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Abstract

Background Viral neutralization (NT) assays can be used to determine the immune status of patients or assess

the potency of candidate vaccines or therapeutic monoclonal antibodies (mAbs). Focus reduction neutralization

test (FRNT) is a conventional neutralization test (CVNT) with superior specificity for measurement of neutralizing
antibodies against a specific virus. Unfortunately, the application of FRNT to the chikungunya virus (CHIKV) involves a
highly pathogenic bio-agent requiring biosafety level 3 (BSL3) facilities, which inevitably imposes high costs and limits
accessibility. In this study, we evaluated a safe surrogate virus neutralization test (sVNT) that uses novel CHIKV replicon
particles (VRPs) expressing eGFP and luciferase (Luc) to enable the rapid detection and quantification of neutralizing
activity in clinical human serum samples.

Methods This unmatched case-control validation study used serum samples from laboratory-confirmed cases of
CHIKV (n=19), dengue virus (DENV; n=9), Japanese encephalitis virus (JEV; n=5), and normal individuals (n=20). We
evaluated the effectiveness of sVNT, based on mosquito cell-derived CHIK VRPs (mos-CHIK VRPs), in detecting (eGFP)
and quantifying (Luc) neutralizing activity, considering specificity, sensitivity, and reproducibility. We conducted
correlation analysis between the proposed rapid method (20 h) versus FRNT assay (72 h). We also investigated the
correlation between sVNT and FRNT in NT titrations in terms of Pearson’s correlation coefficient (r) and sigmoidal
curve fitting.

Results In NT screening assays, sSVNT-eGFP screening achieved sensitivity and specificity of 100%. In quantitative
neutralization assays, we observed a Pearson's correlation coefficient of 0.83 for NT50 values between sVNT-Luc and
FRNT.

Conclusions Facile VRP-based sVNT within 24 h proved highly reliable in the identification and quantification of
neutralizing activity against CHIKV in clinical serum samples.
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Background

The transmission of chikungunya virus (CHIKV) by
infected Aedes mosquitoes [1] results in periodic out-
breaks of a febrile disease characterized in humans by
fever, rash, myalgia, and severe arthralgia [2]. Due to
similarities in clinical manifestation, CHIKV is com-
monly misdiagnosed as dengue fever, particularly in
regions where both diseases are co-endemic [3]. There
are at present no approved antiviral therapies for CHIKV.
The effective management of CHIKV infection depends
on the ability to obtain an accurate diagnosis as early as
possible.

Nucleic acid detection can only be used during the brief
viremia phase (~ 7 days). Enzyme-linked immunosorbent
assay (ELISA) is a serological test applicable to the detec-
tion of CHIKV-specific IgM antibodies after roughly 5
days of illness and the detection of CHIKV-specific IgG
antibodies in later stages [4, 5]. Note however that ELISA
results must be confirmed via NT assay to determine the
immune status of the patient [6, 7]. Neutralization assays
are highly practical in assessing the potency of candidate
vaccines [8, 9] and therapeutic mAbs [10]. Unfortunately,
applying the conventional neutralization test (c(VNT) to
CHIKYV detection involves a highly pathogenic bio-agent
requiring biosafety level 3 (BSL3) facilities, which inevita-
bly imposes low throughput and long turnaround times
[11]. The development of sVNTs from mammalian cell-
derived VRP [12-18] and pseudotyped viruses [19-24]
has lowered the safety margin (BSL2) and reduced turn-
around times (6—72 h) for the measurement of neutral-
izing antibodies (nAbs).

There is a pressing need for a reliable and versatile
CHIKV NT assay to estimate the seroprevalence [25,
26] and subclinical infection rates [27], identify associ-
ated diseases [28], assess humoral protective immunity
in convalescent patients and vaccine candidates [24, 29],
and search for potential reservoir hosts [30]. Researchers
have recently generated a mosquito cell-derived CHIK
VRP (mos-CHIK VRP) as an alternative to rapid nAbs
detection [31]. In the current study, we evaluated the
efficacy of mos-CHIK VRP VNT (20 h) in the detection
(via eGFP) and quantification (via Luc) of neutralization
activity (Fig. 1). We then compared our analysis results
with those obtained using standard FRNT. In N'T screen-
ing assays (n=>52), the sensitivity and specificity of sVN'T-
eGFP screening were both 100%. In 19 serum samples
from CHIKV patients, we observed a strong correlation
between the quantitative NT50 titers of sVNT-Luc and
corresponding titers obtained from FRNT50.

