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Abstract 
 

Virus reporter-based neutralization assays have been established to provide a feasible tools for the 
detection of neutralizing antibody against flavivirus. The luciferase-based reduction neutralization test (LRNT) was 
developed and evaluated previously using a set of well-characterized flavivirus and dengue virus (DENV)-2 specific 
monoclonal antibodies (MAbs). In this study, we further examined the performance of LRNT and its applicability in 
human serum comparatively to the reference method by employing various group of patient sera infected with 
DENV and other flavivirus. The specificity of LRNT was demonstrated by no neutralizing activity measurable at 
reciprocal dilution of 10 in all non-dengue infected sera. Among 10 Japanese encephalitis virus (JEV) infected sera, 
4 serum samples showed no neutralizing activity against DENV-2, while 6 serum samples with previous exposed to 
DENV infection displayed degrees of neutralization. LRNT highlighted well agreement of neutralizing activity 
detected in all DENV-2 infected sera 0.994 (95% CI, 0.987 to 0.997%) and JEV-infected sera 0.996 (95% CI, 0.984 to 
0.999%) compared to the reference method. Therefore, our study suggested that LRNT could be used as an 
alternative assay to detect DENV neutralizing antibody in suspected DENV-infected human serum.  
Keywords: Antibody detection, DENV, Luciferase, Neutralization assay, Reporter virus 
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Introduction 
Dengue is spread in many countries around the world, especially in tropical and sub-tropical areas. 

It is estimated that 390 million DENV infections occur annually in the world, of which 96 million cases were 
clinically apparent (Bhatt et al., 2013). Moreover, 3.6 billion people live in area at risk of DENV transmission 
(Bhatt et al., 2013). Neutralizing antibody response plays a major role against DENV infection (Rothman, 
2011; Wahala & Silva, 2011). The neutralization occurs when antibodies bind to the virus, then prevent the 
infection of the susceptible host cells. The major target DENV neutralizing antibody is the envelope (E) 
protein. Generally, E protein consists of three beta-barrel domains included E domains I (EDI), II (EDII) and III 
(EDIII). The EDIII is a major target for neutralization by strongly neutralizing MAbs (Rothman, 2011).  

Currently, the laboratory diagnosis of DENV infection is primarily through the detection of DENV 
RNA or antibodies against DENV proteins (WHO, 2009; CDC, 2020). The detection of DENV RNA is highly 
sensitive and specific, but the viral genome can be detected in serum at 4–5 days onset of illness, limiting 
the utility of DENV RNA assays (WHO, 2009). Most DENV infections are diagnosed serologically using an 
enzyme-linked immunosorbent assay (ELISA) and haemagglutination inhibition test (HI) (Gubler, 1998; Guzman 
& Kouri, 1996; Vorndam & Kuno, 1997; WHO, 2009). The greatest confidence in diagnosis may be gained by 
using the neutralization assays such as plaque reduction neutralization test (PRNT). The PRNT was firstly 
developed by Russel and Nisalak in 1967 (Russell, Nisalak, Sukhavachana & Vivona, 1967). This assay is 
considered the “gold standard” for measuring the neutralizing antibody against DENV infection. However, 
the detection of plaque number is restrictively for viruses that can generate plaque, thereby limiting the 
test for non-plaque producing virus strains. 

A large-scale alternative assays which can be performed in 96-well plates, would be preferred to 
improve the performance of neutralizing antibody detection. Focus reduction neutralization test (FRNT) is 
employed to determine the neutralizing potential of antibodies. The sensitivity of the FRNT is sufficiently 
high for detecting seroconversion (Borisevich et al., 2008; Watanabe, Hirokawa, Kon, Tamura & Nishikawa, 
2008). FRNT could determine the neutralization potential of human sera with broadly reactivity across the 
dengue serocomplex (Dejnirattisai et al., 2015). However, detection of neutralizing titer in specimen by FRNT 
can cause an operator-error prone manual readout. Therefore, this assay requires the specialized expertise.  

