 
also been shown that immunization of mice with recombinant 
trimeric prefusion NiV or HeV F glycoprotein ectodomains 
could induce strong serum neutralization titers, whereas tri-
meric postfusion F ectodomains failed to elicit robust neutral-
izing responses [29]. We isolated a mouse mAb that specifically 
recognizes the prefusion NiV and HeV F glycoprotein trimers, 
designated 5B3 [29, 30], and recently we reported the cloning, 
sequencing, and humanization of 5B3 (h5B3.1) along with the 
cryo-electron microscopy (cryoEM) structure of the NiV F 
trimer in complex with 5B3 Fab. Structural analysis revealed 
the interaction of 5B3 with a prefusion-specific quaternary ep-
itope conserved in F, and it demonstrated that it locks F in the 
prefusion conformation preventing its membrane fusion ac-
tivity, providing a molecular mechanism of its neutralizing ac-
tivity against NiV-M, NiV-B, HeV neutralizing potency [31]. In 
this study, we examine the protective efficacy of a humanized 
version of 5B3 (h5B3.1) and report that it can effectively prevent 
lethal NiV and HeV disease in ferrets when administered as a 
post-infection therapeutic modality, providing further evidence 
that mAb-based therapeutics may be possible for treating NiV- 
and HeV-infected individuals.

MATERIALS AND METHODS

NiV and HeV

NiV number 1999011924 (GenBank NC_002728) was obtained 
from a patient from the 1999 outbreak in Malaysia (kindly 
provided by Dr. Thomas Ksiazek, University of Texas Medical 
Branch). HeV (GenBank NC_001906) was obtained from a 
patient during the 1994 outbreak in Australia and was kindly 
provided by Dr. Thomas Ksiazek. Each virus was propagated 
on Vero-E6 cells in Eagle’s minimal essential medium supple-
mented with 10% fetal calf serum. The NiV and HeV chal-
lenge virus stocks were assessed for the presence of endotoxin 
using the Endosafe-Portable Test System (PTS) (Charles River 
Laboratories, Wilmington, MA). Each virus preparation was di-
luted 1:10 in Limulus Amebocyte Lysate (LAL) Reagent Water 
per manufacturer’s instructions, and endotoxin levels were 
tested in LAL Endosafe-PTS cartridges as directed by the man-
ufacturer. Each preparation was found to be below detectable 
limits, whereas positive controls showed that the tests were 
valid.

Ethics Approval

The animal studies were performed at the Galveston National 
Laboratory, University of Texas Medical Branch at Galveston 
(UTMB), and were approved by the UTMB Institutional 
Animal Care and Use Committee (IACUC). This facility is fully 
accredited by the Association for Assessment and Accreditation 
of Laboratory Animal Care International. Eleven female ferrets 
weighing 0.75–1 kg were socially housed and placed into treat-
ment cohorts (Tables 1 and 2): no treatment (NiV-C and HeV-
C), treatment on day 1 and day 3 post-NiV challenge (NiV-1–3), 
and treatment on day 3 and 5 postchallenge with NiV (NiV-4–6) 
or HeV (HeV-1–3). For virus challenge and procedures, animals 
were anesthetized by intramuscular injection with a ketamine-
acepromazine-xylazine cocktail. Animals were inoculated 
intranasally (i.n.) with ~5  × 103 plaque-forming units (pfu) 

Table 1.  Clinical Description and Outcome of NiV-Challenged Ferrets

Subject No. Group Clinical Illness Clinical and Gross Pathology

NiV-C Control aFever (d5–7); facial edema (d6–8); nasal and 
ocular discharge (d6–8); sneezing (d6); 
depression (d7–8); loss of appetite (d7–8); 
labor breathing (d7–8); head and neck my-
oclonus (d8). Animal euthanized on d8

bLymphopenia (d6, 8); thrombocytopenia (d8); hypoalbuminemia (d8); >2-fold 
increase in BUN (d8). Enlarge mottled spleen; diffuse reticulation of the 
liver; few pinpoint renal hemorrhages; lungs with few pinpointed hemor-
rhages; congestion of brain

