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A B S T R A C T

Characterization of neutralizing activities are critical to evaluation of the neutralization potency and breadth of
monoclonal antibodies or anti-HIV-1 sera elicited during natural HIV-1 infection or by vaccines. We have de-
veloped a new neutralization method using the SG3Δenv genome carrying the Gaussia luciferase gene between
the env and nef genes. Pseudotype viruses generated using this new SG3Δenv-GLuc backbone together with HIV-
1 env genes were infectious to TZM-bl cells, T cell lines and primary T cells. Viral infection can be detected by
measuring luciferase activities with both lysed cells and culture supernatants. Neutralization titers in sera from
HIV-1-infected individuals against tier 1 and tier 2 viruses were comparable to those determined by the gold
standard TZM-bl-firefly method. Since the neutralization activities can be determined by repeatedly measuring
luciferase activities in culture supernatants of any cells that are infected by SG3Δenv-GLuc-Env pseudotype
viruses, this new method can serve as a versatile and high throughput assay to determine neutralization ac-
tivities.

1. Introduction

Broadly neutralizing antibody (bnAb) responses may be required for
an efficacious vaccine against global diverse HIV-1 strains (Haynes and
Montefiori, 2006; Johnston and Fauci, 2007; Mascola and Haynes,
2013; Sanders et al., 2015; van Gils and Sanders, 2013). To accurately
and quickly measure such neutralizing activity will depend on stan-
dardized high-throughput assays that can reliably determine the po-
tency and breadth of nAb responses elicited during natural HIV-1 in-
fection or by vaccines (Fenyo et al., 2009; Heyndrickx et al., 2012; Li
et al., 2005; Polonis et al., 2008; Sarzotti-Kelsoe et al., 2014; Todd et al.,
2012). A neutralization assay based on HIV-1 Env-pseudotype viruses
and TZM-bl cells has been widely used with Envs from a variety of
subtypes (deCamp et al., 2014; Li et al., 2005, 2006; Sarzotti-Kelsoe
et al., 2014). TZM-bl is a HeLa cell derivative that expresses CD4, CCR5
and CXCR4 for HIV/SIV infection and contains Tat-responsive reporter
genes: firefly luciferase (Luc) and Escherichia coli β-galactosidase
(Montefiori, 2005; Wei et al., 2002). TZM-bl cells are more permissive
to infection by a wide variety of HIV-1 strains and can generate more
reproducible results than peripheral blood mononuclear cells (PBMCs)

(Li et al., 2005; Montefiori, 2005; Polonis et al., 2008). With its sensi-
tive, quantitative and high-throughput linear dynamic range of several
orders of magnitude, this assay has been widely used for measuring
neutralization activities in HIV-1-infected individuals, human vaccine
trials and in vaccinated animals (deCamp et al., 2014; Hraber et al.,
2017; Montefiori, 2009; Montefiori et al., 2012; Moody et al., 2016).

Neutralization results were generally similar between the methods
based on TZM-bl cells and PBMCs (Fenyo et al., 2009; Polonis et al.,
2008; Sarzotti-Kelsoe et al., 2014). However, the genetically engineered
TZM-bl cells express high levels of CCR5 and CXCR4. This makes the
TZM-bl cells more susceptive to HIV-1 infection and may not fully re-
flect the natural infection process that may lead to possible neu-
tralization differences. Neutralization based on PBMCs in vitro is con-
sidered to be the closest to physiological conditions. However,
neutralization assays using PBMCs are cumbersome, expensive and less
high-throughput (Fenyo et al., 2009; Montefiori, 2009; Polonis et al.,
2008; Sarzotti-Kelsoe et al., 2014). In addition, the large variability of
PBMCs from different donors in the sensitivity to the HIV-1 infection
and the limited numbers of PBMCs from donors greatly limit the use of
PBMCs in standard neutralization assays. Infection can only be
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determined using expensive p24 or RT assays when live viruses or Env-
pseudotype viruses are used to infect PBMCs or other cells without
engineered reporter genes. To address this issue, HIV-1 backbone gen-
omes containing a reporter gene (luciferase or human placental alkaline
phosphatase) are used to determine viral replication and neutralization
activities in cells without a reporter gene (Chen et al., 1994; Connor
et al., 1995; Edmonds et al., 2010; Garcia-Perez et al., 2007; He and
Landau, 1995). However, due to the inconvenience and high back-
ground in the uninfected control cells, they have not been widely used
for determination of neutralization activities.