Methods

Cells and viruses

Sf21 cells (Gibco™ Sf21 cells) were grown at 28 °C in
S£-900 II insect medium containing 10% heat-inactivated
fetal bovine serum (FBS) (Gibco) and 1% antibiotic-
antimycotic (Gibco). AP-61 cells (kindly provide by Dr.
Cheng-Chen Chen) were cultured at 28 °C in Leibovitz
L-15 medium (Gibco) with 10% FBS and 1% antibiotic-
antimycotic. C6/36 cells (ATCC® CRL-1660™) were cul-
tured in RPMI 1640 medium (Gibco) with 10% FBS and
1% penicillin/streptomycin (Gibco) at 28 °C under 5%
CO,. Vero cells (BCRC, n0.60013) were cultured under
5% CO, at 37 °C in minimum essential media (MEM)
(Gibco) containing 10% FBS, 1% GlutaMAX (Gibco), 1%
MEM NEAA (Gibco), 1% sodium pyruvate (Gibco), and
1% penicillin/streptomycin (Gibco). Baculovirus propa-
gation and viral titrations were performed using Sf21
cells. CHIKV (CHIKV/ECSA/Malaysia/2008) propaga-
tion and viral titrations were performed using C6/36 and
Vero cells, respectively.

Transfer vector and recombinant baculovirus

The modified two-in-one transfer vector (without
VSVG) was constructed by initially subcloning a 9.5-kb
PCR fragment of CHIKV replicon-GFP from the pFast-
Bacl-VSVG-CHIKV replicon-GFP [32] as a template.
This subcloning was accomplished using a pair of primers
(forward: 5--CGCGGATCCCGGTCCGAA -GCGCGC
-ACTCAAATCCTGCGCGATC -3’; reverse: 5- AAG
CTTGGTACCGCATGC-CTCGAG-GTACCGCATGC
TGTTTAAAC -3) inserted into the BssHII (Ptel) and
Xhol sites of the pFastBacl vector (Invitrogen, Carlsbad,
CA, USA), which resulted in the creation of a plasmid,
designated as pFastBacl-CHIKV replicon-GFP. We sub-
sequently subcloned a 4.4-kb PCR fragment of hrlpagl-
CHIKYV 26 S (originating from pFastBacl-VSVG-CHIKV
replicon-GFP-hrlpagl-CHIKV 26 S [31]) into pFastBacl-
CHIKV replicon-GFP using Pmel. This was achieved
with the aid of a pair of primers (forward: 5- CTAAGGG
AGGGCGGTTTGTGTTTTACAAGTAGAATTCTACC
-3’ reverse: 5-AGGTACCGCATGCTGTTTAAACTT
AGTGCCTGCTGAACGACAC-3’) using the NEBuilder
HiFi DNA assembly system. The resulting plasmid is
referred to as pFastBacl-CHIKYV replicon-GFP-hrlpagl-
CHIKYV 26 S. We then replaced the eGFP gene in pFast-
Bacl-CHIKV replicon-GFP-hrlpagl-CHIKV 26 S with
eGFP-T2A-Luc in accordance with a published protocol
[31]. Recombinant baculovirus was generated using the
Bac-to-Bac expression system (Invitrogen, Carlsbad, CA,
USA) in accordance with the standard protocol.
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Fig. 1 Qualitative NT evaluation. (A) A schematic diagram of VRP production is illustrated. A recombinant baculovirus was designed to carry two DNA
cassettes: one containing the CHIKV replicon with dual reporters—enhanced green fluorescent protein (eGFP) and luciferase (Luc)—under the control
of a cytomegalovirus (CMV) promoter, and another encoding the CHIKV structural proteins (sP) driven by a mosquito-specific hripag1 promoter. Upon
transduction, the recombinant baculovirus introduces these DNA cassettes into mosquito cells, enabling the expression of all necessary components for
VRP packaging. CHIKVRP contains a defective genome with dual reporters (eGFP and Luc) under the control of subgenomic RNA promoter, where nsP
refers to nonstructural proteins, T2A refers to Thosea asigna virus 2 A self-cleaving peptides, and UTR indicates the untranslated region of the CHIKV ge-
nome; (B) Reproducibility assessment of mos-CHIK VRP-based sVNT-eGFP screening results obtained by three operators (1-3) on 52 serum samples from
CHIKV patients (n =19), DENV patients (n =8), JEV patients (n =5), and 20 normal individuals (N). Sample numbers (corresponding eGFP intensities) are
indicated beneath each well in the left panel; (C) Statistical analysis comparing eGFP intensity data from (Fig. 1B) between CHIKV patients and unrelated
groups. The significance levels are (P < 0.0001), with a significance level set at p < 0.0001 and (««) denoting extreme significance; (D) Overall performance
of sVNT-eGFP screening