NiV-1 D1/D3 None None

NiV-2 D1/D3 Fever (d11–13) None

NiV-3 D1/D3 None >2-fold increase in BUN (d11, 21)

NiV-4 D3/D5 None None

NiV-5 D3/D5 None >2-fold increase in BUN (d6, 11, 21, 34)

NiV-6 D3/D5 Fever (d8–10); minor facial/ear twitching 
(d11–14)

Thrombocytopenia (d11); hypoalbuminemia (d11)

Abbreviations: BUN, blood urea nitrogen; d/D, day; NiV, Nipah virus.
aFever is defined as a temperature more than 1.0°C over baseline or at least 1.5°C over baseline and ≥40°C.
bLymphopenia, thrombocytopenia, and hypoalbuminemia are defined by a ≥30% drop in lymphocytes, platelets, and albumin, respectively.
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of NiV or HeV in 1 mL Dulbecco’s minimal essential medium 
(Sigma-Aldrich, St. Louis, MO) on day 0 (Figures 1A and 2A, 
respectively). After challenge, ferrets in the treated cohorts were 
given a 20 mg/kg dose of mAb h5B3.1 by intraperitoneal (i.p.) 
injection on day 1 and 3 post challenge for the D1/D3 cohort or 
day 3 and 5 post challenge for the D3/D5 cohorts; a dosage sim-
ilar to prior studies in ferrets and non-human primates with an 

antiviral human mAb [25–28]. Animals were anesthetized for 
clinical examination including measuring temperature, respira-
tion quality, and blood collection on days 0, 3, 6, 8, 11, 21, and 
34 post challenge. Before and after challenge, animals’ weights, 
temperatures, and appearance were assessed daily, and animals 
were scored based on coat appearance, body weight loss, social 
behavior, and provoked behavior; animals scoring 9 or greater 

Table 2.  Clinical Description and Outcome of Hendra Virus-Challenged Ferrets

Subject No. Group Clinical Illness Clinical and Gross Pathology

HeV-C Control aFever (d4–7); nasal and ocular discharge 
(d4–8); sneezing (d4–6); 

loss of appetite (d7–8); depression (d6–8); 
facial edema (d7–8); labor breathing 
(d7–8). 

Animal died on d9

bLymphopenia (d6); hypoalbuminemia (d6); enlarge mottled spleen; enlarge 
axillary lymph nodes; lungs with severe congestion and hemorrhage of all 
lobes; serosanguineous fluid in pleural cavity; congestion of brain; small 
focal hemorrhages on mucosal surface of urinary bladder

HeV-1 D3/D5 Mild fever (d7) Lymphopenia (d6)

HeV-2 D3/D5 Mild fever (d7) 2-fold increase in BUN (d11, 21)

HeV-3 D3/D5 None 2-fold increase in BUN (d11)

Abbreviations: BUN, blood urea nitrogen; d/D, day.
aFever is defined as a temperature more than 1.0°C over baseline or at least 1.5°C over baseline and ≥40°C.
bLymphopenia and hypoalbuminemia are defined by a ≥30% drop in lymphocytes and albumin, respectively.
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Figure 1.  (A) Kaplan-Meier survival curve for Nipah virus (NiV)-challenged ferrets treated with h5B3.1. Red NiV control (n = 1), green D1/D3 cohort (n = 3), and blue D3/D5 
cohort (n = 3). Asterisk = NiV challenge day; green nabla, 5B3.1 treatment day for D1/D3 cohort; and blue nabla, treatment day for D3/D5 cohort. (B) Percentage weight from 
day 0 post-NiV challenge. Red NiV control (n = 1), green D1/D3 cohort (n = 3), and blue D3/D5 cohort (n = 3). (C) Plaque-forming units (PFU) per mL isolated from whole blood 
on indicated days after NiV challenge. (D) The PFU per gram of tissue at the study end point for each NiV-challenged ferret in the study. NiV-C = control; NiV-1–3 green, D1/
D3 cohort; and NiV-4–6 blue, D3/5 cohort.
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were euthanized per IACUC protocol. Subjects in the h5B3.1 
treatment cohorts were euthanized at the study endpoint on day 
34 postchallenge.

