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ARTICLE INFO ABSTRACT

Nipah virus (NiV), a BSL-4 pathogen, belongs to the genus Henipavirus within the family Paramyxoviridae. To
date, no effective vaccine is available. Although most of the current vaccine studies aim to induce a neutralizing
antibody response, it has become evident that a promising vaccine should target both, humoral and cell-
mediated immune response. Virus-like particles (VLPs) have been shown to activate both arms of the adaptive
immune response. In our study, VLPs composed of the NiV surface glycoproteins G and F and the matrix protein
of the closely related Hendra virus (HeV M) induced both, a neutralizing antibody response and an antigen-
specific CD8 T cell response with proliferation, IFN-y expression and Th1 cytokine secretion in C57BL/6 mice. In
contrast, in BALB/c mice only a neutralizing antibody response was observed. All three viral proteins included in
the VLPs were shown to harbor CD8 T cell epitopes; however, the combination of all three proteins enhanced the
magnitude of the CD8 T cell response. To conclude, VLPs represent a promising vaccine candidate, as they
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induce humoral as well as CD8 T cell-mediated immune responses.

1. Introduction

Nipah virus (NiV), an emerging zoonotic paramyxovirus within the
genus Henipavirus, causes fatal encephalitis in humans and severe re-
spiratory disease in pigs (Chua et al., 2000). Due to the broad host
range, the high fatality rates (up to 80%), and the lack of antiviral
therapy, NiV has been classified as a biosafety level 4 (BSL-4) pathogen.
After virus contact, administration of the monoclonal antibody m102.4
is thought to be the most suitable strategy as therapeutic treatment so
far (Geisbert et al., 2014). However, rapid replication and spread of the
virus limit the timeframe for application of therapeutics. Thus, pre-
ventive vaccination remains an important alternative, especially in an
outbreak scenario when people who may be in contact with infected
individuals, infected animals and susceptible livestock need protection.
A pig vaccine that is able to prevent shedding of infectious virus is of
veterinary and human health significance, including the importance to
reduce the severe economic consequences of a NiV outbreak. Yet, cur-
rently no licensed vaccine against NiV is available.

Development of effective antiviral strategies and vaccination

requires a deep insight into how NiV interacts with the immune system.
Regarding the adaptive immune response, various approaches to find a
vaccine candidate in vivo revealed that humoral CD4 T helper cell (Th-)
dependent immunity with the development of neutralizing antibodies is
a critical factor in surviving NiV infection and for future protection
(DeBuysscher et al.,, 2014; Guillaume et al., 2004). The receptor-
binding G protein and the fusion protein F have been shown to be the
major targets for the generation of neutralizing antibodies (Tamin et al.,
2002). Thus, diverse vaccination studies focused on the induction of a
neutralizing antibody response using one or both surface glycoproteins
as antigens (summarized in Satterfield et al., 2016). Several studies
suggest the activation of T cells upon NiV infection or vaccination in
different hosts (Cong et al., 2017; Kong et al., 2012; Prescott et al.,
2015). However, one recent study in pigs suggests an additional role of
the cell-mediated immune response for full protection against NiV
challenge (Pickering et al., 2016).

