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Objective: To evaluate the long-term humoral immune response to Nipah virus (NiV) in a cohort of 25
survivors after 25 years of post-infection.

Methods: A total of 25 survivors of NiV infection from the 1998 outbreak were recruited for sample col-
lection. The serum IgG antibody response to NiV antigens, specifically nucleocapsid (N), fusion glycoprotein

Ilffy Wl;’ rd,s" (F) and attachment glycoprotein (G) was evaluated using ELISA. Additionally, the samples were tested for
ELI?SaA virus neutralizing antibodies and memory B cell responses.

IgG Results: Detection rates of anti-NiV-F and anti-NiV-G were 56% and 60%, respectively, among the survivors
at a 1:100 dilution, whereas only 20% were specifically reactive to rNiV-N. Notably, all samples that tested
positive for NiV-F and NiV-G at this dilution also exhibited neutralizing antibodies, highlighting the spe-
cificity of these assays. Live virus neutralization assay showed that 72% of survivors had detectable neu-
tralizing antibodies, with varying titers, indicating long-lasting immune memory. Furthermore, memory B
cell responses specific to NiV-F and NiV-G were observed in six randomly selected survivors, suggesting the
presence of enduring immunological memory.
Conclusions: These findings highlight the potential of NiV-F and NiV-G as reliable markers for NiV exposure
and underscore the need for continuous surveillance and research. Such efforts are crucial for advancing
vaccine development and improving preparedness for future NiV outbreaks.
© 2024 The Author(s). Published by Elsevier Ltd on behalf of The British Infection Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Nipah virus (NiV) first emerged in Malaysia in late 1998, causing
a fatal outbreak of human encephalitis." In March 1999, the virus
was isolated from a resident of Kampung Sungai Nipah, Negeri
Sembilan, Malaysia, giving rise to its name “Nipah”.'”> NiV is an
emerging zoonotic pathogen classified as a paramyxovirus within
the Henipavirus genus. Its primary natural reservoir is Pteropus bats,
which have a wide geographic range. This broad distribution in-
creases the risk of spillover events from bats to humans and other
animals, including livestock.’~> NiV infections are associated with a
range of clinical manifestations, including acute respiratory illness
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and encephalitis."® The Malaysian outbreak resulted in over 250
human cases and more than 100 fatalities, with majority of affected
individuals developing severe encephalitis, while some also ex-
hibited respiratory symptoms."* Following this outbreak, NiV cases
were reported in several other countries, including Singapore,” the
Philippines,® Bangladesh,’ and India.'® In Bangladesh, NiV cases have
been reported almost annually, with the most recent cases docu-
mented in January 2024.'"'? The mortality rate in Bangladesh has
exceeded 70%, with at least one-third of survivors suffering perma-
nent neurological impairments.'*'* Despite the ongoing threat
posed by NiV, particularly in South Asia, home to approximately 2
billion people, or about 25% of the global population, there is cur-
rently no approved vaccine or therapeutic treatment for its pre-
vention or management.'” The widespread distribution of pteropid
bats further exacerbates the risk of spillover events, leading to po-
tentially devastating outbreaks.'® Recognizing the public health
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significance of NiV, the World Health Organization (WHO) has
classified NiV infection as a priority disease requiring urgent pre-
paredness to prevent public health emergencies.'” Organizations
such as the Coalition for Epidemic Preparedness Innovations (CEPI)'®
and the United Kingdom Vaccine Network'® have also prioritized
NiV for vaccine development.

A key component of humoral immune responses to pathogens is
the development of immunological memory. This involves the long-
term persistence of pathogen-specific B cells and plasma cells, which
produce protective antibodies. In the case of NiV, neutralizing anti-
bodies targeting its fusion glycoprotein (F) and attachment glyco-
protein (G) play a vital role in blocking viral entry by disrupting the
interactions with host cell receptors, thereby preventing infec-
tion.”’~?? This immune memory is key to protecting against future
infections. Long-lived plasma cells continuously produce antibodies,
including neutralizing antibodies, providing ongoing protection
against re-exposure. If antibody levels decline over time, memory B
cells can be rapidly reactivated to differentiate into plasmablasts,
which produce high-affinity neutralizing antibodies, restoring pro-
tective levels in the bloodstream.”® The persistence of long-term
memory B cells and antibodies is critical for effective immunity upon
re-exposure to NiV.>* Previous studies have demonstrated that IgG
antibodies against NiV can persist for up to 10 years following an
initial NiV infection.”” However, this study is the first to document
the presence of both neutralizing antibodies and memory B cells
specific to NiV-F and NiV-G glycoproteins 25 years post-infection.
These findings are highly significant for vaccine and therapeutic
development, as they highlight the durability of natural immunity
against NiV. Such insights could inform the design of effective pre-
ventive and treatment strategies against NiV infection.

Materials and methods
Human sample collection

The study protocol was approved by the Universiti Malaya Medical
Center Medical Research Ethics Committee (MREC ID No.:
202184-10454). Donors with a clinical history of NiV infection from the
1998 NiV outbreak, who had recovered from the disease, were recruited
from Kampung Sungai Nipah, Negeri Sembilan, Malaysia, and designated
as the survivor cohort (n = 25). Additionally, healthy donors with no
history of NiV infection or exposure to NiV were also recruited from the
same area as the endemic negative cohort (n = 23). A non-endemic
negative control cohort was recruited from outside of the Kampung
Sungai Nipah (n = 30). Each donor provided written informed consent to
participate in the study and was interviewed using a structured ques-
tionnaire. A 10 mL blood sample was collected for serum from all donors,
while 20 mL of blood was collected from six selected survivors (N2, N5,
N11, N13, N17 and N22) for the isolation of peripheral blood mono-
nuclear cells (PBMCs). Serum samples were analyzed for NiV-specific
antibodies using recombinant NiV nucleocapsid (rNiV-N) in a com-
parative indirect enzyme-linked immunosorbent assay (ELISA), and NiV
glycoproteins (NiV-F and NiV-G) in an indirect ELISA. NiV neutralizing
antibodies were also evaluated using a virus neutralization assay. The
PBMCs from the selected survivors were assessed for the presence of
memory B cells using an enzyme-linked immunosorbent spot (ELISpot)
assay.