Statistics

Due to the constraints of high-containment work, animal 
studies in biosafety level 4 restrict the number of animal 
subjects and the volume of biological samples, which affect the 
ability to repeat assays independently and thus limit statistical 
analysis. Data are presented as the mean calculated from repli-
cate samples, not from replicate assays, and error bars represent 
the standard deviation (s.d.) between replicates.

Specimen Collection and Processing in NiV- and HeV-Infected Ferrets

On sampling days, blood was collected and placed in 
MiniCollect EDTA tubes (Greiner Bio-One, Monroe, NC) for 
virus load and hematology analysis or MiniCollect serum tubes 
(Greiner Bio-One) for clinical chemistry and antibody analysis. 
Necropsy was performed on all ferrets and tissues sampled in-
cluded lungs, liver, spleen, kidney, adrenal gland, pancreas, and 
brain (frontal cortex). Ten percent tissue homogenates of liver, 
spleen, kidney, adrenal gland, and brain were used for virus 
load analysis.

Measurement of Virus Load

Virus titration was performed by plaque assay with Vero cells from 
all whole blood samples taken and tissue homogenates (10% w/v). 
In brief, increasing 10-fold dilutions of the samples were adsorbed 
to Vero cell monolayers in duplicate wells (200 µL); the limit of de-
tection was 25 pfu/mL for whole blood and 250 pfu/gram for tissue.

NiV and HeV Serum Neutralization Assays

Plaque reduction neutralization titers (PRNTs) were deter-
mined using a conventional serum neutralization assay. In 
brief, sera were serially diluted 2-fold and incubated with ~100 
pfu of NiV or HeV for 1 hour at 37°C. These virus and sera 
mixtures were then added to individual wells of 6-well plates of 
confluent Vero cell monolayers. Plates were stained with neutral 
red 2 days after infection, and plaques were counted 24 hours 
after staining. The 50% neutralization titer (PRNT50) was deter-
mined as the serum dilution at which there was a 50% reduction 
in plaque counts versus control wells with non-specific serum.

Measurement of Serum NiV and HeV G-Specific Antibodies

Ferret serum collected at indicated time points was tested for im-
munoglobulin G (IgG) antibodies against NiV or HeV G using a 
previously developed multiplexed microsphere assay [25]. Filter 
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Figure 2.  (A) Kaplan-Meier survival curve for Hendra virus (HeV)-challenged ferrets treated with h5B3.1. Black HeV control (n  =  1) and gray D3/D5 cohort (n  =  3). 
Asterisk = HeV challenge day; gray nabla, 5B3.1 treatment day for D3/D5 cohort. (B) Percentage weight from day 0 post-HeV challenge. Black HeV control (n = 1), gray D3/D5 
cohort (n = 3). (C) Plaque-forming units (PFU) per mL isolated from whole blood on indicated days after HeV challenge. (D) The PFU per gram of tissue at the study end point 
for each HeV-challenged ferret in the study. HeV-C = control; and HeV-1–3 gray, D3/5 cohort.
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plates, 96-well, were primed with phosphate-buffered saline (PBS). 
Test sera were diluted in PBS at 1:10 for day 0 post challenge and 
1:10000 for time points after virus challenge. Biotinylated goat 
antiferret IgG and streptavidin-phycoerythrin (strep-PE) (Pierce, 
Thermo Scientific, Rockford, IL) were also diluted in PBS. Coupled 
microspheres (sG-HeV, sG-NiV) were prepared by sonication for 
1 minute followed by vortex mixing for 1 minute each and then 
diluted in PBS. Priming liquid was removed from plates using a 
Bio-Plex Pro II Wash Station (Bio-Rad, Hercules, CA), and 100 µL 
containing 1500 of each coupled microsphere was added to each 
well. The liquid was removed from the microsphere mixture by 
vacuum, and 100 µL of diluted test sera was added to appropriate 
wells and incubated at room temperature for 30 minutes while 
shaking in the dark. Diluted test samples were removed by vacuum, 
and 100  µL of diluted biotinylated goat anti-ferret (1:500) was 
added to each well and incubated as previously described above. 
Liquid was removed by vacuum, and 100 µL of strep-PE (1:1000) 
(QIAGEN, Valencia, CA) was added to each well and again incu-
bated for 30 minutes. All liquid was removed from plates with a 
vacuum manifold and washed twice with 300 µL PBS, removing 
liquid between wash steps. Finally, 125 µL PBS was added to each 
well and incubated for 2 minutes as described above. Samples were 
assayed for mean fluorescence intensity (MFI) across at least a 100-
bead region performed on the BioPlex-200 machine and analyzed 
using Bio-Plex Manager Software (version 6.1; Bio-Rad). The MFI 
and the s.d. of fluorescence intensity across 100 beads were deter-
mined for each sample and plotted.