Various forms of DENV reporters have been made to improve the detection system for 
neutralization assays. Our study carried out an alternative form of DENV reporter, luciferase-secreting single-
round infectious particle reporter (SIPsLuc) in detecting neutralizing antibody against DENV-2                   
(Junjhon et al., unpublished results). This test is relied on the detection of reduced amount of secreted 
Lucia luciferase derived by SIPsLuc replication when it is neutralized by antibodies. The presence of Lucia 
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luciferase gene in the viral genome improves the reading of neutralizing antibody assay since the luciferase 
signal was detected by luminometer instead of doing enumeration of infectious virus by eyes.  
 
Purpose 

This study aimed to profile the neutralizing activity on acute and convalescent DENV-2 infected 
sera for further applied in dengue disease diagnosis and to expand the performance testing of LRNT in non-
DENV and Japanese encephalitis virus (JEV) infected sera. 

 
Research Methodology 

Clinical samples. Human serum samples with previous diagnosed of non-dengue, dengue and JEV 
infections were used to test the performance of LRNT. All human serum samples were secondarily provided 
by the Arbovirus section, National Institute of Health of Thailand, Department of Medical Science, Ministry 
of Public Health, Thailand. Among 35 DENV-2 infected patient sera, 14 sets of pair serums (acute and 
convalescent serums) and 7 convalescent sera were used as dengue positive group. Thirty-five non-dengue 
and ten JEV infected sera were tested for the specificity of LRNT. Neutralizing activity detected from 35 
positive DENV-2 and JEV infected sera were used to analyze the agreement between LRNT and FRNT. 

The positive and negative dengue patient sera were previously diagnosed by three approaches: 1) 
virus isolation in C6/36 cell line 2) RT-PCR employing primers specific to each of the four DENV serotypes 
(Yenchitsomanus et al., 1996) and 3) in-house antibody capture ELISA assay (Innis et al., 1989) for the 
detection of anti-DENV IgM and anti-DENV IgG antibodies, respectively. The detection unit of antibody levels 
is expressed in binding index (BI) (Innis et al., 1989). The minimal detection unit of 40 and 100 for anti-
dengue IgM and anti-dengue IgG, respectively was interpreted as positive. The serum sample positive from 
a minimum two of three approaches is diagnosed as DENV infection. The JEV-infected serum samples were 
previously confirmed by using JEV-IgM in-house ELISA.  

Cells. The African green monkey kidney (Vero) cell line (Yasumura & Kawakita, 1963) was used in 
the FRNT and LRNT assays. The cells were cultured in Minimum Essential Medium (MEM) (Gibco BRL, 
Waltham, USA) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) (Gibco BRL, 
Waltham, USA), 2 mM L-glutamine (Gibco BRL, Waltham, USA), 100 units/ml penicillin-streptomycin (Gibco 
BRL, Waltham, USA) at 37oC in the presence of 5% CO2. The Vero cells were propagated in T-25 or T-75 
tissue culture flask (Corning Costar Corporation, Cambridge, MA, USA) at 37oC in the presence of 5% CO2. 
Following a three-or four-day growth period with approximately 90-100% confluence of cell density, they 
were detached enzymatically by using 0.25% trypsin-EDTA solution (Gibco BRL, Thermo scientific, Waltham, 
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USA). The cell number of 4.5×105 and 1×106 cells were further used for passaging in T-25 and T-75 tissue 
culture flask, respectively. 

The capsid (C)-expressing mosquito cell line and the mosquito (C6/36) cell were cultured in 
Leibovitz’s (L-15) medium (Gibco BRL, Waltham, USA) supplemented with 10% (v/v) FBS (Gibco BRL, 
Waltham, USA), 2mM L-glutamine (Gibco BRL, Waltham, USA), 0.26% (v/v) tryptose phosphate broth (Sigma-
Aldrich, St Louis, USA) and 100 units/ml penicillin-streptomycin (Gibco BRL, Waltham, USA) at 29oC. After 
four-day growth period, the cells were mechanically detached from the T-25 tissue culture flask by using a 
plastic cell scraper and resuspended in the L-15 medium containing 10% (v/v) FBS. About 1:20 of the cells 
were used for the passage in T-25 tissue culture flask. 