Cells and viruses

African green monkey kidney E6 cells (Vero-E6; ATCC no. CRL-1586)
were used for propagating NiV. The cells were maintained in Eagle’s
Minimum Essential Medium (EMEM) supplemented with 10% fetal bo-
vine serum (FBS) and 2 mM L-glutamine, and maintained in 5% CO, at
37 °C. The NiV strain NV/MY/99/VRI-2794, isolated from pigs during the
1998 outbreak in Malaysia (GenBank accession no. AJ564621),”° was
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propagated as previously described.?” NiV is classified as a Risk Group 3
agent in Malaysia under the Prevention and Control of Infectious Dis-
eases Act 1988. A biorisk assessment was conducted to determine the
required safety control measures for handling the virus, minimizing the
risks of laboratory-acquired infection. All experiments involving live NiV
were performed in a laboratory with heightened control measures as
outlined in the WHO Laboratory biosafety manual (4th edition) under a
protocol approved by the Universiti Malaya Institutional Biosafety
and Biosecurity Committee (UMIBBC/NOI/R/FOM/MMB-012/2021-
30112021). For this study, the virus, at passage 4 was further propagated
in Vero-E6 cells to generate a working virus stock. This stock was sub-
sequently passaged to passage 5. The viral titer was determined using
tissue culture infectious dose 50 (TCIDso/mL) assay. Monolayers of Vero-
E6 cells, seeded at 2 x10° cells/mL in 96-well microtiter, were infected
with the virus. On day 3 post-infection, wells displaying cytopathic effect
(CPE) were scored as infected. The TCIDso was calculated using the Reed-
Meunch method.”®

Comparative indirect rNiV-N ELISA

The rNiV-N was expressed in Escherichia coli RosettaBlue (DE3) pLacl
harboring the pTriEx-3-Hygro vector containing the NiV-N gene insert.
The protein was purified by affinity chromatography and eluted with an
elution buffer (500 mM NaCl, 20 mM NaH,PO,4, 500 mM imidazole, pH
7.4) as previously described.”” A comparative indirect rNiV-N ELISA was
adapted and conducted following established protocols.’® The assay was
performed at room temperature with 50 pL of solution per well at each
step, and included five washes with 150 pL phosphate buffered saline
(PBS) between steps. Briefly, 96-well microtiter plates (Corning, USA)
were coated with rNiV-N (2 pg/mL) diluted in coating buffer (15 mmol/L
sodium carbonate and 35 mmol/L sodium bicarbonate, pH 9.6). Serum
samples were diluted 1:50 and 1:100 in 5% skim milk in PBS, pre-ad-
sorbed with E. coli lysate to reduce non-specific binding and background
noise.’’ Serum samples were added to two sets of wells: one for re-
activity (R) and the other for background (B), and incubated for 1 h. In
the R wells, lysates of E. coli RosettaBlue (DE3) pLacl with the pTriEx-3-
Hygro vector were added, while B wells received the same lysate along
with 50 pg of rNiV-N. Goat anti-human IgG horseradish peroxidase
conjugate (Promega, USA) was used as the secondary antibody at a di-
lution of 1:10,000. Reactions were developed using the 3,3',5,5'-tetra-
methylbenzidine (TMB) Microwell peroxidase substrate system 2-C
substrate (KPL SeraCare, USA), and the reaction was stopped by adding
TMB stop solution (KPL SeraCare, USA). Absorbance values were mea-
sured at 450 nm (A4sp) for both R and B wells using an Eon Biotek mi-
croplate reader (Biotek, USA). The cut-off value for positivity was
determined based on the non-endemic negative control cohort (n = 30,
data not shown) and calculated as the mean absorbance of negative
samples + (3xstandard deviation). The A4so (R) represents the absor-
bance value obtained from the R wells (standard indirect ELISA), while
Ays0 (B) corresponds to the background absorbance obtained from the B
wells when serum samples are exposed to excess free antigen, which
blocks specific binding of antibodies to the coated antigen. A sample was
considered positive if the Ass0 (R) was > 0.16, and Aysg (R)/A4s0 (B) was >
3.873. The positive control for the assay consisted of a rNiV-N mono-
clonal antibody diluted 1:50 in 5% skim milk in PBS, followed by in-
cubation with a goat anti-mouse IgG horseradish peroxidase conjugate
(Promega, USA) at a 1:2,500 dilution as the secondary antibody. Each
sample was tested in duplicate, and the assay was performed in tri-
plicate.

Indirect NiV-F and NiV-G ELISAs

The indirect NiV-F and NiV-G ELISAs were adapted from the
comparative indirect rNiV-N ELISA protocol, with the modification of
omitting the pre-adsorption step. Both assays were performed in 96-
well microtiter plates, with three washes between each step using
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washing buffer (PBS with 0.1% Tween-20). For the indirect NiV-F
ELISA, 10 pg/mL of NiV glycoprotein F mouse Fc tag antigen (NiV-F
Ag; Native Antigen Company, UK) was diluted in coating buffer and
added to each well for overnight incubation at 4 °C. Similarly, for the
indirect NiV-G ELISA, 2 pg/mL of NiV glycoprotein G mouse Fc tag
antigen (NiV-G Ag; Native Antigen Company, UK) was used under
the same conditions. After coating, the plates were blocked with
blocking buffer (10% skim milk in PBS with 0.05% Tween-20) for 2 h.
Serum samples were diluted 1:50 and 1:100 in blocking buffer, and
50 pL of each dilution was added to the wells. The plates were in-
cubated for 1 h, followed by the addition of goat anti-human Ig Fab-
horseradish peroxidase conjugate (Southern Biotech, USA) diluted
1:2,500 in blocking buffer, and incubated for an additional hour. The
reactions were developed using KPL TMB Microwell peroxidase
substrate system 2-C substrate (KPL SeraCare, USA), and the color
development was stopped by adding KPL TMB stop solution (KPL
SeraCare, USA). Absorbance was measured at 450 nm and 620 nm
using an Eon Biotek microplate reader (Biotek, USA). The cut-off
values for both assays were established using samples from the non-
endemic negative control cohort, applying the same formula used in
the comparative indirect rNiV-N ELISA to calculate the cut-off values
for the NiV-F and NiV-G assays. A sample was considered positive by
indirect NiV-F ELISA if the A450 > 1.314 and positive by indirect NiV-G
ELISA if A4s0 > 1.315. The positive control for the indirect NiV-F ELISA
consisted of a serum sample from the survivor cohort with detect-
able anti-rNiV-N antibodies (as determined by the comparative in-
direct rNiV-N ELISA) and the ability to neutralize NiV in a virus
neutralization assay. This sample was incubated with goat anti-
human Ig Fab-horseradish peroxidase conjugate (Southern Biotech,
USA) at a 1:2,500 dilution. For the indirect NiV-G ELISA, NiV glyco-
protein G mouse Fc tag monoclonal antibody (1:250; Native Antigen
Company, UK) was used as the positive control, with goat anti-
mouse IgG-Fab horseradish peroxidase conjugate (Southern Biotech,
USA) diluted at 1:5,000. All samples were tested in duplicate, and
each assay was performed in triplicate. Both the indirect NiV-F and
NiV-G ELISAs were first evaluated using 15 positive and 15 negative
human serum samples before testing the study samples.*®