Humanized Gaussia luciferase (GLuc) can generate over 1000-fold
higher bioluminescent signals in live cells in vivo in experimental an-
imals and over 100-fold higher from live cells in vitro than humanized
firefly (FLuc), renilla (RLuc) and vargula (VLuc) luciferases (Badr et al.,
2007; Eckert et al., 2014; Lashgari et al., 2017; Tannous, 2009; Tannous
et al., 2005; Tannous and Teng, 2011). GLuc has been engineered into
the influenza viral genome and used to detect and identify sites of in-
fection in live animals and cell cultures as well as to determine neu-
tralization activities (Eckert et al., 2014; Pan et al., 2013). Here we
generated a new viral backbone by cloning the Gluc gene into the
SG3Δenv genome for generation of Env-pseudotype viruses to improve
its usability in cells with and without engineered reporter genes, sen-
sitivity to detection of low titer nAbs and easiness to use for HIV-1
neutralization assays.

2. Materials and methods

2.1. Construction of the pSG3Δenv-GLuc plasmid DNA

The Gaussia luciferase gene was inserted into the HIV-1 SG3Δenv
genome between nef and env by overlap PCR. We first amplified the
partial env gene from the SG3Δenv backbone (Wei et al., 2003) using
primer EnvF 5′-CCAGGAAGCCAGCCTAAAAC-3′ and primer EnvR
5′-CTTATAGCAAAAGCCTTTCCAAGC-3′, the nef and part of the vector
regions from the backbone plasmid using primer NefF 5′-ATGGGTGG
CAAGTGGTCAAAAC-3′ and primer NefR 5′-CTGGCACGACAGGTTTC
CCG-3′, and the Gaussia gene from the plasmid IAV-Luc (Pan et al.,
2013) using primer GF 5′-GGAAAGGCTTTTGCTATAAGATGGTGAATG
GCGTGAAGGT-3′ and primer GR 5′-TTTGACCACTTGCCACCCATTTAG
GTGTCATCGCCGCCAG-3′. All three PCR fragments were purified and
mixed together in equimolar amounts to generate a linear genomic
fragment by overlap PCR using primer EGNF 5′-CCTTAATTAAAAGAA
TAAGTAAAAGAGC-3′ and primer EGNR 5′- CGCGGATCCGTAGTGAT
GTGACATT-3′. The restriction enzyme sites for Pac I and BamH I are
indicated with underscore text. The PCR reaction was carried out with
high fidelity KOD-plus Taq polymerase (TOYOBO, Osaka, Japan). The
final product was 4572 bp long, containing the env gene (2625bp),
Gaussia luciferase gene (567bp) and the nef gene and partial vector
region (1380bp). The final PCR product was digested with Pac I and
BamH I, and then cloned into SG3Δenv genome (SG3Δenv-GLuc) at the
Pac I and BamH I sites. The final SG3Δenv-GLuc reporter genome was
confirmed by sequencing.

2.2. Cell culture

TZM-bl cells and HEK293T cells (NIH AIDS Research Program,
Germantown, MD, USA) were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), penicillin (100U/ml), and streptomycin (100U/ml). CEM-ss and
Jurkat cells were maintained in medium supplemented with10% FBS,
penicillin (100U/ml), and streptomycin (100U/ml). PBMCs were iso-
lated from healthy donors by Ficoll-Hypaque PLUS (GE Healthcare Life
Sciences, Piscataway, NJ, USA). PBMCs were first stimulated by cul-
turing in complete RPMI 1640 medium containing phytohemagglutinin
(PHA) at 5 μg/ml for 3 days, and then were maintained in complete
RPMI 1640 medium containing interleukin-2 (IL-2; 30U/ml). The

cultures were maintained in 5% CO2 at 37 °C.

2.3. Determination of virus infection

The SG3Δenv-GLuc or SG3Δenv backbone plasmid were co-
transfected with the HIV-1 env clone or murine leukemia virus (MLV)
env clone into HEK293 T cells using Lipofectamine transfection reagent
(Invitrogen, Carlsbad, CA, USA) as previously described (Gao et al.,
2018; Song et al., 2018; Wang et al., 2017). Env-pseudotype viruses
were harvested from the cell culture supernatant two days after trans-
fection and stored at −80 °C until use. TCID50 was determined for each
virus stock on TZM-bl cells.