Antibody. 4G2 is an anti-flavivirus E protein murine monoclonal antibody (MAb) with the IgG2a 
isotype (Henchal, Gentry, McCown & Brandt, 1982). The 4G2 binds to a conserved epitope on the E protein 
of the flavivirus family. It has been shown to recognize DENV, West Nile virus (WNV), JEV and Zika Virus 
(Henchal et al., 1982). It binds to the fusion loop at the extremity of EDII of E protein and prevents syncytia 
formation (Summers, Cohen, Ruiz, Hase & Eckels, 1989). This antibody was used in the focus immunoassay 
titration and FRNT. The anti-E antibody was kindly provided by Dr. Chunya Puttikhunt, Medical Biotechnology 
(BIOTEC), NSTDA. 

The goat anti-mouse IgG H&L conjugated with alkaline phosphatase (AP) was purchased from a 
company (Abcam, Cambridge, UK). This antibody reacts specifically with mouse IgG and light chains common 
to other mouse immunoglobulins. The antibody was used in the focus immunoassay titration and FRNT. 

Virus and DENV reporter. DENV-2, strain 16681 was kindly provided by Dr. Nopporn Sittisombut, 
Chiang Mai University. It was amplified in C6/36 cells to generate virus stock for all experiment conducted 
in this study. The 90% confluent cell monolayer of C6/36 cells were infected with the virus at a multiplicity 
of infection (MOI) 0.05 at 29 oC. Upon the presence of cell fusion at 6-8 days, the culture supernatant was 

harvested and subjected to centrifugation at 1,735g for 10 min at 4oC. The clarified culture supernatant 
was distributed into small aliquots in the presence of 20% (v/v) FBS and kept at -80 OC. 

Single-round infectious particle reporter (SIPsLuc ) of DENV-2, strain 16681 replicates for a single-cycle 
of infection within the host. It releases Lucia luciferase enzyme, providing a reporter function associated 
with DENV-2 replication. It was amplified in C-expressing C6/36 cells (Sangiambut et al., 2013) at 29oC. The 
culture supernatant containing infectious SIPsLuc was harvested when cell fusion is observed and clarified 

by centrifugation at 1,735g for 10 min at 4oC to remove cells debris. The clarified culture supernatant was 
distributed into small aliquots in the presence of 20% (v/v) FBS. The SIPsLuc was subjected to detecting the 
infectious virus titer and luciferase activity by focus immunoassay titration and luciferase assay, respectively.  
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Focus immunoassay titration. Infectious virus titer of DENV-2, strain 16681 and SIPsLuc were 
determined using focus immunoassay titration in Vero cells. The 4×104 cells/well were plated onto 96-well 
culture plate (Corning Costar Corporation, Cabridge, USA). After 24 h seeded, cells were infected with 50 µl 
of 10-fold serially diluted virus in 450 µl of 2% (v/v) FBS-MEM at 37°C for 2 h. After that, 125 µl of 1.5% (v/v) 
carboxymethyl cellulose (CMC) in 2% (v/v) FBS-MEM was added onto cells to restrict the area of virus 
infection. At 48 h of infection at 37°C, the overlayer was removed by 5 times washing with 200 µl/well 
sterile PBS. The infected cells were then fixed and permeabilized with 3.7% (v/v) formaldehyde and 2% 
(v/v) triton X-100 consequently. To remove triton X-100 residue, the plate was washed with 200 µl/well of 
PBS for 5 times. The infected cells were probed with 50 µl of 4G2 in PBS at 37oC for 1 h. The plate was 
washed with 200 µl/well of PBS for 5 times to remove unbound antibody. The 50 µl of 1:2,500 diluted AP 
conjugated goat anti-mouse IgG H&L (Abcam, Cambridge, UK) in blocking buffer (0.25% (v/v) Tween 20, 10% 
(v/v) FBS in PBS) was reacted with E-4G2 complex within the cells at 37 oC for 1 h. The plate was washed 
with 200 µl/well of PBS for 5 times, followed by sterile water. Finally, the infected cells were detected by 
adding 50 µl/well of AP chromogenic substrates containing 5-bromo-4-chloro-3'-indoly phosphate                 
p-toluidine salt (BCIP) and nitroblue tetrazolium chloride (NBT) in AP buffer (100 mM Tris-HCl pH 9.5, 100 
mM Nacl, and 5 mM MgCl2) at room temperature in the dark for 15-20 min. The cells were rinsed with 
sterile water to stop the reaction. The infected cells were observed as the dark purple spot. DENV-2, strain 
16681 as represented a group of infected cells as the focus. A single infected cell was represent the focus 
of SIPsLuc. The infectious virus titer was expressed as focus forming unit (FFU) per ml. 