Hematology and Serum Biochemistry

Blood and sera were collected via the anterior vena cava from all 
11 ferrets on days 0, 3, 6, 8, 11, 21, and 34 post challenge. Complete 
blood counts of 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 concen-
trations were analyzed from blood collected in MiniCollect EDTA 
tubes (Greiner Bio-One) using a Hemavet HV950FS instrument 
per manufacturer’s instructions (Drew Scientific, Oxford, CT). 
Blood chemistry analysis of serum was performed using a VetScan 
classic analyzer and comprehensive diagnostic profile rotors meas-
uring of albumin, alanine aminotransferase, alkaline phosphatase, 
amylase, blood urea nitrogen (BUN), calcium, creatinine, glucose, 
phosphorus, sodium, total bilirubin, and total protein (Abaxis, 
Union City, CA). All blood and serum samples were processed and 
analyzed directly after collection.

RESULTS

Monoclonal Antibody h5B3.1 Efficacy Against NiV Disease in Ferrets

We previously demonstrated in vivo protective efficacy of an 
anti-G cross-reactive, human mAb (m102.4) [24] against NiV-
mediated disease in ferrets [25] and African green monkeys [26, 

27]. However, a similar approach has not been examined with 
any cross-reactive anti-F neutralizing mAb. Earlier, we isolated 
and characterized a number of mouse mAbs specific to F [29], 
and 1 mAb (5B3) possessed strong NiV/HeV neutralizing ac-
tivity and specifically recognized the prefusion conformation 
of the F glycoprotein trimer [29, 30]. We recently reported the 
cloning, sequencing, humanization of 5B3 (h5B3.1), and the 
cryoEM structure of 5B3 Fab in complex with NiV F, revealing 
its prefusion-specific quaternary epitope and defining its neu-
tralization mechanism of locking F in the prefusion conforma-
tion and inhibiting membrane fusion [31]. To assess the efficacy 
of mAb h5B3.1 against NiV-mediated disease, we treated a co-
hort of ferrets (NiV-D1/D3) with the antibody via the i.p. route 
on day 1 (day = 24 hours) after a lethal i.n. inoculation of NiV 
with a subsequent dose of antibody on day 3 post challenge 
(Figure 1A, green arrows). Based on our previous m102.4 data 
in AGMs [27], we were interested in examining an extended 
treatment window in the ferret model with h5B3.1, and an ad-
ditional cohort of ferrets (NiV-D3/D5) was treated starting 
on day 3 post challenge with an additional treatment on day 5 
(Figure 1A, blue arrows). Both groups treated with h5B3.1 sur-
vived to the end of the study (Figure 1A), gained weight over the 
course of the study (Figure 1B), and had minor clinical signs of 
NiV-mediated disease with no observable gross pathology upon 
necropsy at study end point (Table 1). This is in stark contrast 
with the untreated control ferret (NiV-C) that succumbed to 
NiV disease on day 8 post challenge (Figure 1A) and had over 
10% weight loss from day 5–8 post challenge (Figure 1B). The 
untreated control subject, NiV-C, had clinical signs of NiV dis-
ease such as facial edema, nasal and ocular discharge, sneezing, 
loss of appetite, depression, labored breathing, and head and 
neck myoclonus (Table 1). Clinical pathology analysis revealed 
lymphopenia, thrombocytopenia, hypoalbuminemia, and in-
creased BUN levels for NiV-C. Gross pathology at necropsy for 
NiV-C revealed lungs with pinpoint hemorrhage, an enlarged 
mottled spleen, diffuse reticulation of the liver, pinpoint hem-
orrhage of the kidneys, and congestion in the brain (Table 1).