In recent years, virus-like particles (VLPs) have been used increas-
ingly in vaccine development against several viral diseases. In general,
VLPs can be produced by in vitro expression of individual viral
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structural proteins, such as the envelope or the matrix proteins of the
original virus. These proteins may have the intrinsic ability to self-as-
semble spontaneously into highly organized particles, that can be
purified from the cell culture supernatant, and resemble viable virus
particles morphologically in size and shape, but lack the viral genome.
In contrast, to obtain soluble expressed protein, parts of the protein
such as the transmembrane region may have to be deleted or modified,
eventually resulting in structural modifications of the protein. Overall,
VLPs offer great advantages: they are not infectious and thus can be
handled safely under low containment conditions; they mimic the
overall structure of native virus with preservation of native antigen
conformation, and they have been shown to induce antibody- and cell-
mediated immune responses as exogenous antigens via cross-presenta-
tion for various pathogens (summarized in Diederich et al., 2015). NiV-
based VLPs composed of the two glycoproteins F and G and the matrix
protein M have been shown to induce an antibody response with the
production of neutralizing antibodies in rabbits, BALB/c mice and
Syrian hamsters (Schmidt et al., 2018; Walpita et al., 2011, 2017).
However, to our knowledge, it has not been investigated whether NiV-
based VLPs are able to induce a CD8 T cell mediated response in any
animal model. C57BL/6 mice react preferentially with a T-helper type 1
(Th1) biased immune response, which ultimately is a requirement for a
CD8-mediated T cell response, whereas BALB/c mice tend to a Th2-
dominated immune response after infection or immunization (sum-
marized in Sellers et al., 2012). The aim of our study was therefore to
use VLPs, consisting of NiV G, NiV F and the Hendra virus (HeV) M
protein, to investigate that immunization with VLPs induces a CD8-
mediated T cell response in Thl-biased C57BL/6 mice, but not in Th2-
biased BALB/c mice, and finally, to demonstrate that the investigated
viral proteins are able to induce a T-cell mediated immune response.

2. Materials and methods
2.1. Plasmids

The open reading frame for NiV F-HAtag (in the following desig-
nated as NiV F) was subcloned from a pczCFG5-NiV F-HAtag plasmid
(Moll et al., 2004) into the pCAGGS vector. The NiV G coding sequence
(GenBank accession number No. AF212302) was codon optimized for
human cells, and was synthesized and cloned into pCAGGS vector
(GeneArt AG/Thermo Fisher Scientific Inc.). pPCAGGS HeV M was pro-
vided by Stefan Finke, Friedrich-Loeffler-Institut (Bauer et al., 2014).
Complete sequences can be obtained on request.

2.2. Cells

HEK-293 T (human embryonic kidney 293 T) cells and Vero cells
(African green monkey kidney cells) (Collection of Cell Lines in
Veterinary Medicine, Friedrich-Loeffler-Institut, FLI) were cultivated in
Minimal Essential Medium (Earl's and Hank's salts 1:1) supplemented
with 1% non-essential amino acids, 0.125% sodium hydrogen carbo-
nate, 0.012% sodium pyruvate and 10% fetal calf serum (FCS). Isolated
murine splenocytes were cultivated in Iscove's Modified Dulbecco's
Medium and Ham’s F12 (1:1), supplemented with 10% FCS and 1%
penicillin/streptomycin. All cells were cultured at 37 °C, 5% CO», and in
a humidified atmosphere.

2.3. Mice

C57BL/6 mice were obtained from a breeding stock at FLI. BALB/c
mice were purchased from Charles River (Schweinfurt, Germany).
Female mice were used at 6 weeks of age. Mice were bred under SPF
conditions and kept in a conventional animal house facility.
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2.4. Preparation of VLPs

For antigen production, 2 x 10® HEK-293 T cells were either co-
transfected or single transfected with a total of 20 ug plasmid DNA
encoding for NiV F, NiV G, or HeV M mixed 1:1 with polyethylenimine.
Eight hours post transfection (p.t.), medium was replaced by serum-free
medium. VLPs were purified by ultracentrifugation as described earlier
(Diederich et al., 2008). Briefly, at 48 h p.t., supernatants were clarified
and then purified through a 20% sucrose cushion at 96,000 x g for 2 h at
4°C. Pellets were washed at 155,000 x g for 30 min at 4 °C and re-
suspended in Tris-Sodium Chloride (TN) buffer. Antigen preparation
was stored at —80 °C until usage. To establish an equivalent control
(control supernatant), HEK-293 T cells were transfected with empty
PCAGGS vector and supernatant was treated as described before. Pro-
tein concentration was determined by bicinchoninic acid assay (BCA;
Uptima) according to the manufacturer’s instructions.