TZM-bl cells at 50% confluence in 96-well cell culture plates were
infected with Env-pseudotype viruses in 50 μL cell free medium con-
taining DEAE (10 μg/ml). CEM-ss or Jurkat cells (1× 105) were in-
fected with Env-pseudotype viruses in 50 μL cell free medium in 96-well
cell culture plates. The stimulated PBMCs (1×105) were infected with
Env-pseudotype viruses in 50 μL of sera free medium. For all cell types,
500 TCID50 of each virus (0.005m.o.i) was used for infection in 96-well
plates. The cells and viruses were incubated for 4 h at 37 °C. After three
washes with PBS, 200 μL of appropriate complete DMEM medium was
added to each well. The cultures were maintained for 2 days in a
BSL2+ laboratory.

2.4. Virus purification by ultracentrifugation

Culture supernatants (1 mL; 9138 TCID50) from HEK293 T cells
transfected with SG3Δenv-GLuc backbone and the SF162.LS env clone
were centrifuged 120,000 x g for 3 h using the Optima MAX-XP
benchtop ultracentrifuge (Beckman, Miami, FL, USA). After aspiration
of the supernatant, the viral pellet was resuspended in 100 μL PBS. Both
the supernatants and purified viral particles were used to measure lu-
ciferase activities.

2.5. Bioluminescence assay

Two days after infection, cell culture supernatants and infected cells
were harvested for measurement of Gaussia luciferase activity. To
measure the luciferase activity in supernatants, 20 μL cell culture su-
pernatant and 50 μL coelenterazine solution (0.38 μg/mL) were added
to each well in a luminometer plate (Perkin Elmer, Waltham, MA,USA)
and kept at the room temperature for two minutes. Coelenterazine, the
substrate for Gaussia luciferase (Promega, Madison, WI, USA), was first
prepared as a stock solution with a final concentration of 10mg/ml in
ethanol and then diluted with PBS to a working solution (0.38 μg/ml).
To measure the luciferase activity in the cells, the adherent cells were
washed thrice with PBS and 50 μL Gaussia substrate (Coelenterazine)
solution was added to each well. To measure the luciferase activity in
the suspension cells, the cells were pelleted at 1000 rpm for 5min. After
the cells were washed thrice, they were lysed with 50 μL coelenterazine
solution (0.38 μg/ml) and transferred to a luminometer plate for de-
tection.

To measure the firefly luciferase activity in the TZM-bl cells, the
Bright-Glo Luciferases assay substrate (Promega, Madison, WI, USA)
was directly added to the cells and then transferred to a luminometer
plate for detection. The luminescence was measured using a Victor 2
luminometer (Perkin Elmer, Waltham, MA, USA).

2.6. Neutralization assay

Env-pseudotype viruses generated with the SG3Δenv-GLuc or
SG3Δenv backbone plasmid were cotransfected with each of 9 HIV-1
env clones (7 tier 2 viruses: X1632, CH119, TRO11, 398F1, CNE55,
BJOX2000 and CE1176; and 2 tier1 viruses: MW965.26 and
92RW020.2) or the murine leukemia virus (MLV) env clone. Their
susceptibility to neutralization by specific antibodies in plasma from 10
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chronically infected individuals were determined by the new GLuc
neutralization assay and the conventional gold standard FLuc assay in
TZM-bl cells. For the new GLuc neutralization assay, Env-pseudotype
viruses generated with the SG3Δenv-GLuc backbone plasmid were used
to infect cells and luciferase activity in the culture supernatant was
determined using coelenterazine. For the conventional gold standard
FLuc assay, Env-pseudotype viruses generated with the SG3Δenv
backbone plasmid were used to infect cells and luciferase activity in the
cell lysates was determined using luciferin.

The neutralization assay was performed as previously described
(Gao et al., 2018; Song et al., 2018; Wang et al., 2017). Briefly, in-
activated plasma samples (56 °C for 30min) from 10 subjects were
prepared at three-fold serial dilutions starting at 1:30. Written informed
consents were obtained from participants. The study was approved by
the ethics committee of Fudan University and Jilin University. The di-
luted samples were incubated with Env-pseudotype viruses (100
TCID50) for 1 h at 37 °C and then used to infect TZM-bl cells. The lu-
ciferase activity was measured 48 h post infection (p.i.). The definition
of 50% inhibitory dose (ID50) reported as plasma reciprocal dilution
was the sample dilution at which relative luminescence units (RLU)
were reduced by 50% compared with RLU in virus control wells after
subtraction of background RLU in cell control wells. A response was
considered positive for neutralization if the ID50 titer was more than
1:30.