To analyze the effect that h5B3.1 treatment had on cir-
culating infectious virus load and on infectious virus tissue 
load, we performed plaque assays on blood samples taken 
during the study and at study end point for tissue load each 
ferret. We were able to isolate circulating infectious NiV 
from NiV-C on day 8 post challenge (Figure 1C) and from 
the liver, spleen, kidney, adrenal gland, and brain (Figure 
1D). Infectious virus could not be isolated from any subject 
in the cohorts treated with h5B3.1, revealing that there was 
no infectious virus being harbored at study endpoint (Figure 
1C and D), which is similar to previous findings using a NiV/
HeV anti-G glycoprotein human mAb (m102.4), where re-
coverable virus was undetected in any treated ferret or non-
human primate subjects [25–28].
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Monoclonal Antibody h5B3.1 Efficacy Against HeV Disease in Ferrets

Monoclonal antibodies 5B3 and h5B3.1 block membrane fusion 
and neutralize HeV infection in vitro [29, 31]. Based on the ef-
ficacy data of m102.4 against HeV in AGMs [28], we tested 
whether h5B3.1 would also have efficacy against HeV-mediated 
disease in the ferret model. In light of the success of h5B3.1 in 
preventing lethal NiV disease in ferrets in the D3/D5 cohort, we 
assessed the efficacy of h5B3.1 against HeV-mediated disease at 
only the extended treatment window, with the mAb adminis-
tered via the i.p. route on day 3 after a lethal i.n. inoculation of 
HeV with a second dose of mAb on day 5 post challenge (Figure 
2A, arrows). The HeV-D3/D5 cohort survived to the end of the 
study (Figure 2A), gained weight over the course of the study 
(Figure 2B), and had minor clinical signs of HeV-mediated 
disease with no observable gross pathology upon necropsy at 
study end point (Table 2). However, the untreated control ferret 
(HeV-C) that succumbed to HeV disease on day 9 post chal-
lenge (Figure 2A) had over 10% weight loss from day 4 to 9 post 
challenge (Figure 2B). In addition, HeV-C had clinical signs of 
HeV disease such as nasal and ocular discharge, sneezing, fa-
cial edema, depression, loss of appetite, and labored breathing 
(Table 2). Clinical pathology analysis revealed lymphopenia 
and hypoalbuminemia for HeV-C. Gross pathology at necropsy 
for HeV-C consisted of an enlarged mottled spleen, enlarged 
axillary lymph nodes, small focal hemorrhages of mucosal sur-
face of the urinary bladder, serosanguinous fluid in the pleural 
cavity, heavily congested and hemorrhaged lung lobes, and con-
gestion in the brain (Table 2). The disease course in the control 
animals infected with NiV and HeV was consistent with pre-
vious reports of henipavirus disease in ferrets [25, 32–36].