NiV neutralization assay

A CPE-based neutralization assay was performed in 96-well mi-
crotiter plates to assess the presence of antibodies that neutralize
the NiV infectivity in Vero-E6 cell monolayers. Serum samples were
serially diluted twofold from 1:20 to 1:640 and mixed with equal
volume of EMEM containing 100 TCIDso of NiV. The mixture was
incubated for 1 h at 37 °C. After the incubation, the virus-serum
mixture was added to Vero-E6 cells at a concentration of 2 x10°
cells/mL, and the plates were incubated at 37 °C with 5% CO,.
Neutralization was assessed by examining the CPE under a micro-
scope on day 3 post-infection. The neutralizing antibody titer was
determined using the Reed-Muench method,”® identifying the
highest serum dilution that showed no CPE in any replicate well. The
positive control consisted of pooled archived serum samples from
NiV patients confirmed to have anti-NiV antibodies, based on hos-
pital records. The negative control comprised pooled serum samples
from the non-endemic negative cohort. Each serum sample was
tested in triplicate, and the assay was repeated three times. The final
neutralization titer was recorded as the median of the independent
assays. A detectable neutralizing antibody response was defined as
virus neutralization titer greater than 1:20.

NiV-specific memory B cells ELISpot assay
PBMCs were isolated from whole blood of six selected survivors

(N2, N5, N11, N13, N17 and N22) who tested positive for anti-NiV-F
and anti-NiV-G by indirect NiV-F and NiV-G ELISA, respectively.
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These survivors also provided consent to continue their participation
in the study. PBMCs were isolated using density gradient cen-
trifugation with lymphocyte separation medium (Corning, USA),
cryopreserved in freezing media (95% FBS and 5% dimethyl sulf-
oxide), and stored in liquid nitrogen until needed. To stimulate the
PBMCs, the cells were thawed, rested for 1 h, and then incubated
with a mixture of 1 ug/mL of R848 and 10 ng/mL of recombinant
human interleukin-2 (3850-2A kit; Mabtech, Sweden) according to
the manufacturer’s instructions. The cells were incubated for 72 h at
37 °C with 5% CO,. For the ELISpot assay, 250,000-400,000 PBMCs
were plated in duplicate wells of ELISpot plates, which were pre-
wetted with 35% ethanol and pre-coated with either 40 pg/mL of
NiV-F Ag or 5 pg/mL of NiV-G Ag. The cells were incubated overnight
at 37 °C. The next day, the plates were washed five times with PBS,
followed by the addition of 1 pg/mL of detection monoclonal anti-
bodies MT78/145 (3850-2A kit; Mabtech, Sweden) and incubation
for 2 h at room temperature. After five additional washes with PBS,
the plates were incubated with 1:1,000 streptavidin-ALP conjugate
(3850-2A kit; Mabtech, Sweden) for 1 h at room temperature.
Subsequent to another five washes, BCIP/NBT-PLUS substrate
(Mabtech, Sweden) was added to the plates for 5 min to allow spot
development. The development reaction was stopped by washing
the plates extensively with tap water, and the plates were air-dried
overnight. The positive control consisted of total IgG-secreting cells
detected in wells coated with 15 pg/mL capture monoclonal anti-
body MT91/145 (3850-2A kit; Mabtech, Sweden). Wells without
capture reagent served as negative controls, and wells without cells
were used as media control. The number of NiV-F- and NiV-G-spe-
cific IgG-secreting B cells was determined using the IRIS ELISpot
plate reader (Mabtech, Sweden). The mean frequency of memory B
cells per well was calculated by subtracting background values from
media control wells, with results expressed as spot-forming units
(SFU) per 10° cells.

Statistical analysis

Statistical analysis was conducted using SPSS, with Chi-squared
test to assess correlations between demographic information, clin-
ical characteristics, and the antibody profiles of the survivor cohort.
A p-value of < 0.05 was considered statistically significant. Data from
the NiV-specific memory B cells ELISpot assay were analyzed with
GraphPad Prism with two-way ANOVA followed by the Bonferroni
post hoc testing. Differences between means were considered sta-
tistically significant when p < 0.05.

Results
Characteristics of the survivor cohort

The survivor cohort consisted of 25 donors, categorized into
three age groups: < 40 years old (n = 1, 4%), 40-59 years old (n = 10,
40%) and 2 60 years old (n = 14, 56%) (Table 1). The ages at the time
of infection ranged from 14 to 64 years, with a mean age of 39.12
years (standard deviation, 12.12 years) (Supplementary Table 1).
Among the donors, five were female (20%) and 20 were male (80%).

A total of 24 donors (96%) reported experiencing at least one
clinical symptom associated with NiV during the 1998 outbreak in
Malaysia (Table 1). The most common symptoms were high fever (n
=19, 76%), followed by dizziness (n = 6, 24%), headache (n = 6, 24%),
vomiting (n = 5, 20%), respiratory symptoms (n = 4, 16%) (Table 2).
Ataxia and coma were each reported by three donors (n = 3, 12%).
Other symptoms included chills and loss of consciousness (n = 2, 8%
each), as well as muscle pain, lethargy, diarrhea, swollen lymph
nodes, half-body paralysis, disorientation, and memory loss (n = 1,
4% each). Nine donors (36%) reported experiencing at least one
symptom after the initial infection. Of these, three had symptoms
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Table 1
Statistical analysis of demographic information, clinical characteristics, NiV IgG ELISA results and virus neutralization assay data in the NiV survivor cohort.
Variables n (%) p value
Antibodies by comparative Antibodies by indirect Antibodies by indirect Antibodies by NiV virus
indirect rNiV-N ELISA NIV-F ELISA NiV-G ELISA neutralization assay
Age group® < 40 1(4) 024 0.89 0.30 0.57
40 - 60 10 (40)
> 60 14 (56)
Sex Male 20 (80) 1.00 1.00 0.54 1.00
Female 5 (20)
Presentation of clinical Yes 24 (96) 0.52 0.71 0.07 0.10
symptoms No 1(4)
Contact with sick pigs Yes 21(84) 0.40 0.72 0.47 0.53
No 2(8)
Unknown 2(8)
Contact with NiV-infected Yes 18 (72) 0.97 0.83 0.74 0.97
individual® No 7 (28)

2 Age at time of questionnaire administration, January 2022.

b Contact with NiV-infected family members or anyone who lives in the same house.

Table 2
Clinical symptoms of NiV infection among donors in the survivor cohort, along with
their contact history with sick pigs and NiV-infected individuals.