2.7. Statistical analysis

Statistical significance was determined using paired student’s t-test
with two-tailed analysis and GraphPad Prism 6 software package
(GraphPad software).

3. Result

3.1. Determination of HIV-1 infection in both cell lysates and culture
supernatants

The GLuc gene possesses a secretory signal consisting of 16 amino
acids and a monomeric protein composed of 185 aa (˜20 kDa). GLuc is
the smallest luciferase known to the luciferase gene family. Since large
gene inserts in HIV-1 genome are not favored and often not stable
(Jamieson and Zack, 1998), the small GLuc gene is ideal to be en-
gineered into the viral genome as a stable reporter gene. GLuc has been
cloned into an infectious HIV-1 molecular clones as a membrane-an-
chored form (Suree et al., 2012) or a multiple-gene defective HIV-1
genome producing only single cycle replicating viruses (Ao et al.,
2016). However, these systems are not suitable for neutralization as-
says. Therefore, we cloned the 567bp GLuc gene between the env and
nef genes in the pSG3Δenv genome as a secreted form for easy detection
of viral replication (Fig. S1).

To determine if the Env-pseudotype viruses were infectious, we
generated Env-pseudotype viruses with the SG3Δenv-GLuc backbone
and the SF162.LS or MW965.26 env-expression clone. The same amount
of viruses (500 TCID50) were used to infect TZM-bl cells in 96 well
plates. After the cells and viruses were incubated for 4 h, the cells were
washed three times. The cells were lysed and the culture supernatants
were harvested at hour 0 and then every four hours for two days. In
both virus infections, the viral replication was detected eight hours p.i.
in the supernatants but only four hours after infection in the cells
(Fig. 1). Viral replication increased exponentially from their first de-
tection to about 20 h p.i., and then plateaued until 48 h p.i. in both cells
and culture supernatants. Continuous culture of the viruses up to 72 h
only resulted in modest increases in luciferase activities in both culture
supernatants and cell lysates (Fig. S2). The earlier detection of viral
replication in cell lysates was likely due to the low background in the
cells and the rapid accumulation of newly synthesized Gaussia luci-
ferase in the cells (Fig. 1). The background in the supernatants was

about 5 fold higher than that in the cell lysates (Fig. 1). These results
demonstrated that viral replication can be determined by measuring
GLuc activities in both cells and culture supernatants after infection
with HIV-1 Env-pseudotype viruses using the SG3Δenv-GLuc backbone.

3.2. Characterization of Gaussia luciferase activity in the supernatant

TZM-bl cells contain a firefly luciferase gene that can be activated
after HIV infection. After infection of Env-pseudotype virsues generated
with the SG3Δenv-GLuc backbone, two luciferases (GLuc and FLuc) will
be expressed. To determine if the FLuc activity in the TZM-bl cells will
affect the detection of GLuc activity, we determined the luciferase ac-
tivities in the supernatants from the cells infected with the Env-pseu-
dotype viruses generated with the SG3Δenv-GLuc backbone (Fig. 2A).
Strong activities were detected with the GLuc substrate coelenterazine,
while only background level activities (similar to uninfected cells) were
detected when the FLuc substrate luciferin was used. We next de-
termined the luciferase activities in the cell lysates from the cells in-
fected with the Env-pseudotype viruses generated with the SG3Δenv
backbone (Fig. 2B). Luciferase activities were only detected with the
FLuc substrate luciferin, while the background level activities were
measured when the GLuc substrate coelenterazine was used. Since the
TZM-BL cells do not contain the GLuc gene, the activity was very low in
the cell lysate when GLuc substrate coelenterazine was used. These
results showed that there were no cross reactivities between different
luciferase with the mismatched substrate.

To understand if GLuc was present in viral particles or as a free form
in the supernatant, we infected TZM-bl cells with Env-pseudotype
viruses and harvested the supernatant 48 h p.i.. The viral particles were
then pelleted from the supernatant by ultracentrifugation. The luci-
ferase activities were determined with the untreated culture super-
natant, the viral pellet, and the supernatant after centrifugation. The
luciferase activities were similar in the untreated culture supernatant
and the supernatant after centrifugation, while the luciferase activity
from the viral pellet was only 3% of those in the supernatant after
centrifugation (Fig. 3). This result indicates that GLuc is expressed as
free proteins in the cell culture supernatant and not in the viral parti-
cles.