As previously stated, we analyzed the effect of h5B3.1 treat-
ment on circulating infectious HeV load and on infectious HeV 
tissue load, and plaque assays on blood samples taken during 
the study and at study end point were carried out to determine 
tissue load in each subject. Circulating infectious HeV from the 
control subject (HeV-C) could be isolated on day 6 post chal-
lenge (Figure 2C) and also from the spleen, kidney, adrenal 
gland, and brain (Figure 1D). Similar to the NiV-challenged 
subjects, no infectious HeV was isolated from any subject in the 
HeV-D3/D5 cohort treated with h5B3.1, again revealing that 

there was no infectious virus being harbored at study endpoint 
(Figure 2C and D).

Neutralizing Antibody Titers and Seroconversion of h5B3.1-Treated Ferrets

All cohorts treated with h5B3.1 were protected against NiV or 
HeV disease, and, because this antibody has been shown to neu-
tralize NiV and HeV in vitro [31], we assessed the circulating 
neutralizing antibody titers in the ferrets after treatment with 
h5B3.1. We analyzed sera from the ferrets with a PRNT50 assay 
and observed neutralizing antibody titers for each ferret from 
the treated cohorts on the sampling day past the first i.p. de-
livery where the NiV-D1/D3 cohort had neutralizing antibody 
on day 3 (Table 3) and the NiV-D3/D5 and HeV-D3/D5 cohorts 
had neutralizing antibody on day 6 (Tables 3 and 4, respec-
tively) with neither control ferret having detectable circulating 
neutralizing antibody against NiV (Table 3) or HeV (Table 4).

Regardless of the cohort, all treated ferrets developed an in-
creased neutralization antibody titer by the end of the study. To 
assess the role of the host immune response in providing pro-
tection after treatment with h5B3.1, we measured circulating 
levels of IgG antibodies directed against the NiV G glycoprotein 
(Figure 3A) or the HeV G glycoprotein (Figure 3B), and, as ex-
pected, we detected anti-NiV and anti-HeV G antibodies in all 
treated ferrets by day 11 post challenge when an IgG response 
was expected to be present. These observations were similar to 
previous studies using a therapeutic human mAb to the NiV/
HeV G glycoprotein where after a therapeutic treatment and 
survival of AGMs, a rise in specific antibody to the NiV and 
HeV F glycoprotein was measured [27, 28].

DISCUSSION

For the paramyxoviruses, the attachment and fusion glycopro-
teins are the main targets of the virus-neutralizing humoral 
immune response, and neutralizing antibodies are the key 
vaccine-induced protective mechanism for many, including 
the parainfluenza viruses, mumps virus, and measles virus (re-
viewed in [37–39]). However, in the absence of an active vac-
cination strategy, a passive immunization approach to prevent 
or treat viral infections can often be an effective measure [40]. 
Although there are presently no licensed therapeutics available 

Table 3.  Neutralization Titers for NiV-Infected Ferrets

Treatment Regimen Subject No. Day 0 Day 3 Day 6 Day 11 Day 21 Day 34

Days 1 and 3 NiV-1 <20 80 40 80 1280 2560

NiV-2 <20 40 40 20 1280 5120

NiV-3 <20 80 160 20 160 320

Days 3 and 5 NiV-4 <20 NT 320 320 1280 2560

NiV-5 <20 NT 160 160 160 320

NiV-6 <20 NT 320 1280 5120 10 240

None NiV-C <20 NT <20 NT NT NT

Abbreviations: NiV, Nipah virus; NT, not tested.
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to treat infection caused by HeV or NiV for use in humans, it 
has been demonstrated that human, a human mAb targeting 
the NiV/HeV glycoprotein (m102.4) has been shown to pro-
vide therapeutic protection in ferrets and non-human primates 
when administered up to several days postinfection [25–28]. 
Furthermore, anti-F mouse polyclonal antibodies and mAbs 
were shown to protect hamsters from NiV and HeV challenge 
[41, 42], and in this study we examined a well characterized, 
cross-reactive (NiV-M, NiV-B and HeV), neutralizing human-
ized mAb (h5B3.1), with the potential for human use, that tar-
gets the F glycoprotein as a postinfection therapeutic.