To verify incorporation of the viral proteins, purified VLPs were
analyzed by Western Blot using primary antibodies: NiV G was detected
by the mouse monoclonal antibody 5G1B1 (Fischer et al., 2018), NiV F
was detected by a polyclonal rabbit anti-HA serum (H6908; Sigma-Al-
drich), and HeV M was detected by a serum produced in a rabbit after
immunization with a NiV M peptide (Ac-YLDKVEPEIDENGSMIPKY-
KIC-NH2; immunoGlobe GmbH). Detection antibodies were goat anti-
mouse AlexaFluor 488 and/or goat anti-rabbit AlexaFluor 568 (Life-
Technologies). Inmune complexes were visualized with the Molecular
Imager VersaDoc MP 4000 system (BioRad) and were processed with
Quantity One analysis software (BioRad).

2.5. Transmission electron microscopy

For analysis by transmission electron microscopy (TEM), 20 pl
(c = 1 pg/pl) of VLPs were adsorbed to formvar coated nickel grids for
7 min, then stained with 1% phosphotungstic acid (pH 6.0). Analysis
was performed with a Tecnai-Spirit TEM (FEI) at an accelerating vol-
tage of 80kV.

2.6. Immunization of animals and sampling

C57BL/6 mice were used in comparison to BALB/c mice as a
methodical approach to prove the CD8-mediated T cell response. Mice
were immunized intraperitoneally three times at a three-week interval
with 7.5 pg VLPs mixed 1:1 with complete Freund's adjuvant for prime
or incomplete Freund's adjuvant for boosts. Control mice were im-
munized with the same amount of control supernatant. At 21 days post
boost 1 (d21pbl) and 21 days post boost 2 (d21pb2), mice were sa-
crificed according to animal care regulations and splenocytes were
isolated for in vitro experiments (see Table 1). Serum was collected after
heart puncture for serological assays.

The animal experiments were evaluated by the ethics committee of
the State Office for Agriculture, Food Safety, and Fisheries in
Mecklenburg - Western Pomerania (LALLF M-V) and gained legal gov-
ernmental approval.

Table 1
Experimental design for immunization in C57BL/6 and BALB/c mice.

do d21 post d21 post boost 1 d21 post boost 2
prime
(d21pbl) (d21pb2)
Immunization (prime)  boost 1 boost 2 End of study

CD8 proliferation
IFNy-production

CD8 proliferation
IFNy-production
Antibody response
Cytokine detection



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=AF212302

E. Stroh, et al.

2.7. Indirect immunofluorescence assay

For indirect immunofluorescence assay (IFA), 2 X 10* Vero cells
were transfected with 1 pg plasmid DNA encoding for either NiV F, NiV
G, or HeV M with TransIT-293 Transfection Reagent according to the
manufacturers' protocol. At 24h p.t., cell monolayers were fixed with
4% paraformaldehyde (PFA) and permeabilized with 0.2% Triton-X100
in PBS** (PBS with 0.5mM MgCl, 1 mM CaCl,). Cells were incubated
with mouse sera at a 1:50 dilution in 5% BSA / PBS™ * for 1h at 4 °C,
washed and then incubated with goat anti-mouse AlexaFluor 488 sec-
ondary antibodies. Cell nuclei were counterstained with 4’,6-Diamidin-
2-phenylindol (DAPI). Images were acquired with an Eclipse Ti-S in-
verted microscope system and were processed with the NIS-Elements
BR 4.00.07 software (Nikon).

2.8. Foci reduction assay

All experiments with live NiV were performed under BSL-4 condi-
tions at the Institute of Virology, Philipps University Marburg,
Germany. The NiV-induced foci reduction assay was carried out as
described elsewhere (Fischer et al., 2016). Briefly, recombinant Ni-
VeGFP (2 x 10* 50% tissue culture infection dose, TCIDso) was pre-
incubated for 45 min with mouse sera collected at d21pb2 and then
Vero cells were incubated with the sera - virus - mixture. After 45 min of
incubation, the inoculum was removed and cells were cultured for
further 24 h. Then, cells were fixed and inactivated with 4% PFA for
48 h. Following permeabilization with methanol-acetone, NiV-induced
syncytia were stained with a polyclonal guinea pig anti-NiV serum
(Ringel et al., 2019).