To determine the stability of the GLuc signals in the supernatants,
we collected the supernatants from infected TZM-bl cells and monitored
the luciferase activities over time. The luciferase activity was measured
every two minutes for 50min. The luciferase activity had a relatively
fast decrease from 2 to 6min, with the values decrease by two folds
(Fig. S3). The luciferase activity was generally stable from 8 to 50min,
with only a 2–3 fold decrease during the next 42min.

3.3. Low background in the TZM-bl cells

Since both GLuc and FLuc can be detected after infection with the
Env-pseudotype viruses generated with the SG3Δenv-GLuc backbone,
we next sought to compare the results between the two detection sys-
tems. The same TZM-bl cells infected with the SF162.LS or MW965.26
Env-pseudotype viruses were lysed and used to determine luciferase
activities using coelenterazine for GLuc and luciferin for FLuc. Both
systems detected high levels of luciferase activities 24 h p.i. and the
signals did not increase significantly in the next 24 h. However, the
background (uninfected cells and day 0 samples from infected cells) for
the GLuc/coelenterazine system was more than a magnitude lower than
those for the FLuc/luciferin system (Fig. 4). This is likely due to the low
level expression of FLuc that is engineered into the cellular chromo-
somes, but without expression of GLuc in the uninfected TZM-bl cells.
The results showed that the GLuc/coelenterazine system has a lower
background and higher signal/noise ratio than the FLuc/luciferin
system.
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3.4. Determination of HIV-1 infection in T cells without reporter genes using
the GLuc system

We next tested if the GLuc system can be used to detect infection of
Env-pseudotype viruses in T cell lines that do not contain reporter genes
as in TZM-bl cells. Env-pseudotype viruses generated with the
SG3Δenv-GLuc backbone and the SF162.LS or MW965.26 env genes
were used to infect CEM-ss and Jurkat cells. Luciferase activities from
the infected cells were significantly higher than those from the unin-
fected cells in both cell lysates and culture supernatants 24 h after in-
fection (Fig. 5A–D), as observed with TZM-bl cells. Similar luciferase
activities were detected at 48 h p.i., indicating that they plateaued

Fig. 1. Determination of viral replication by
measuring Gaussia luciferase activities in cell
lysates and culture supernatants. Env-pseudo-
type viruses generated with the SG3Δenv-GLuc
backbone and the SF162.LS or MW965.26 env
genes were used to infect TZM-bl cells. The
GLuc activity was determined in culture su-
pernatants (A) and cell lysates (B) at a 4-hour
interval for 48 h. Each experiment was per-
formed in triplicate. Mean ± standard devia-
tion is shown.

Fig. 2. No cross reactivity between different luci-
ferases. (A) GLuc activities in the culture supernatants
from the TZM-bl cells infected with the Env-pseudo-
type viruses generated with the SG3Δenv-GLuc back-
bone and the SF162.SL env gene 48 h p.i. and unin-
fected cell control. (B) FLuc activities in the lysates of
the TZM-bl cells infected with the Env-pseudotype
viruses generated with the SG3Δenv backbone and the
SF162.SL env gene 48 h p.i. and uninfected cell control.
Two substrates (coelenterazine for GLuc and luciferin
for FLuc) were used to detect luciferase activities. Each
experiment was performed in triplicate.
Mean ± standard deviation is shown.

Fig. 3. Gaussia luciferase is present as a free form in culture supernatants. The
culture supernatants from the infected TZM-bl cells were ultracentrifuged to
separate viral particles from the supernatant. Luciferase activity was de-
termined for both purified viral particles and supernatant after removing virion
as well as untreated culture supernatant. Each experiment was performed in
triplicate. Mean ± standard deviation is shown.