Variables

Clinical symptoms
High fever
Dizziness 6
Headache 6
Vomiting 5
Respiratory symptoms 4
Ataxia 3
Coma 3
Chills 2
Loss of consciousness 2
Muscle pain 1
Lethargy 1
Diarrhea 1
Swollen lymph nodes 1
Half-body paralysis 1
Disorientation 1
Memory loss 1
Possible long-term complications after initial NiV infection
Presented at least one clinical symptom after 1998 NiV outbreak 9(36)
Clinical symptoms persisted < one year 3(12)
Clinical symptoms persisted > one year 6 (24)
Contact with sick pigs
Indirect contact 21 (84)
Direct contact (touching and handling pigs) 20 (80)
Participated in the slaughter or dissection of sick pigs 4 (16)
Contact with NiV-infected individual

The family member or cohabitant was diagnosed with NiV infection 18 (72)

The family member or cohabitant presented at least one clinical 14 (56)
symptom

The family member or cohabitant had exposure to sick pigs 16 (64)

The primary caretaker of the family member or cohabitant 4 (16)

¢ The percentage (%) of n was calculated based on 25 donors.

that lasting less than a year, while six experienced symptoms that
persisted for over a year (Table 2). These persistent symptoms in-
cluded lethargy, impaired vision, half-body paralysis and seizures.

In this cohort, 84% of donors reported contact with sick pigs
during the 1998 NiV outbreak (Table 1), including direct contact,
indirect contact, or involvement in the slaughter or dissection of sick
pigs (Table 2). Additionally, 18 donors (72%) had contact with
households members diagnosed with NiV or exhibited at least one
clinical symptom associated with the infection.

Serum IgG antibody response to rNiV-N, NiV-F and NiV-G

In the survivor cohort of 25 donors, 20 samples (80%) showed
Ayso (R) > 0.16 at a dilution of 1:50 in the comparative indirect rNiV-

N (Fig. 1A). However, only seven samples (28%) met both criteria,
Ayso (R) > 0.16, and A4so (R)/Asso (B) > 3.873, indicating positivity to
rNiV-N (Fig. 1B). At a dilution of 1:100, 21 samples (84%) showed
Ayso (R) > 0.16, but only five samples (20%) met both criteria and
were considered positive for rNiV-N. Notably, no samples from the
endemic negative cohort showed detectable anti-rNiV-N (Fig. 1B).

For the indirect NiV-F ELISA, 21 samples (84%) were positive at
the dilution of 1:50 (Fig. 2A), with this number decreasing to 14
samples (56%) at a 1:100 dilution. In the indirect NiV-G ELISA, 19
samples (76%) were positive for anti-NiV-G at the 1:50 dilution, and
15 samples (60%) were positive at the 1:100 dilution (Fig. 2B). No
samples from the endemic negative cohort showed detectable anti-
NiV-F or anti-NiV-G at a 1:100 dilution. However, at the 1:50 dilu-
tion, four samples were positive for NiV-F and two for NiV-G in the
endemic negative cohort..

Statistical analyses were performed to assess correlations be-
tween demographic and clinical factors and the presence of de-
tectable anti-rNiV-N, anti-NiV-F, or anti-NiV-G antibodies (Table 1).
No significant correlations were found between antibody presence
and factors such as age, sex, clinical symptoms, contact with sick
pigs, or contact with NiV-infected family members. The detailed
demographic, clinical and antibody profile data for the 25 donors in
the survivor cohort are provided in Supplementary Table 1.

Analysis of NiV-neutralizing antibody

Neutralizing antibodies against NiV were detected in 18 of the 25
donors in the survivor cohort (Fig. 3). Among these, two survivors
(N2 and N21) exhibited high neutralization titers, while eight
showed moderate titers (N13, N14, N15, N16, N18, N22, N24 and
N25). The remaining survivors had low titers (N3, N5, N8, N10, N11,
N17, N20 and N23), or no detectable neutralization (N1, N4, N6, N7,
N9, N12 and N19). No samples from the endemic negative cohort
showed neutralizing antibodies against NiV.

No significant correlations were found between the presence of
neutralizing antibodies and demographic or clinical factors, in-
cluding age, sex, clinical symptoms, contact with sick pigs, or ex-
posure to NiV-infected family members (Table 1).

Comparison between detectable anti-rNiV-N, anti-NiV-F, anti-NiV-G
and NiV-neutralizing antibody

All seven samples that tested positive for rNiV-N at a 1:50 dilu-
tion (N2, N5, N15, N17, N22, N24 and N25) were also positive for
both NiV-F and NiV-G at the same dilution (Table 2). Moreover, all
seven samples were confirmed to have detectable neutralizing an-
tibodies against NiV. Of these, five samples remained positive for
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Fig. 1. Evaluation of sera samples from the survivor cohort (n = 25) and the endemic
negative cohort (n = 23) via comparative indirect rNiV-N ELISA at 1:50 and 1:100
dilutions. A. Samples above the dashed line met the As0 (R) > 0.16 cut-off value
(magenta dots). B. Samples that met the criterion of A4so (R) > 0.16 were evaluated for
the second criterion of Ass0 (R) / A4so (B) > 3.873 (dashed line), and samples that met
both criteria indicate positivity for rNiV-N (magenta dots).

rNiV-N at a 1:100 dilution (N2, N5, N15, N17, N22, N24 and N25), and
all five were also positive for anti-NiV-G at this dilution. However,
only four of these five samples were positive for anti-NiV-F (N2, N17,
N22 and N25).

Among the 21 samples that tested positive for anti-NiV-F, 18
were confirmed to have neutralizing antibodies against NiV
(Table 2). Of the three samples that were positive for anti-NiV-F but
lacked neutralizing antibodies against NiV, two (N1 and N9) also
tested negative for anti-NiV-G. The third sample (N4) tested positive
for anti-NiV-F at both 1:50 and 1:100 dilutions, showed detectable
anti-NiV-G at 1:50, but did not demonstrate neutralizing activity
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Fig. 2. Detection of anti-NiV-F and anti-NiV-G in sera samples from the survivor
cohort (n = 25) and the endemic negative cohort (n = 23). A. Samples above the da-
shed line met the Ayso (R) > 1.314 cut-off value for the indirect NiV-F ELISA, indicating
positivity to NiV-F. B. Samples above the dashed line met the A5 (R) > 1.315 cut-off
value for the indirect NiV-G ELISA, indicating positivity to NiV-G.

against NiV. No samples from the endemic negative cohort exhibited
detectable neutralizing antibodies against NiV. Additional data from
the virus neutralization assay are provided in Supplementary
Table 2.

NiV-F- and NiV-G-specific IgG memory B cell responses

The PBMCs from six consented donors within the survivor cohort
(N2, N5, N11, N13, N17 and N22) were assessed for NiV-F- and NiV-
G-specific IgG memory B cell responses. All six survivors showed
reactivity to NiV-F at a dilution of 1:50, however only five of them
(N2, N5, N11, N13 and N17) had detectable NiV-F-specific IgG-
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Table 3
Comparative analysis of the comparative indirect rNiV-N ELISA, indirect NiV-F ELISA,
indirect NiV-G ELISA and NiV neutralization assay.