2.9. In vitro restimulation assays

To determine a CD8 T cell response, splenocytes isolated at d21pb1l
and d21pb2 were seeded in 48-well plates for in vitro restimulation
assays and then treated with VLPs or single-protein VLPs (G-VLPs, F-
VLPs or M-VLPs) at 10pug/ml final concentration or the equivalent
amount of control supernatant (stimulation control).

For proliferation assays, splenocytes were stained with 5-(and 6)-
Carboxyfluorescein diacetate succinimidyl ester (CFSE) according to
the manufacturers' instructions. Per well, 6 x 10° cells/ml were in-
cubated with antigen for 5 d before analysis. For calculation of VLP-
specific cell proliferation, the percentage of proliferating cells after
stimulation with control supernatant was subtracted from the percen-
tage of proliferating cells after VLP restimulation.

To detect intracellular IFN-y, 4 X 10° cells/ml were restimulated
overnight and 0.021 mM Monensin was added for the last 10 h of in-
cubation. Subsequently, the ratio of IFN-y*CD8™* cells after antigen-
specific restimulation to IFN-y*CD8* cells after control supernatant
stimulation was calculated based on control.

CD8 T cell-derived proliferation, IFN-y expression as well as detec-
tion of T cell phenotypes were performed by flow cytometry (FCM)
analysis.

2.10. Flow cytometry analysis, antibodies

For FCM analysis, cells were stained for 15min at 4°C in FACS
buffer. For intracellular cytokine staining, cells were fixed and per-
meabilized with True-Nuclear Transcription Factor Buffer Set
(BioLegend) according to the manufacturers' guidelines. A FACSCanto™
II flow cytometer (BD Biosciences) was used for analysis. Data were
processed by FACSDiva software v8.0.1 (BD Biosciences) and FlowJo
v10.1 (FLOWJO, LLC Data Analysis Software). Antibodies used were
obtained from BioLegend and are summarized in Table 2.
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Table 2
Antibodies used for FCM analysis.

Antigen Clone Isotype Fluorochrome Labelling strategy
CD8a 53-6.7 IgG2a PerCP Directly conjugated
IFN-y XMG1.2 1gG1 APC

CD3 17A2 1gG2b PE

CD279 (PD1) 29F.1A12 IgG2a APC/Cy7

NK1.1 PK136 1gG2a PE

KLRG1 2F1/KLRG1  IgG2 BV510® Biotin-Streptavidin

(a)Streptavidin-BV510.
2.11. Cytokine ELISA

Murine splenocytes isolated at d21pb2 were stimulated as described
above for 4 d. Then, cell culture supernatants were tested in cytokine
ELISAs for murine IFN-y, TNF-a, IL-2 and IL-4 (PeproTech) according to
the manufacturer's instructions.

2.12. Statistics

GraphPad prism 7 (GraphPad Software) was used to generate
graphs. Statistical analyses were performed by Mann-Whitney U test
using R. Differences were considered significant at p < 0.05.

3. Results
3.1. Generation and characterization of VLPs

VLPs were generated in 293 T cells using plasmids encoding for NiV
G, NiV F and HeV M, since it has been shown that the incorporation of
HeV M instead of NiV M leads to improved budding of particles (Yun
et al., 2015). Incorporation of all three viral proteins was confirmed by
Western Blot analysis (Fig. 1A). Protein concentrations for antigen
preparations were determined by BCA assay with yields of about
1-1.5pg/pl. Analysis of the produced VLPs by TEM revealed pleo-
morphic particles ranging in size from 100 to 500 nm, thus resembling
the overall structure of the native virus (Fig. 1B).