VRP production and titration
VRP production (Fig. 1A) and titration were performed

was serially diluted ten-fold (from 1:10 to 1:1,000) in
MEM medium. Vero cells were then infected with the

using a modified 2-in-1 recombinant baculovirus (with
VSVG deletion) as described in [31]. In brief, AP-61 cells
were transduced with recombinant baculovirus at a mul-
tiplicity of infection (MOI) of 20. The culture superna-
tant containing VRPs was harvested between days 7 and
14 post-transduction. The supernatant was centrifuged,
filtered using a 0.22-um filter, aliquoted, and stored at
-80 °C. Vero cells (1.5x10* cells per well) were seeded in
a 96-well plate and incubated overnight. The VRP stock

diluted VRP mixture and incubated at 28 °C for 1 h. After
infection, the medium was replaced, and the cells were
incubated for 20 h at 28 °C under 5% CO,. The number
of eGFP-positive cells was counted to calculate the VRP
titer (infectious units, IU).

Ethics statement
This study on clinical human serum samples was
reviewed and approved by the Institutional Review Board



Lin et al. BMC Infectious Diseases (2024) 24:1076

(IRB 109105) under the auspices of the Taiwan Center for
Disease Control.

Patient details

Assessments were performed on 52 clinical serum sam-
ples collected from a hospital-based reporting system
and a fever screening program at an airport. The sta-
tus of all samples was confirmed by the Center for Dis-
ease Control in Taiwan. Informed consent waivers were
obtained for the use of all samples. The specimens were
categorized as follows: positive for CHIKV (2=19), posi-
tive for DENV (n=8), positive for JEV (n=5), and normal
control (n=20). Note that positive detections were con-
firmed in-house via capture IgM and IgG ELISA and/or
real-time RT-PCR [33, 34].

VRP screening for NT activity

Vero cells (1.5x10* cells / well) were seeded in a 96-well
plate and incubated overnight. VRPs were pre-incubated
with heat-inactivated serum samples (1:40 dilution with
MEM) at 37 °C for 1 h. Cells were infected with mix-
tures of sera and VRP (500 IU/well) and then incubated
at 28 °C for 1 h, whereupon the medium was refreshed
to continue incubation at 28 °C for another 20 h. Images
were then captured using a Sapphire biomolecular imager
(Azure Biosystems). The eGFP intensity was quantified
using Image ] software (version 1.53e). To extract the
specific green signal, we adjusted the color threshold to a
hue tone range of 79 to 90. Quantification was performed
in accordance with the instructions in Image ] documen-
tation: Image — Adjust — Color Threshold — Measure.
The level of eGFP intensity was calculated as the prod-
uct of the area and mean fluorescence in the readings.
Statistical analysis was conducted to compare the eGFP
intensity data between the group of CHIKV patients and
unrelated groups, including DENV patients, JEV patients,
and normal individuals. A two-tailed, unpaired t-test was
used to determine the presence of statistically significant
differences, with a significance level set at p<0.0001 and
(w+:) denoting extreme significance.