Luciferase activity assay. Lucia luciferase enzyme catalyzes the oxidation of coelenterazine 
substrate to yield coelenteramide and light signal to be detected. The amount of Lucia luciferase was 
detected by using QUANTI-Luc detection kit (Invivogen, San Diego, USA). An equal volume of 50 µl of 1:2 
diluted of substrate was mixed with the SIPsLuc infected culture supernatant in 96 well-opti plate. Then, the 
luciferase signal was promptly detected by the VICTOR ™ X series Multilabel plate reader.  

Neutralization assays. Neutralization assays were performed with human sera. Briefly, the 4x104 
cells/well of Vero cells were seeded with 10% (v/v) FBS containing MEM medium in 96-well culture plate 
and incubated at 37oC for 24 h. The human sera were heat-inactivated at 56oC for 30 min and 30 µl of 4-
fold serial dilutions of sera from 1:10 to 1: 10,485,760 in 2% (v/v) FBS-MEM were incubated with an equal 
volume of DENV-2, strain 16681 or SIPsLuc containing 100 FFU at 37oC. After 1 h of incubation, 50 µl of 
antibody-virus mixture was added onto Vero cells monolayer in 96-well culture plate and incubated at     
37 oC for 2 h. For FRNT, 125 µl of 1.5% CMC in 2% (v/v) FBS containing MEM was then added onto each 
well. After incubation at 37 oC for 48 h. FRNT, the plate was stained by focus immunoassay. The serum 
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dilution resulting in 50% reduction of infectious titer referred to no serum condition was interpreted as 
FRNT50 

For LRNT, the complex was removed and cells were 5 times washed with sterile 1x PBS to 
eliminate luciferase residue before replenishing with 125 µl of 2% FBS-MEM. The culture supernatant was 
harvested for the measurement of luciferase activity after 48 hr of infection at 37 oC. The antibody 
dilution resulting in 50% reduction of relative light unit (RLU) value referred to the negative control is 
defined as LRNT50.  

Statistical analyses. The measurement agreement of test between FRNT and LRNT were tested 
by using the Intraclass Correlation Coefficient (ICC) (Koo & Li, 2016). The values greater than 0.90 indicate 
excellent reliability. 
 
Results 
Neutralizing activity of DENV-2 infected sera  

Thirty-five clinical samples from patients with DENV-2 infection were used to measure the 
performance of LRNT along with FRNT. These sera neutralized DENV-2, 16681 and SIPsLuc with a similar range 
of FRNT50 (Table 1). Most of DENV-2 infected sera displayed high neutralizing titers in a range from 1:14,066 
to 1:73,570 (Table 1). ICC analysis showed strong agreement between FRNT50 and LRNT50 in all sera tested.  
 