3.2. VLPs induce a CD8 cell-mediated immune response in C57BL/6 but not
in BALB/c mice

To analyze the CD8 cell response in mice, C57BL/6 and BALB/c
mice were immunized three times at a three-week interval with VLPs or
control VLPs. At d21pbl and d21pb2, splenocytes were isolated and
restimulated in vitro to assess antigen-specific proliferation by CFSE
labeling and FCM analysis. We analyzed all CD8 cells without further
discrimination between natural killer (NK) cells and CD8 T cells. As
shown in the histograms in Fig. 2A, a proliferation was observed in CD8
cells from VLP-immunized C57BL/6 mice after VLP restimulation.
Neither CD8 cells isolated from VLP-immunized C57BL/6 mice after
stimulation with control supernatant, nor CD8 cells from control mice
responded with proliferation independently of the stimulating antigen.
For better visualization, the proliferation of CD8 cells from all C57BL/6
mice is summarized in a dot chart. At both time points, an antigen-
specific proliferation after VLP restimulation was detected with a
maximum of 52% of CD8 cells proliferating with high individual var-
iation. Nevertheless, the difference between VLP-immunized C57BL/6
mice and control mice is significant at d21pb2. No or just marginal
proliferation was observed in CD8 cells from VLP-immunized BALB/c
mice or control mice as shown in the example histogram and the dot
chart in Fig. 2B.

Aside from proliferation, IFN-y expression is a hallmark for CD8 T
cell-mediated response. Therefore, intracellular IFN-y expression in
CD8 splenocytes from C57BL/6 and BALB/c mice was measured after
restimulation with VLPs or control supernatant by FCM analysis.
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Fig. 1. Characterization of purified VLPs. (A) Western blot analysis of VLPs
containing NiV G, NiV F (precursor protein FO and subunit F1) and HeV M. (B)
Morphology of VLPs was analyzed by transmission electron microscopy. Bar,
50 nm.

Numerous IFN-y* events from CD8 cells of VLP-immunized C57BL/6
mice were observed after homologous restimulation, but not after sti-
mulation with control supernatant or from control mice (Fig. 2C). The
dot chart in Fig. 2C summarizes the fold changes of IFN-y*CD8 cells
from all C57BL/6 mice after specific VLP restimulation based on con-
trol. Overall, median IFN-y expression after antigen-specific stimulation
of CD8 cells from VLP-immunized C57BL/6 mice was 7-8 times higher
than expression after unspecific stimulation. At d21pb2, the difference
between VLP-immunized mice compared to control mice was sig-
nificant. In contrast to C57BL/6 mice, antigen-specific CD8 cell-derived
IFN-y expression was not detected in VLP-immunized BALB/c mice
(Fig. 2D).

To further examine whether stimulation with VLPs induced the
production of Thl-driven cytokines, splenocyte supernatants were
tested for murine IFN-y, TNF-a and IL-2 in cytokine ELISAs. As a control
for a Th2 cytokine, IL-4 secretion was determined. As shown in Fig. 2E,
significant differences in the Thl cytokines in splenocyte supernatants
from VLP-immunized C57BL/6 mice (median concentration IFN-
y = 18,629 pg/ml, cTNF-a = 699 pg/ml, cIL-2 = 125pg/ml) versus
control mice (median cIFN-y = 1249 pg/ml, cTNF-a = 36 pg/ml, IL-2
not detectable) were measured while IL-4 was not detected. In contrast,
in supernatants of VLP-immunized BALB/c mice, however, IL4 was the
predominant cytokine detected (cIL-4 = 65 pg/ml) after antigen-spe-
cific restimulation (Fig. 2F). Neither IFN-y nor IL-2 were detected in
supernatants from BALB/c mice. TNF-a secretion was similarly de-
tected in immunized and control BALB/c mice (cTNF-a = 210 pg/ml
and cTNF-a = 208 pg/ml, respectively). Thus, none of the Th1l-driven
cytokines was found to be specifically induced in splenocytes from VLP-
immunized BALB/c mice.
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3.3. VLPs induce production of neutralizing antibodies in C57BL/6 and
BALB/c mice

To determine if VLPs also serve as antigen-inducing specific anti-
bodies, sera from both mouse strains collected at d21pb2 were tested
for neutralizing antibodies in a NiV-induced foci reduction assay
(Fig. 3). Sera from VLP-immunized C57BL/6 mice (Fig. 3A) and BALB/c
mice (Fig. 3B) completely inhibited NiV-induced syncytium formation
at a serum dilution of 1:10 and partially inhibited syncytium formation
at serum dilutions of 1:100. Only marginal neutralizing effects where
visible at a serum dilution of 1:1000. Thus, VLPs act as immunogens in
both mouse strains resulting in the induction of a humoral immune
response with generation of neutralizing antibodies.