VRP quantitative NT assay

VRP-based quantitative NT assays were performed in
accordance with the methods outlined in [31] with slight
modifications, including a decrease in the infectious
component (2,500 to 500 IU/well), an increase in incuba-
tion time (5 to 20 h), and a decrease in incubation tem-
perature (34 to 28 °C). In summary, Vero cells (1.5x10*
cells per well) were seeded in a 96-well plate and incu-
bated overnight. Equal volumes of VRPs (500 [U/well)
were pre-incubated with serial two-fold dilutions of
patient sera (ranging from 1:100 to 1:12,800) or CHK265
mADb (ranging from 0.078 to 10 pg/ml) as a positive con-
trol in triplicate at 37 °C for 1 h. The Vero cells were then
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infected with the VRP/serum mixture at 28 °C for 1 h.
After infection, the medium was replaced, and the cells
were incubated for 20 h at 28 °C under 5% CO,, followed
by a luciferase assay.

Focus reduction neutralization tests (FRNT)

Vero cells (8x10* cells/well) were seeded in a 12-well
plate and incubated at 37 °C for 48 h. Heat-inactivated
human sera were serially diluted and then incubated
with 100 PFU of CHIKV (CHIKV/ECSA/Malaysia/2008)
in an incubator under CO, at 37 °C for 1 h. Mixtures of
sera and virus were transferred to a monolayer of Vero
cells for infection. After infection at 37 °C for 1 h, the
cells were overlaid with 1% (wt/vol) methylcellulose in
10% FBS and 1x MEM, and then incubated at 37 °C for
an additional 36~48 h. The cells were fixed using 10%
formalin and permeabilized with 0.1% Triton-100 in
PBS (PBST). Staining involved incubating the cells in
PBS with primary anti-CHIKV E2 monoclonal antibod-
ies (diluted at 2.5ug/ml), followed by biotinylated anti-Ig
secondary antibodies with antibody diluent at a ratio of
1:50 prior to the addition of streptavidin-HRP solution.
Focus-forming units (brown color) were developed by
treating the cells with DAB chromogen (BD Pharmingen)
at room temperature for 30 min. FRNT50 (50% focus
reduction neutralization titer) values were obtained by
identifying the highest serum dilution that exhibited a
reduction of 50% or more in the number of virus plaques,
compared to the values of the negative control.

Statistical analysis

The correlation between sVNT50 and FRN'T50 titers was
examined using Pearson’s correlation coefficient () and
sigmoidal curve fitting. NT50, the half-maximal inhibi-
tory concentration (or dilution), was calculated using
nonlinear regression analysis. Data were analyzed using
GraphPad Prism 6.01 software.

Results

Qualitative NT evaluation

sVNT-eGFP neutralization activity was assessed quali-
tatively by screening serum samples from patients with
CHIKYV (n=9), DENV (n=8), or JEV (n=5) as well as nor-
mal patients (#=20) at a serum dilution fold of 1:40. As
shown in Fig. 1B, we observed a blockade of VRP infec-
tion in the sera from CHIKV patients, as evidenced by
the absence of eGFP expression; however, no inhibitory
effects were observed in the unrelated sera. sVNT-eGFP
achieved sensitivity of 100% and specificity of 100%.

As shown in Fig. 1C, subsequent statistical analysis
revealed a substantial disparity in eGFP intensities among
the various groups, with a striking divergence between
the CHIKV patients and all other groups. This robust
differentiation reaffirms the reliability and effectiveness
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of the sVNT-eGEFP assay in distinguishing CHIKV infec-
tion. The reproducibility of the sVNT-eGFP assay was
rigorously evaluated across three different operators
with varying levels of laboratory experience. The aim of
this meticulous evaluation was to determine whether
operator bias played a role in the results. Encouragingly,
the consistent outcomes across these operators under-
scored the robustness and operator-independence of the
SVNT-eGFP technique. As shown in Fig. 1D, these results
collectively confirm the exceptional sensitivity and speci-
ficity of the sVNT-eGFP method, marking it as a valuable
tool for CHIKV neutralization testing.