Survivor  Result by

cohort Comparative Indirect Indirect NiV virus
indirect rNiV-N  NiV-F ELISA®  NiV-G ELISA° neutralization
ELISA® assay’
1:50 1:100 1:50 1:100 1:50 1:100

N1 - - + - - - -

N2 + + + + + + +

N3 - - + + + + +

N4 - - + + + -

N5 + - + - + -

N6 - - - - - - -

N7 - - - - - - -

N8 - - + - + + +

N9 - - + - - - -

N10 - - + + + + +

N11 - - + + + + +

N12 - - - - - - -

N13 - - + + + + +

N14 - - + + + + +

N15 + - + + + + +

N16 - - + + + + +

N17 + + + + + + +

N18 - - + - + + +

N19 - - - - - - -

N20 - - + + ¥ _ .

N21 - - + + + + +

N22 + + + + + + +

N23 - - + - + - +

N24 + + + - + + +

N25 + + + + + + +

2 Positive (+) if the Ayso (R) was > 0.160 and Ayso (R)/Asso (B) was > 3.873.
b Ppositive (+) if the Agso > 1.314.

¢ Positive (+) if the Agsp > 1.315.

4 Positive (+) if the virus neutralization titer is greater than 1:20.

secreting B cells (Fig. 4A). Among these, N2, N11, N13 and N17
showed high levels of NiV-specific [gG memory B cell responses,
while N5 showed a lower response. In contrast, NiV-G-specific
memory B cell responses were observed in all six survivors (Fig. 4B).
A representative ELISpot result from survivor N11 showed detectable
IgG-secreting B cells specific to both NiV-F and NiV-G (Fig. 4C).
Among the survivors, N2, N11 and N13 had the highest NiV-specific
IgG memory B cell responses, while N22 showed the lowest fre-
quency of memory B cells (Fig. 4A and 4B). Additionally, levels of
NiV-G-specific IgG-secreting B cell were consistently higher than
those for NiV-F. Despite this overall increase in memory B cells,
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statistical analysis showed no significant differences in the mean
frequencies of memory B cells compared to the negative control. The
positive control wells, using PBMCs from the same survivors, de-
monstrated significantly higher frequencies of non-specific total IgG-
secreting B cells when MT91/145 (anti-human IgG) capture mono-
clonal antibodies were used. The negative control wells, which
lacked capture monoclonal antibodies, showed no memory B cells in
the NiV-F-specific ELISpot, while a low count of memory B cells was
detected in NiV-G-specific ELISpot.

Discussion

NiV is a highly pathogenic virus first identified during a 1998
outbreak in Malaysia. No new cases have been reported in the
country since then. Although some survivors from the original out-
break locations, particularly Kampung Sungai Nipah, Negeri
Sembilan, are still alive, their long-term health status and immune
response to NiV infection remain poorly documented. This study
presents the first comprehensive serological analysis of the humoral
immune response to NiV in a cohort of the oldest known survivors,
25 years post-infection. We assessed anti-NiV humoral immunity
using ELISAs targeting NiV-N, NiV-F and NiV-G proteins, alongside a
live NiV neutralization assay.

Despite NiV-N being the most abundant structural protein and
antigenic,”*? the comparative indirect rNiV-N ELISA showed the
least sensitivity. This reduced sensitivity could be attributed to
concealed antigenic epitopes within the native NiV-N structure and
the absence of post-translational modifications (PTMs) in the rNiV-N
antigen expressed in E. coli.*> In contrast, over 50% of the NiV sur-
vivors tested positive for anti-NiV-F or anti-NiV-G, indicating that
these proteins are more effective for antibody capture. However, not
all samples positive for anti-NiV-F or anti-NiV-G at a 1:50 dilution
were also positive in the NiV virus neutralization assay. At a 1:100
dilution, these samples tested positive in both the indirect NiV-F and
NiV-G ELISAs, as well as the virus neutralization assay. The lack of
positivity at 1:50 could be due to non-specific binding of cross-re-
acting antibodies,>* which decreases at the 1:100 dilution. The re-
sults obtained at the 1:100 dilution are consistent with findings from
the NiV virus neutralization assay, supporting the roles of NiV-F and
NiV-G in viral entry. Antibodies against these antigens block the
interaction between NiV and host cell receptors, neutralizing the
virus and preventing infection.> Therefore, these findings support
the use of indirect NiV-F and NiV-G ELISAs with serum samples di-
luted to 1:100, combined with NiV virus neutralization, to detect
anti-NiV humoral immunity. The low sensitivity of the comparative

L

= Nz

0 I I I I I I I I

[ 1
_:E}E}:_---".." - 4414 FHAHA-

N1 N2 N3 N4 N5 N6 N7 N8 N9 NI10N11 N12 N13 N14 N15N16 N17 N18 N19 N20 N21 N22 N23 N24 N25
Survivor cohort

Fig. 3. Detection of neutralizing NiV-specific antibodies in convalescent serum samples from the survivor cohort using NiV neutralization assay (n = 25). Each serum sample was
tested in triplicate, and the assay was performed in three independent replicates. The final neutralization titer was determined as the median value from these independent
assays. Data are presented as median + standard deviation SD. Samples above the dashed line have a neutralization titer greater than 1:20, indicating positivity for NiV-

neutralizing antibodies.
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specific IgG memory B cell response of the six survivors. C. Representative memory B cell ELISpot readouts from N11 survivor. The asterisks denote the significance levels as
compared with negative control, ” p < 0.01, " p < 0.001 and ns represents p > 0.05 by Two-way ANOVA followed by Bonferroni post hoc test.

indirect rNiV-N ELISA may lead to an underestimation of NiV ser-
oprevalence, making NiV-F and NiV-G more reliable indicators for
serological surveys and diagnostics. These proteins also serve as key
markers for NiV exposure and vaccine development. Furthermore,
the study underscores the importance of NiV virus neutralization in
understanding the immune response.