3.4. Combination of NiV G, NiV F and HeV M proteins enhances CD8 T
cell-mediated immune response

To investigate if one of the three viral proteins incorporated in the
VLPs is sufficient for induction of a cell-mediated response, VLPs ex-
pressing only one viral protein were generated and confirmed in
Western blot analysis (Fig. 4A). In order to demonstrate that all three
viral proteins incorporated into VLPs harbor distinct B cell epitopes that
induce a humoral immune response with generation of antibodies fol-
lowing immunization, an IFA against all three henipavirus proteins was
performed. Collected mouse sera clearly showed to react with the re-
spective viral proteins expressed in Vero cells (Fig. 4B).

Then, splenocytes from immunized C57BL/6 mice were restimu-
lated with VLPs, one of the three single-protein VLP preparations, or
control supernatant, and proliferation of CD8 T cells was analyzed. At
both indicated time points, CD8 T cells from VLP-immunized C57BL/6
mice showed significant antigen-specific proliferation to different de-
grees after restimulation with the different VLP preparations (Fig. 4C).
Restimulation with VLPs only containing the F or the M protein (F-VLP,
M-VLP) had a minor effect, while incubation with VLPs composed of all
three viral proteins, or only containing the NiV surface glycoprotein G
(G-VLP) resulted in high numbers of proliferating CD8 T cells with
medians of 15.3% and 15.9% at d21pb2, respectively. Additionally, a
CD8 T cell proliferation (median 12.5%) was also measured within the
control group at d21pb2 after G-VLP restimulation.

With regard to intracellular IFN-y expression determined by FCM,
median IFN-y expression after stimulation of CD8 T cells from VLP-
immunized C57BL/6 mice with G, F and M-containing VLPs was 7x
higher than compared to unspecific stimulation (Fig. 4D). As shown
before (Fig. 2C), the difference between stimulated VLP-immunized
mice and VLP-stimulated control mice was significant at d21pb2. In
contrast to VLPs containing all three viral proteins, there was only a
minor increase in antigen-specific IFN-y expression in CD8 T cells after
restimulation with VLPs containing only G, F or M protein (Fig. 4D);
although incubation with these single VLPs had induced a T cell pro-
liferation (Fig. 4C). Thus, restimulation of splenocytes from VLP-im-
munized mice with G, F and M-containing VLPs resulted in a stronger
CD8 T cell response than restimulation with any single-protein VLP.

4. Discussion

NiV has caused sporadic outbreaks in the past years with the most
recent one in southern India in 2019 (ProMED-mail, 2019). Despite the
importance of NiV as an emerging zoonotic pathogen, there currently is
a lack of approved therapeutics and vaccines for use in livestock and
humans. Most current vaccination strategies using soluble G subunits
(Bossart et al., 2012; Middleton et al., 2014; Pallister et al., 2013), NiV-
based VLPs (Walpita et al., 2011, 2017) or replicative vector-based
vaccines (DeBuysscher et al., 2014; Defang et al., 2010; Guillaume
et al.,, 2004) aim to induce neutralizing antibodies that are known to
play a critical role in the protection against henipavirus infection
(DeBuysscher et al., 2014; Guillaume et al., 2004). However, few recent
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Fig. 2. CD8 cell-mediated response to VLPs in splenocytes from C57BL/6 (left panel) and BALB/c (right panel) mice. CD8 cell proliferation for (A) C57BL/6 and (B)
BALB/c mice was measured using CFSE at d5 after in vitro restimulation of splenocytes with VLPs, and is shown exemplarily as histogram (d21pb2), and is
summarized in dot charts. IFN-y " CD8 cells after VLP restimulation for (C) C57BL/6 mice and (D) BALB/c mice are shown exemplarily as contour plot, and is
summarized as x-fold change based on stimulation control in dot charts. Black lines show median values. The zero level is indicated by the dotted horizontal line.
Median ( + IQR) concentrations of indicated cytokines from supernatants of splenocytes isolated at d21pb2 from (E) C57BL/6 mice and (F) BALB/c mice are control
corrected. Bars represent results from 3 VLP-immunized mice or 3 control mice. * indicates significance with p < 0.05 n.d. = not detectable.