The paramyxovirus F glycoprotein, and its pre-fusion to 
post-fusion conformational transition, is the driver of virion 
and host membrane merger initiating virus infection (reviewed 
in [43]). The 5B3 mAb and its humanized derivative, h5B3.1, 
target a conserved epitope in the pre-fusion conformation of 
the NiV/HeV F glycoprotein [29–31]. The mechanism under-
lying 5B3 and h5B3.1 NiV/HeV neutralization is its ability to 
lock F in the pre-fusion conformation, preventing its mem-
brane fusion activity. In this study, we explored whether h5B3.1 
could also be effective in vivo in preventing lethal NiV and HeV 
disease in a well characterized animal model.

Using the ferret model, we challenged subjects with NiV or 
HeV, and then we administered h5B3.1 mAb up to several days 
after virus administration. All subjects that received h5B3.1 
survived NiV and HeV infection; however, in contrast, our un-
treated, infected controls in the 100% lethal models succumbed. 
The survival of all subjects in both the NiV and HeV post chal-
lenge groups in the present study represents an additional and 
major step forward towards a viable passive immunotherapeutic 
approach to counter NiV and HeV infection. Furthermore, the 
protective efficacy of h5B3.1 in preventing lethal NiV and HeV 
disease shown here, when administered as a post-infection ther-
apeutic modality, provides further evidence that mAb-based 
therapeutics for the prevention and treatment of NiV- and 
HeV-infected individuals may be possible, and based on prior 
studies in both ferrets and non-human primates using another 
anti-NiV/HeV human mAb, therapeutic treatment will likely 
also reduce the possibility of infectious virus shedding [25–28].

CONCLUSIONS

However, the isolation of mAb neutralization escape mutants 
of HeV and NiV is also possible and has been demonstrated 
by passaging in presence of m102.4 [22] and h5B3.1 [31], but 
virus escape has never been observed during m102.4 or h5B3.1 
in vivo efficacy testing presumably due to the very high doses 
of mAb used in conjunction with an effective adaptive immune 
responses in virus-challenged subjects. Nevertheless, the use of 
antibody cocktails has been either proposed and/or used in vivo 
for Ebola virus [44–46] or severe acute respiratory syndrome co-
ronavirus [47] to prevent and/or limit the possible emergence 
of such mutants as well as enhance neutralization potency. 
Taken together, our findings here imply a similar strategy, and 

Table 4.  Neutralization Titers for HeV-Infected Ferrets

Treatment Regimen Subject No. Day 0 Day 3 Day 6 Day 11 Day 21 Day 34

Days 3 and 5 HeV-1 <20 NT 20 40 160 640

HeV-2 <20 NT 20 80 1280 1280

HeV-3 <20 NT 20 80 640 640

None HeV-C <20 NT <20 NT NT NT

Abbreviations: HeV, Hendra virus; NT, not tested.
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Figure 3.  Detection of specific anti-NiV G (A) and anti-HeV G (B) immunoglob-
ulin G (IgG) antibodies circulating in ferrets at indicated days post virus challenge. 
NiV-C  =  control; NiV-1–3 green, D1/D3 cohort; and NiV-4–6 blue, D3/5 cohort. 
HeV-C  =  control; and HeV-1–3 gray, D3/5 cohort. Mean fluorescence intensities 
(MFI) are shown on the y-axis and represent binding of specific IgG. Error bars rep-
resent the standard deviation of fluorescence intensity across 100 beads for each 
sample.
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the combination of h5B3.1 and m102.4, or other anti-NiV/HeV 
mAbs, targeting antigenic sites on G and F, should be tested in 
future studies in the African green monkey model to investi-
gate proper dosage to achieve therapeutic benefit. Indeed, such 
an antiviral mAb cocktail approach could be implemented for 
treating NiV and HeV infections in people, providing for both a 
viable prophylaxis against disease and possibly an effective ther-
apeutic strategy.
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