Neutralizing antibodies are essential for protection against NiV
infection, complementing cell-mediated immunity and other de-
fense mechanisms. The presence of NiV neutralizing antibodies in
survivors from the 1998 outbreak indicates the persistence of NiV-

specific memory B cells. This study is the first to report the long-
term presence of NiV-specific memory B cells 25 years post-infec-
tion. Among six randomly selected NiV survivors, five exhibited IgG-
producing plasmablasts specific to NiV-F, while all six had NiV-G-
specific IgG-producing plasmablasts. These findings highlight the
therapeutic potential of enduring memory B cells and support the
use of NiV-F and NiV-G as targets for strategies aimed at generating
and sustaining immunological memory.*’

The detection of persistent NiV-specific memory B cells also
paves the way for B cell epitope mapping, facilitating the design of a
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robust epitope-based vaccine against NiV.>**” Additionally, the de-
velopment of monoclonal antibodies, such as m102.4, which targets
the immunodominant NiV receptor-binding glycroprotein and ef-
fectively neutralizes NiV, exemplifies the potential of such anti-
bodies as therapeutic options.*®

A limitation of this study is the small sample size of survivors,
making it challenging to identify significant trends in clinical
symptoms, exposure routes, or demographic factors associated with
the sustained humoral protection. However, questionnaire data re-
vealed that 80% of the NiV survivors were involved in pig-farming
industries or had contact with sick pigs during the outbreak.
Additionally, the study had a 60% higher male recruitment rate, re-
flecting the predominance of men in local pig farming. While this
gender imbalance does not affect the findings, it highlights a specific
demographic characteristic of the infected population and aligns
with the composition of the pig-farming workforce.

This study is the first to evaluate the long-term immune response
to NiV 25 years after the initial infection, using samples from sur-
vivors of the first NiV outbreak caused by the NiV-Malaysia (NiV-
MY) strain. This aged cohort provides valuable insights into the
enduring immune response against the NiV-MY strain. However,
since no NiV cases have been confirmed in Malaysia since 1999,*°
the absence of recent samples for immunological comparison limits
our understanding of how immune responses to NiV evolve over
time. Nonetheless, these findings serve as a crucial basis for com-
parison with data from recent NiV cases in countries such as Ban-
gladesh and India, where NiV continues to be reported. Such
comparisons will help clarify how immune responses differ due to
variations in viral strains and demographic factors, providing valu-
able insights for vaccine development and therapeutic interventions.

Future research should focus on T cell responses to NiV. While
humoral immunity is essential, T cell responses play a critical role in
viral clearance and long-term immune memory.” Studies could
investigate whether survivors infected with the NiV-MY strain ex-
hibit T cell cross-reactivity against the NiV-Bangladesh strain, pro-
viding insights into the breadth and durability of T cell-mediated
immunity. Evaluating both humoral and T cell responses could
provide a comprehensive understanding of immune protection and
inform vaccine design aimed at stimulating both immune arms,
thereby broadening protection against diverse NiV strains.

This study is the first to demonstrate the persistence of antibodies
against rNiV-N, NiV-F and NiV-G, as well as long-lived memory B cells
specific to NiV-F and NiV-G, in survivors 25 years after the NiV outbreak
in Malaysia. ELISAs and memory B cell ELISpot assays consistently
showed higher antibody levels against NiV-F and NiV-G compared to
rNiV-N. Remarkably, even after 25 years, the survivors’ sera retained the
ability to neutralize live NiV. Additionally, sera from this cohort con-
tributed to establishment of the first WHO International Standard for
anti-Nipah virus antibodies.”’ Understanding the longevity of the anti-
NiV humoral response is essential for advancing vaccine development,
diagnostics, and surveillance methods, thereby improving preparedness
for future NiV outbreaks. These findings underscore the necessity of
ongoing surveillance and research to deepen our understanding of NiV
and leverage insights from long-term survivors in combating the virus.

Funding

This work was supported by the Coalition for Epidemic
Preparedness Innovations (CEPI) (IF037-2021) and the Universiti
Malaya grant (MG007-2021). The post-doctoral fellow was funded
by UMSC CA.R.E Fund.

CRediT authorship contribution statement

Hui Ming Ong: Investigation, Methodology, Formal analysis, Data
curation, Writing - original draft, Writing - review & editing. Puteri

Journal of Infection 90 (2025) 106398

Ainaa S. Ibrahim: Investigation, Methodology, Formal analysis, Data
curation, Writing - original draft, Writing - review & editing. Chee
Ning Chong: Methodology, Writing — review & editing. Chong Tin
Tan: Conceptualization, Writing - review & editing. Jie Ping Schee:
Investigation, Writing - review & editing. Michael Selorm
Avumegah: Data curation, Writing - review & editing. Raiil Gomez
Roman: Methodology, Writing - review & editing. Neil George
Cherian: Methodology, Writing - review & editing. Won Fen Wong:
Formal analysis, Writing - review & editing, Supervision. Li-Yen
Chang: Conceptualization, Investigation, Methodology, Formal ana-
lysis, Data curation, Writing - review & editing, Supervision.

Data availability

The data used in this study can be obtained from the corre-
sponding author upon reasonable request, providing the request
complies with local ethical and research governance standards.

Declaration of Competing Interest

Michael Selorm Avumegah and Neil George Cherian are current
employees of CEPI, whereas Ratl Gémez Romdn was previously
employed by CEPI. CEPI is supporting the research and development
of a diverse portfolio of vaccine candidates (including vaccines
against NiV) based on a range of vaccine approaches. The remaining
authors declare no conflict of interest.

Acknowledgements

The authors are grateful for the support provided by the Village
Head and the representative from Kampung Sungai Nipah, Malaysia,
in facilitating the participant recruitment and sample collection. The
authors also appreciate the assistance of icddr,b in sharing the
protocol for the indirect NiV-G ELISA. Lastly, the authors are thankful
for the technical support from Wong Junlin, a Senior Application
Specialist at Biomed Global (Malaysia).

Appendix A. Supporting information

Supplementary data associated with this article can be found in
the online version at doi:10.1016/j.jinf.2024.106398.

References

1. Chua KB, Bellini WJ, Rota PA, Harcourt BH, Tamin A, Lam SK, et al. Nipah virus: a
recently emergent deadly paramyxovirus. Science 2000;288(5470):1432-5. https://
doi.org/10.1126/science.288.5470.1432

2. Chua KB, Goh KJ, Wong KT, Kamarulzaman A, Tan PS, Ksiazek TG, et al. Fatal
encephalitis due to Nipah virus among pig-farmers in Malaysia. Lancet
1999;354(9186):1257-9. https://doi.org/10.1016/50140-6736(99)04299-3

3. Chua KB, Koh CL, Hooi PS, Wee KF, Khong JH, Chua BH, et al. Isolation of Nipah
virus from Malaysian island flying-foxes. Microbes Infect 2002;4(2):145-51. https://
doi.org/10.1016/s1286-4579(01)01522-2

4. Halpin K, Hyatt AD, Fogarty R, Middleton D, Bingham J, Epstein JH, et al. Pteropid
bats are confirmed as the reservoir hosts of henipaviruses: a comprehensive experi-
mental study of virus transmission. Am ] Trop Med Hyg 2011;85(5):946-51. https://
doi.org/10.4269/ajtmh.2011.10-0567