studies suggest that the cell-mediated immune response, in particular
the response of CD8 T cells, is also critical for protection against he-
nipavirus infection (Pickering et al., 2016; Ploquin et al., 2013). In this
study, we showed for the first time that Henipavirus-based VLPs are not
only able to stimulate a humoral response with generation of neu-
tralizing antibodies, but also to induce a cell-mediated response in
C57BL/6 mice with VLP-specific proliferation and IFN-y expression by
CD8 T cells. Moreover, the antigen-specific secretion of IFN-y, TNF-a

and IL-2 into supernatants from splenocyte cultures of VLP-immunized
C57BL/6 mice after homologous restimulation revealed the induction
of a Thl immune response.

Immunization of both C57BL/6 and BALB/c mice with VLPs elicited
NiV G, NiV F and HeV M-specific antibodies with neutralizing activity
indicating an effective B cell response. Previous studies using NiV-based
VLPs for immunization of BALB/c mice, Syrian hamsters and rabbits
similarly reported the induction of anti-NiV IgG as well as significant
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Fig. 3. Analysis of neutralizing antibodies after immunization with VLPs in C57BL/6 and BALB/c mice. Foci reduction assay with live NiV using serum collected at
d21pb2 from (A) C57BL/6 mice or (B) BALB/c mice. NiV-induced syncytia were visualized with a polyclonal guinea pig anti-NiV serum and rhodamine-conjugated
secondary antibodies. Nuclei were counterstained with DAPI. Magnification, 10 X.

NiV neutralizing antibody titers that protected hamsters against sub-
sequent henipavirus challenge (Schmidt et al., 2018; Walpita et al.,
2011, 2017). Similarly, immunization of hamsters with a recombinant
adeno-associated virus (AAV) vaccine candidate encoding for NiV G led
to full protection of all hamsters during homologous NiV challenge,
while at least 50% of the immunized hamsters were protected against
heterologous HeV challenge (Ploquin et al., 2013). Due to very low HeV
cross-neutralizing antibody titers, the authors discussed whether an
involvement of the cell-mediated immune response might account for
the observed survival (Ploquin et al., 2013). Vaccination and challenge
studies in pigs confirm this idea and indicate that a vaccine does not
necessarily work in all species. Whereas the HeV G subunit vaccine
proved to be effective in horses (Middleton et al., 2014), and further
showed cross-protection against NiV challenge in ferrets and non-
human primates (Bossart et al., 2012; Pallister et al., 2013), im-
munization of pigs using the soluble HeV G subunit failed to induce a
Thl response in swine accompanied by a lack of protection with
shedding of infectious virus (Pickering et al., 2016). Interestingly, pigs
previously immunized with ALVAC-NiV G / NiV F showed to be pro-
tected in challenge experiments with reported IFN-y and TNF-a

secretion from PBMCs upon restimulation with NiV (Weingartl et al.,
2006). Therefore, immunization with non-replicative VLPs that induced
proliferation and IFN-y expression by CD8 T cells as well as secretion of
Th1 cytokines in C57BL/6 mice represents a promising vaccine alter-
native.

In contrast to replication competent viral vectors or live-attenuated
vaccines, VLPs are noninfectious and can be produced easily in different
cell lines at a large scale without biosafety concerns. Furthermore, due
to their ordered and repetitive antigenic epitopes, VLPs appear to be
much stronger immunogens than protein subunits or DNA vaccines
leading to optimal B cell induction (summarized in Jennings and
Bachmann, 2008). Their virion-like size and overall authentic mor-
phology enables VLP uptake and cross-presentation as exogenous an-
tigens to stimulate cellular immune responses (summarized in Crisci
et al., 2012).