Quantitative NT evaluation

Neutralization performance was also evaluated quan-
titatively by deliberately selecting serum samples from
19 CHIKV-infected patients with well-established neu-
tralizing antibody (nAb) titers, as determined using the
sVNT50 (Luc) method (Fig. 2A). This panel was used
to perform meticulous comparative and correlational
analysis using the conventional FRNT50 method. Fig-
ure 2B lists the NT50 values obtained using sVNT-Luc
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and FRNT. As shown in Fig. 2C, we obtained a Pearson
correlation coefficient of 0.83 for NT50 values obtained
using sVNT-Luc vs. FRNT. We also observed a strong
correlation between the results obtained using sVNT50
vs. FRNT50.

Our findings support that mos-CHIK VRP sVNT, as
shown in Fig. 3, is a reliable tool for the rapid screen-
ing and quantification of CHIKV-neutralizing activity in
clinical serum samples.

Discussion

Viral neutralizing antibodies are a valuable marker for
determining the immune status of patients and assess-
ing the potency of candidate vaccines or therapeutic
mAbs [35]. At present, IgG and NT detection are the
only available methods to confirm suspected chronic
cases of CHIKV and survey the seroprevalence of CHIKV
infection. Moreover, commercial CHIKV IgG detection
assays have a high false-positive rate (12.5 — 22%) [36].
IgM antibody capture enzyme-linked immunosorbent
assay (MAC-ELISA) is currently the preferred approach
to the serological diagnosis of CHIKV infection; however,

B Sample No.(ID) | sVNTS0(Log) | FRNTS0(Log)
CK1 (62022) 2.95 2.95
CK2 (62156) 2.78 2.81
CK3 (62174) 2.64 2.84
CK4 (62261) 2.36 3.05
CKS5 (62280) 2.50 2.45
CKG6 (62349) 2.13 2.12
CK7 (62410) 3.55 3.12
CKS8 (62609) 2.69 2.81
CKO9 (62660) 3.25 3.16
CK10 (62769) 2.69 2.62
CK11 (62908) 3.51 3.28

CK12 (S10801300) 3.46 3.73
CK13 (62335) 3.29 3.39
CK14 (62509) 2.53 1.94
CK15 (62718) 3.18 3.02
CK16 (62729) 3.41 3.52
CK17 (62972) 3.32 3.39
CK18 (63030) 291 3.12

CK19 (S10802992) 3.47 3.81

Fig. 2 Quantitative NT evaluation results (A) Titration curves of neutralizing antibodies for the sera of 19 CHIKV patients. CHK265 mAb serves as a posi-
tive control. Data represent means + standard deviation (triplicate in 1 experiment). (B) Mean neutralizing titers from the sera of 19 CHIKV patients, as
determined by mos-CHIKVRP-based sVNT50 (sVNT-Luc) and FRNT50; (C) Performance of sVNT-Luc based on the correlation between sVNT50 and FRNT50

values for the sera of 19 CHIKV patients
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Fig. 3 Flowchart showing the application of mos-CHIK VRP-based sVNT as a tool for the rapid measurement of CHIKV NT activity. After pre-incubating
VRPs with test serum for 1 h, Vero cells are infected with the pre-incubated VRPs for 1 h and washed. After incubation at 28 °C for 20 h, the cells are sub-
jected to either sVNT-eGFP to qualify NT activity by inhibiting eGFP expression or sVNT-luc to quantify NT activity by inhibiting luciferase activity

positive detections require further confirmation via
cVNT [4], which is arduous and time-consuming, partic-
ularly in low-resource settings. There is a pressing need
for advanced sVNTs to facilitate the assessment of vac-
cine efficacy and improve the accuracy and capacity of
diagnostic methods for CHIKYV infection. The mos-CHIK
VRPs engineered with dual reporter expression (eGPF
and Luc) in the current study are close-to-perfect mim-
ics of CHIKV in terms of viral structure and function, but
with genomic deviations. This enables VRP-infected cells
to express the reporters of eGPF and Luc without confer-
ring the ability to produce virus progeny, thereby allowing
the high-throughput measurement of nAbs within 20 h
[31]. sVNT-eGFP neutralization activity presented excel-
lent specificity and sensitivity in unmatched case-control
validation tests (Fig. 1D). Importantly, the reproducibil-
ity of sVNT-eGFP remained consistent across operators
with various degrees of laboratory experience (see Fig. 1B
and C). These findings underscore the efficacy of sVNT-
eGFP as an operator-independent technique to obtain
results of high reliability. The ability to confirm the infec-
tious status of ELISA-positive sera within just 20 h makes
sVNT-eGFP as a valuable diagnostic tool for efficient,
high-throughput screening, even in extensive human
sero-epidemiology investigations. The results in Fig. 2C
reveal a strong correlation (r=0.83) between sVNT50