5. Rahman SA, Hassan SS, Olival KJ, Mohamed M, Chang LY, Hassan L, et al
Characterization of Nipah virus from naturally infected Pteropus vampyrus bats, Malaysia.
Emerg Infect Dis 2010;16(12):1990-3. https://doi.org/10.3201/eid1612.091790

6. Goh K], Tan CT, Chew NK, Tan PS, Kamarulzaman A, Sarji SA, et al. Clinical features
of Nipah virus encephalitis among pig farmers in Malaysia. N Engl | Med
2000;342(17):1229-35. https://doi.org/10.1056/NEJM200004273421701

7. Paton NI, Leo YS, Zaki SR, Auchus AP, Lee KE, Ling AE, et al. Outbreak of Nipah-virus
infection among abattoir workers in Singapore. Lancet 1999;354(9186):1253-6.
https://doi.org/10.1016/S0140-6736(99)04379-2

8. Ching PK, de los Reyes VC, Sucaldito MN, Tayag E, Columna-Vingno AB, Malbas Jr.
FF, et al. Outbreak of Henipavirus infection, Philippines, 2014. Emerg Infect Dis
2015;21(2):328-31. https://doi.org/10.3201/eid2102.141433

9. Hsu VP, Hossain M]J, Parashar UD, Ali MM, Ksiazek TG, Kuzmin I, et al. Nipah virus
encephalitis reemergence, Bangladesh. Emerg Infect Dis 2004;10(12):2082-7.
https://doi.org/10.3201/eid1012.040701


https://doi.org/10.1016/j.jinf.2024.106398
https://doi.org/10.1126/science.288.5470.1432
https://doi.org/10.1126/science.288.5470.1432
https://doi.org/10.1016/S0140-6736(99)04299-3
https://doi.org/10.1016/s1286-4579(01)01522-2
https://doi.org/10.1016/s1286-4579(01)01522-2
https://doi.org/10.4269/ajtmh.2011.10-0567
https://doi.org/10.4269/ajtmh.2011.10-0567
https://doi.org/10.3201/eid1612.091790
https://doi.org/10.1056/NEJM200004273421701
https://doi.org/10.1016/S0140-6736(99)04379-2
https://doi.org/10.3201/eid2102.141433
https://doi.org/10.3201/eid1012.040701

H.M. Ong, PA.S. Ibrahim, C.N. Chong et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

World Health Organization. Disease Outbreak News; Nipah virus infection in
India; 2023. (https://www.who.int/emergencies/disease-outbreak-news/item/
2023-DON490) [Accesed 6th August 2024].

Islam MS, Sazzad HM, Satter SM, Sultana S, Hossain MJ, Hasan M, et al. Nipah virus
transmission from bats to humans associated with drinking traditional liquor made
from date palm sap, Bangladesh, 2011-2014. Emerg Infect Dis 2016;22(4):664-70.
https://doi.org/10.3201/eid2204.151747

World Health Organization. Disease Outbreak News; Nipah virus infection -
Bangladesh; 2024. (https://www.who.int/emergencies/disease-outbreak-news/
item/2024-DON508) [Accessed 6th August 2024].

Luby SP, Hossain M], Gurley ES, Ahmed BN, Banu S, Khan SU, et al. Recurrent
zoonotic transmission of Nipah virus into humans, Bangladesh, 2001-2007. Emerg
Infect Dis 2009;15(8):1229-35. https://doi.org/10.3201/eid1508.081237

Sejvar JJ, Hossain J, Saha SK, Gurley ES, Banu S, Hamadani JD, et al. Long-term
neurological and functional outcome in Nipah virus infection. Ann Neurol
2007;62(3):235-42. https://doi.org/10.1002/ana.21178

World Health Organization. South-East Asia regional strategy for the prevention and
control of Nipah virus infection 2023-2030. Geneva: World Health Organization;
2023.

Devnath P, Masud H. Nipah virus: a potential pandemic agent in the context of the
current severe acute respiratory syndrome coronavirus 2 pandemic. N Microbes N
Infect 2021;41:100873. https://doi.org/10.1016/j.nmni.2021.100873

World Health Organization. WHO R&D Nipah baseline situation analysis. Geneva:
World Health Organization; 2018.

CEPL. Priority Diseases; 2024. (https://cepi.net/research_dev/priority-diseases/)
[Accessed 6th August 2024].

GOV.UK. UK Vaccine Network; 2024. (https://www.gov.uk/government/groups/
uk-vaccines-network) [Accessed 6th August 2024].

Byrne PO, Fisher BE, Ambrozak DR, Blade EG, Tsybovsky Y, Graham BS, et al.
Structural basis for antibody recognition of vulnerable epitopes on Nipah virus F
protein. Nat Commun 2023;14(1):1494. https://doi.org/10.1038/s41467-023-
36995-y

Wang Z, Amaya M, Addetia A, Dang HV, Reggiano G, Yan L, et al. Architecture and
antigenicity of the Nipah virus attachment glycoprotein.  Science
2022;375(6587):1373-8. https://doi.org/10.1126/science.abm5561

Dang HV, Chan YP, Park Y], Snijder ], Da Silva SC, Vu B, et al. An antibody against
the F glycoprotein inhibits Nipah and Hendra virus infections. Nat Struct Mol Biol
2019;26(10):980-7. https://doi.org/10.1038/s41594-019-0308-9

Quast I, Tarlinton D. B cell memory: understanding COVID-19. Immunity
2021;54(2):205-10. https://doi.org/10.1016/j.immuni.2021.01.014

Palm AE, Henry C. Remembrance of things past: long-term B cell memory after in-
fection and vaccination. Front Immunol 2019;10:1787. https://doi.org/10.3389/
fimmu.2019.01787

Siva SR, Chong HT, Tan CT. Ten year clinical and serological outcomes of Nipah virus
infection. Neurol Asia 2009;14(1):53-8.