While this is, to our knowledge, the first report of Henipavirus-based
VLP-specific CD8 T cell response in mice, an increased proliferation and
IFN-y expression in CD8 T cells after VLP restimulation has been re-
ported before for Ebola virus (EBOV) VLP-immunized C57BL/6 mice
(Warfield et al., 2005). In addition, Prescott et al. observed an increased
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expression of IFN-y and granzyme B from CD8 T cells from VSV-EBOV-
GP-NiV G immunized non-human primates (NHP) after restimulation
(Prescott et al., 2015). However, it was not further specified whether
the induced CD8 T cell response was NiV G-specific since restimulation
was only carried out in a polyclonal approach using phorbol 12-myr-
istate 13-acetate / ionomycin. In contrast, we detected a CD8 T cell
response after homologous, antigen-specific restimulation.

Mouse strains with C57BL/6 background appear to have a genetic
predisposition towards a Thl response, whereas mice with BALB/c
background tend to develop a Th2 response (summarized in Sellers
et al., 2012). In accordance with that, we detected secretion of the Thl
cytokines IFN-y, TNF-a and IL-2 into supernatants from splenocyte
cultures of VLP-immunized C57BL/6 but not BALB/c mice after
homologous restimulation. In contrast, a previous study reported that
CD8 T cells from BALB/c mice immunized with a recombinant NDV
expressing the NiV F protein showed IFN-y expression after NiV F
peptide-specific in vitro restimulation (Kong et al., 2012). However,
these differences might result from a higher antigen concentration used
for restimulation as well as the use of a replicative system for im-
munization of BALB/c mice in the published study. Although re-
plicative vaccines could lead to stronger humoral and cell-mediated
immune responses due to a continuous antigen presence, our study
indicates that in C57BL/6 mice repeated exposure to the antigen in its
native conformation in VLPs is sufficient to induce neutralizing anti-
body titers as well as a memory CD8 T cell response. However, repeated
stimulation after primary response or persistent overstimulation can
lead to senescent (KLRG1 ™) and exhausted (PD1 ") T cells with dete-
rioration of T cell function and inefficient control of persisting infec-
tions (summarized in Wherry and Kurachi, 2015). Remarkably, no
functional impairment of CD8 T cells was measured after repeated ex-
posure to VLPs and only negligible amounts of KLRG1™ or PD1* events
from CD8 T cells from VLP-immunized mice were counted (Suppl. Fig.
D). This indicates that a repetition of three immunizations and an ad-
ditional restimulation in vitro with VLPs did not render antigen-specific
CD8 T cells into functionally impaired phenotypes as senescent or ex-
hausted T cells.

Our results further indicate that all of the VLP incorporated proteins
indeed harbor CD8 T cell epitopes that induce proliferation, and mar-
ginal induction of IFN-y expression in CD8 T cells. Hence, our results
support experimental in silico studies reporting potential CD8 T cell
epitopes within the henipavirus glycoproteins and the M protein for
epitope-based vaccine development (Parvege et al., 2016; Sakib et al.,
2014). Importantly, the combination of all three proteins (NiV G, NiV F
and HeV M) enhanced CD8 T cell response in C57BL/6 mice, suggesting
that VLPs comprised of all three proteins might be the more potent
vaccine than single-protein VLPs.

In conclusion, we have demonstrated that Henipavirus-based VLPs
are potent immunogens that induce a humoral response with genera-
tion of neutralizing antibodies, as well as a memory CD8 T cell response
in C57BL/6 mice. These findings provide the basis for future challenge
studies under BSL4-conditions to prove that Henipavirus-based VLPs
lead to protection with sterile immunity. Most importantly, the pro-
mising vaccine characteristics of VLPs need to be analyzed in and
proven for the intermediate host swine.
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