Table 1. NT50 titers of DENV-2 infected serum samples assayed by FRNT and LRNT 
 

Serum samples FRNT50 titer LRNT50 titer 
P1/L08-168A 2794 3565 
P2/L08-168C 22134 26844 
P3/L08-199A 14854 10372 
P4/L08-199C 285952 227194 
P5/L08-230A 602 605 
P6/L08-230C 7829 9500 
P7/L08-267C 187050 154345 
P8/L08-322C 45236 54311 
P9/L08-345C 21257 24166 
P10/L08-372C 58977 48279 
P11/L13-003C 155291 104356 
P12/L13-056C 21137 23393 
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Serum samples FRNT50 titer LRNT50 titer 
P13/L13-147C 73570 83335 
P28/R15-229A 17 13 
P29/R15-229C 51045 38014 
P34/R15-342A 3645 1735 
P35/R15-342C 7582 5969 
P44/L15-203A 189 336 
P45/L15-203C 73120 61461 
P57/R17-002A 41239 33547 
P58/R17-002C 585119 574689 
P61/R17-056A 25270 19256 
P62/R17-056C 45888 37470 
P64/R17-068A 14066 9835 
P65/R17-068C 192797 139746 
P66/R17-073A 1056 748 
P67/R17-073C 38798 30945 
P68/R17-077A 390 546 
P69/R17-077C 16011 19232 
P70/R17-081A 3653 4396 
P71/R17-081C 16932 17493 
P72/R17-093A 144 190 
P73/R17-093C 103457 128125 
P74/R17-095A <10 <10 
P75/R17-095C 42523 43178 

A=Acute serum, C=Convalescent serum 
 

Agreement of DENV-2 infected sera on the ICC analysis is 0.994 (95% CI, 0.987 to 0.997%), indicating 
excellent reliability of LRNT.  

In DENV-2 infected human sera, there were 4 groups of neutralizing activity titers detected (Figure 1). 
The first group had no neutralizing activity (Figure 1A). The second group displayed low neutralizing activity 
with FRNT50 and LRNT50 values of 1:2,794 and 1:3,565, respectively (Figure 1B). The third group showed 
moderate neutralizing activity with FRNT50 and LRNT50 values of 1:22,134 and 1:26,844, respectively (Figure 
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1C). The fourth group demonstrated high neutralizing activity with FRNT50 and LRNT50 values of 1:73,210 
and 1:61,461, respectively (Figure 1D). 

 
Correlation of neutralizing titers in acute and convalescent sera  

The increase of NT50 titers at ≥4-fold in convalescent samples from acute samples has been used 
to indicate active DENV infection. In this study, 14 acute and convalescent of DENV-2 infected sera were 
demonstrated for studying correlation of neutralizing titers by FRNT and LRNT. There was similar neutralizing 
activity obtained by both FRNT and LRNT assays. Among 14 convalescent sera, 12 convalescent sera 
displayed ≥4-fold rising of FRNT50 and LRNT50, while only two samples showed 2 to 3-fold rising of FRNT50 
and LRNT50 (Figure 2).  
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Figure 1. Neutralizing antibody assays of human sera infected with DENV-2. DENV-2 infected sera were 
reacted with DENV-2, strain 16681 or virus reporter at 37๐C. After 48 hours of infection in Vero cells, focus-
based detection method (closed circle) and luciferase-based detection method (opened circle) were 
employed to determine neutralizing activity of the sera. A) non neutralizing antibody was detected in patient 
sera. Dose-dependent neutralization patterns were observed by lower (B), moderate (C) and high (D) NT50 
titers.  
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Figure 2. Neutralizing titers of human sera infected with acute and convalescent DENV-2 detected by LRNT. 
 