AbuBakar S, Chang LY, Ali AR, Sharifah SH, Yusoff K, Zamrod Z. Isolation and
molecular identification of Nipah virus from pigs. Emerg Infect Dis
2004;10(12):2228-30. https://doi.org/10.3201/eid1012.040452

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Journal of Infection 90 (2025) 106398

Tiong V, Shu MH, Wong WF, AbuBakar S, Chang LY. Nipah virus infection of im-
mature dendritic cells increases its transendothelial migration across human brain
microvascular endothelial cells. Front Microbiol 2018;9:2747. https://doi.org/10.
3389/fmicb.2018.02747

Lei C, Yang J, Hu J, Sun X. On the calculation of TCID(50) for quantitation of virus
infectivity. Virol Sin 2021;36(1):141-4. https://doi.org/10.1007/s12250-020-
00230-5

Tiong V, Lam C-W, Phoon W-H, Abubakar S, Chang LY. Serum from Nipah virus
patients recognises recombinant viral proteins produced in Escherichia coli. Jpn |
Infect Dis 2017;70(1):26-31. https://doi.org/10.7883yoken.JJID.2015.501

Yong MY, Lee SC, Ngui R, Lim YAL, Phipps ME, Chang LY. Seroprevalence of Nipah
virus infection in peninsular Malaysia. ] Infect Dis 2020;221(9):S370-4. https://doi.
org/10.1093/infdis/jiaa085

Chen JM, Yu M, Morrissy C, Zhao YG, Meehan G, Sun YX, et al. A comparative
indirect ELISA for the detection of Henipavirus antibodies based on a recombinant
nucleocapsid protein expressed in Escherichia coli. ] Virol Methods 2006;136(1-
2):273-6. https://doi.org/10.1016/j.jviromet.2006.05.003

Yu F, Khairullah NS, Inoue S, Balasubramaniam V, Berendam SJ, Teh LK, et al.
Serodiagnosis using recombinant Nipah virus nucleocapsid protein expressed in
Escherichia coli. | Clin Microbiol 2006;44(9):3134-8. https://doi.org/10.1128/JCM.
00693-06

Bagno FF, Godoi LC, Figueiredo MM, Sergio SAR, Moraes TFS, Salazar NC, et al.
Chikungunya E2 protein produced in E. coli and HEK293-T cells-comparison of their
performances in ELISA. Viruses 2020;12(9):939. https://doi.org/10.3390/v12090939
de Vries RD, de Jong A, Verburgh R], Sauerhering L, van Nierop GP, van Binnendijk
RS, et al. Human Paramyxovirus infections induce T cells that cross-react with zoo-
notic Henipaviruses. mBio 2020;11(4):e00972-20. https://doi.org/10.1128/mBio.
00972-20

Liew YJM, Ibrahim PAS, Ong HM, Chong CN, Tan CT, Schee ]P, et al. The im-
munobiology of Nipah virus. Microorganisms 2022;10(6):1162. https://doi.org/10.
3390/microorganisms10061162

Caoili SEC. Comprehending B-cell epitope prediction to develop vaccines and im-
munodiagnostics. Front Immunol 2022;13:908459. https://doi.org/10.3389/fimmu.
2022.908459

Yurina V, Adianingsih OR. Predicting epitopes for vaccine development using
bioinformatics tools. Ther Adv Vaccines Immunother 2022;10:25151355221100218.
https://doi.org/10.1177/25151355221100218

Tit-Oon P, Tharakaraman K, Artpradit C, Godavarthi A, Sungkeeree P, Sasisekharan V,
et al. Prediction of the binding interface between monoclonal antibody m102.4 and Nipah
attachment glycoprotein using structure-guided alanine scanning and computational
docking. Sci Rep 2020;10(1):18256. https://doi.org/10.1038/s41598-020-75056-y

Ang BSP, Lim TCC, Wang L. Nipah virus infection. J Clin Microbiol 2018;56(6):1128.
https://doi.org/10.1128/JCM.01875-17

Wang L, Nicols A, Turtle L, Richter A, Duncan CJ, Dunachie SJ, et al. T cell immune
memory after COVID-19 and vaccination. BMJ Med 2023;2(1):e000468. https://doi.
org/10.1136/bmjmed-2022-000468

World Health Organization. Establishment of the First WHO International Standard
for anti-Nipah virus antibody. Geneva: World Health Organization; 2023.


https://www.who.int/emergencies/disease-outbreak-news/item/2023-DON490
https://www.who.int/emergencies/disease-outbreak-news/item/2023-DON490
https://doi.org/10.3201/eid2204.151747
https://www.who.int/emergencies/disease-outbreak-news/item/2024-DON508
https://www.who.int/emergencies/disease-outbreak-news/item/2024-DON508
https://doi.org/10.3201/eid1508.081237
https://doi.org/10.1002/ana.21178
https://doi.org/10.1016/j.nmni.2021.100873
https://cepi.net/research_dev/priority-diseases/
https://www.gov.uk/government/groups/uk-vaccines-network
https://www.gov.uk/government/groups/uk-vaccines-network
https://doi.org/10.1038/s41467-023-36995-y
https://doi.org/10.1038/s41467-023-36995-y
https://doi.org/10.1126/science.abm5561
https://doi.org/10.1038/s41594-019-0308-9
https://doi.org/10.1016/j.immuni.2021.01.014
https://doi.org/10.3389/fimmu.2019.01787
https://doi.org/10.3389/fimmu.2019.01787
https://doi.org/10.3201/eid1012.040452
https://doi.org/10.3389/fmicb.2018.02747
https://doi.org/10.3389/fmicb.2018.02747
https://doi.org/10.1007/s12250-020-00230-5
https://doi.org/10.1007/s12250-020-00230-5
https://doi.org/10.7883/yoken.JJID.2015.501
https://doi.org/10.1093/infdis/jiaa085
https://doi.org/10.1093/infdis/jiaa085
https://doi.org/10.1016/j.jviromet.2006.05.003
https://doi.org/10.1128/JCM.00693-06
https://doi.org/10.1128/JCM.00693-06
https://doi.org/10.3390/v12090939
https://doi.org/10.1128/mBio.00972-20
https://doi.org/10.1128/mBio.00972-20
https://doi.org/10.3390/microorganisms10061162
https://doi.org/10.3390/microorganisms10061162
https://doi.org/10.3389/fimmu.2022.908459
https://doi.org/10.3389/fimmu.2022.908459
https://doi.org/10.1177/25151355221100218
https://doi.org/10.1038/s41598-020-75056-y
https://doi.org/10.1128/JCM.01875-17
https://doi.org/10.1136/bmjmed-2022-000468
https://doi.org/10.1136/bmjmed-2022-000468

	Malaysia outbreak survivors retain detectable Nipah antibodies and memory B cells after 25 years
	Introduction
	Materials and methods
	Human sample collection
	Cells and viruses
	Comparative indirect rNiV-N ELISA
	Indirect NiV-F and NiV-G ELISAs
	NiV neutralization assay
	NiV-specific memory B cells ELISpot assay
	Statistical analysis

	Results
	Characteristics of the survivor cohort
	Serum IgG antibody response to rNiV-N, NiV-F and NiV-G
	Analysis of NiV-neutralizing antibody
	Comparison between detectable anti-rNiV-N, anti-NiV-F, anti-NiV-G and NiV-neutralizing antibody
	NiV-F- and NiV-G-specific IgG memory B cell responses

	Discussion
	Funding
	CRediT authorship contribution statement
	Data availability
	Declaration of Competing Interest
	Acknowledgements
	Appendix A. Supporting information
	References