and the gold standard FRNT50 in human serum samples.
It should be possible to further reduce the turnaround
time of sVNT-Luc by increasing the MOI (from 500 to
2,500 IU VRPs/well), potentially reducing NT quantifica-
tion time from 20 to 5 h [31]. The high fluorescent back-
ground of Vero cells (Fig. 1C) limits the sensitivity and
specificity of eGFP intensity, making it challenging to
accurately distinguish between positive and negative sig-
nals. As a result, measuring NT50 using the eGFP inten-
sity becomes difficult, especially under low VRP input
conditions (500 IU/well). In contrast, luciferase, which
exhibits low background noise in cell lysates, provides a
broad and linear dynamic range [37], allowing for more
sensitive NT50 quantitation. A comparison of surrogate
neutralization assays (Table 1) revealed that all surrogate
NT tests, including those using pseudotyped virus and
VRPs, involve luciferase reporters for quantitative assess-
ment. However, the mos-CHIK VRP expressing an eGFP
reporter provides an image-based assay for real-time NT
screening. The eGFP-based NT assay is cost-effective as
it does not require expensive reagents. Moreover, the
mos-CHIK VRP sVNT also has high throughput poten-
tial to screen eGFP signal under a high-content setting.
Large quantities of mosquito cell-derived VRPs are eas-
ily obtained from baculovirus-transduced mosquito
cells, whereas the transfection procedures in producing
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Table 1 Comparison of surrogate neutralization assays for CHIKV
sVNT Reporter (s) Quantitative NT Image-based NT Incubation time Refer-
assay screening (hours) ence
Pseudotype virus Luciferase yes no 48 19-21,
23-24
ZsGreen1 and Luciferase yes yes 72 22
Mammialian cells derived-VRP  Gaussia luciferase yes no 6-24 12-18
Mosquito cells derived -VRP eGFP and Luciferase yes yes 5-20 31and
this study

mammalian cell-derived CHIKV VRPs or pseudotyped
lentivirus is labor-intensive and technically challenging.

In summary, the proposed versatile mos-CHIK VRP
sVNT (Fig. 3) could be used for the direct screening of
seroprevalence, the development of therapeutic NT
mAb, the monitoring of neutralizing titers after mass
vaccination, and the assessment of vaccine efficacy in
preclinical and clinical trials.

Conclusions
The findings in this study are summarized as follows:

+ Virus neutralization assays are essential to assessing
specific antibodies against CHIKV.

+ The mos-CHIK VRP-based sVNT-eGEFP enables
CHIKV neutralization screening with excellent
specificity and sensitivity.

+ The operator-independence of the mos-CHIK VRP-
based sVNT-eGFP technique ensures highly reliable
(reproducible) results.

«+ There is a strong correlation (r=0.83) between the
quantitative NT50 titers obtained from mos-CHIK
VRP-based sVNT-Luc and those obtained using the
conventional FRNT assay.

+ The proposed mos-CHIK VRPs provides a safe
and efficient means of detecting and quantifying
neutralizing antibodies associated with CHIKV
infection.

Abbreviations

BSL3 Biosafety level 3

CHIKV Chikungunya virus

CVNT Conventional neutralization test
ELISA Enzyme-linked immunosorbent assay
FRNT Focus reduction neutralization test
V] Infectious unit

Luc Luciferase

mAb Monoclonal antibody

MOI Multiplicity of infection
mos-CHIKVRP  Mosquito cell-derived CHIK VRP
nAb Neutralizing antibody

NT Neutralization

NT50 50% reduction neutralization titer
SVNT Surrogate virus neutralization test
VRP Virus replicon particle
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