Neutralizing activity of non-DENV-2 and JEV infected sera 

Thirty-five clinical serum samples negative of current DENV infection were used to investigate the 
specificity of LRNT. Expectedly, no neutralizing activity was detected at a reciprocal dilution of <10 in all 
serum sample tested comparatively to the result obtained by FRNT. The pattern of neutralizing activity of 
JEV infected sera revealed 3 groups (Figure 3). All 3 groups of JEV infected sera displayed similar neutralizing 
activity between FRNT and LRNT. The first group displayed no neutralizing activity (Figure 3A). The second 
group displayed moderate neutralizing activity with FRNT50 and LRNT50 values of 1:626 and 1:606, 
respectively (Figure 3B). The third group displayed high neutralizing activity with FRNT50 and LRNT50 values 
of 1:12,856 and 1:10,559, respectively (Figure 3C). Among 6 specimens showed similar FRNT50 and LRNT50 
value of ≥10, whereas the rest showed FRNT50 and LRNT50 value of <10. The level of agreement of 
neutralizing activity detected in JEV infected sera between LRNT compared to FRNT showed 0.996 (95% CI, 
0.984 to 0.999%) of ICC value, indicating excellent reliability between 2 tests.  
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Figure 3. Neutralizing antibody assays of human sera infected with JEV. JEV infected sera were reacted with 
DENV-2, strain 16681 or virus reporter at 37๐C. After 48 hours of infection in Vero cells, focus-based detection 
method (closed circle) and luciferase-based detection method (opened circle) were employed to determine 
neutralizing activity of the sera. A). non neutralizing antibody activity was detected in JEV patient sera. Dose-
dependent neutralizing patterns were observed by moderate (B) and high (C) NT50 titers.  
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Discussion 
A reliable high-throughput neutralization assay is critical for DENV diagnosis and vaccine studies. A 

number of Luc-based neutralization assays have been improved and validated with clinical serum samples 
to overcome the limitation of the conventional PRNT assay. One of these used luciferase dengue virus 
reporter for measuring neutralizing antibodies with rapid, high throughput providing a useful tool for 
laboratory detection and epidemiological investigation (Song et al., 2014). Several DENV reporters have 
been developed and evaluated in clinical samples from infected animal and patients demonstrating in 
respect to agreement of 76.4% correlation with conventional plaque-based assay (Shan et al., 2017). To 
quantitatively compare the traditional PRNT, neutralization results showed no statistically different (ANOVA, 
p>0.05) of NT50 titers obtained from PRNT for each of the sera tested (Mattia et al., 2011). In the sense of 
correlation with the PRNT assay, LRNT50 titers are well correlated (R2 > 0.95) with PRNT50 titers 
(Song et al., 2014). These results indicate the corresponding neutralizing activity with the traditional PRNT. 
Accordingly, LRNT evaluation in our study revealed strong correlation of neutralizing titers in DENV-2 
(ICC=0.994) and JEV (ICC=0.996) infected sera equivalent to the reference method.  

Present study demonstrated the performance of LRNT along with FRNT in 35 non-dengue, 35 
dengue and 10 JEV-infected patient sera for use as alternative method for dengue neutralizing antibody 
detection. Neutralizing activity in non-dengue and 4 JEV-infected sera displayed no neutralizing titers in all 
samples as expected, indicating the specificity of LRNT in parallel with traditional PRNT (Song et al., 2014; 
Shan et al., 2017; Mattia et al., 2011; Zhang et al., 2016; Kato & Hishiki, 2017; Shan et al., 2017). However, 6 
samples of JEV-infected sera displayed neutralizing activity against DENV-2. These was likely due to potential 
interfering by the presence of dengue-IgM and IgG antibodies developed by previous DENV exposed (no 
data show). To further improve for DENV-2 serotype specificity of the LRNT, a large number of sera infected 
with DENV-1, DENV-3, and DENV-4 and other flavivirus-cross reactive group like Zika virus should be 
employed in neutralization assay.  

 
Suggestions 

Measurement of neutralizing antibody in DENV-infected patient sera employing SIPsLuc by LRNT 
offers advantages for robust detection of neutralizing antibody in dengue immune sera. However, this study 
demonstrated the specificity of LRNT using few numbers of non-DENV and JEV-infected patient sera. 
Expanded number and type of human serum samples, including primary and secondary DENVs-infected 
sera and other flaviviruses infected serum samples should be included in the performance testing to further 
improve the reliability of LRNT assay. 
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