Fig. 4. Low background of luciferase activity in cell lysates with the GLuc
system. The cell lysates from TZM-bl cells infected with the SG3Δenv-GLuc (A)
or SG3Δenv (B) backbone derived Env-pseudotype viruses (SF162.SL and
MW965.26) were used for detection of luciferase activity with coelenterazine
and luciferin, respectively. Uninfected cells served as the negative control. Each
experiment was performed in triplicate. Mean ± standard deviation is shown.
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between 24 and 48 h p.i..
HIV Infection of primary T cells is believed to be physiologically

most relevant to study infectivity, pathogenesis and neutralization ac-
tivities. We next determined if the GLuc system can be used to measure
HIV-1 infectivity in PBMCs. PBMCs from HIV negative healthy donors
were stimulated with PHA for two days and maintained with IL-2
during the entire experimental procedure. The same Env-pseudotype
viruses generated with the SG3Δenv-GLuc backbone and the SF162.LS
or MW965.26 env clone were used to infect PBMCs (Fig. 5E and F).
Luciferase activities that were significantly higher than background
were detected in both cell lysates and culture supernatants for both
viruses 24 h p.i. and no additional increases were observed at 48 h p.i.
(Fig. 5E and F). These results demonstrated that the new GLuc system
can be used to study viral infection in cell lines and primary T cells that
do not contain a reporter gene.

3.5. Similar neutralization titers detected in HIV-1 positive plasma by GLuc
and Fluc methods

One important use of the new GLuc system is to determine the ex-
tent of neutralizing antibody titers in blood samples from humans and
experimental animals. To investigate if the GLuc system can generate
comparable neutralization results to those by the FLuc system, we de-
termined neutralization titers in human blood samples using both
methods. Two tier 1 viruses, seven tier 2 viruses and a murine leukemia
virus (MLV) as a negative control were tested against plasma samples
from 10 chronically HIV-1-infected individuals (Fig. 6). The neu-
tralizing antibody titers were determined by measuring GLuc activity in
the supernatants for the new GLuc method and FLuc activity in the cell
lysates for the conventional method from the same infected cells. Both
methods showed that the plasma samples neutralized tier 1 A virus
MW965.26 very potently but a moderately resistant tier 1B virus

92RW020.2 at lower levels, while they all generally neutralized seven
tier 2 viruses weakly (Fig. 6). SHX514 could potently neutralize two tier
2 viruses (398F1 and CNE55) and SHX513 could potently neutralize
only 398F1, while SHX551 and SHX692 had the relatively weaker
neutralizing ability (Fig. 6). None of these plasma samples neutralized
the MLV Env-pseudotype viruses at the 1:30 dilution. On average, the
neutralizing antibody titers determined by the FLuc method were 2.7
(1–13.4) folds lower than those by the GLuc method (Fig. 7). The dif-
ferences in neutralizing antibody titers between two methods were not
statistically significant (p=0.18).

4. Discussion

An accurate, reproducible and high throughput neutralization assay
will be important to measure titers of neutralizing antibodies in human
clinical trials or experimental animals. To improve the current neu-
tralizing assays, we developed a new assay by engineering the smallest
Gaussia luciferase gene into an env-defective HIV-1 backbone as a re-
porter gene. The Env-pseudotype viruses generated with this backbone
and the HIV-1 env genes are infectious in cell lines and primary T cells
without reporter genes. When the new system was used to determine
the titers of neutralizing antibodies in sera, the results were very similar
to those obtained with the current gold standard TZM-bl assay.

Compared to the gold standard TZM-bl neutralization assay that
detects the firefly luciferase activity engineered into the TZM-bl cells
(Wei et al., 2002), the new method has some advantages. First, the
insertion of the Gaussia gene into the viral backbone, not in cells, allows
the new method to be used to determine neutralization activities in any
susceptible cell lines or primary T cells that do not carry a reporter
gene. Second, the background of neutralization activity is much lower
than that by the conventional assay when the luciferase activities from
the TZM-bl cells are detected since the cells do not naturally express

Fig. 5. Detection of viral replication in T cell
lines and primary T cells without report genes
using the GLuc system. GLuc activities in the
culture supernatants and cell lysates from
CEM-ss cells (A and B), Jurkate cells (C and D)
and PBMCs (E and F) infected with the Env-
pseudotype viruses generated with the
SG3Δenv-GLuc backbone and the SF162.SL
and MW965.26 env genes were determined
using coelenterazine. Uninfected cells served
as the negative control. Each experiment was
performed in triplicate. Mean ± standard de-
viation is shown.
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Gaussia protein. This will allow the new method to detect relatively
lower titers of neutralizing antibodies due to the better signal/noise
ratio. Third, the detection of secreted GLuc in the culture supernatant
not only allows continuous monitoring virus productions throughout
the infection but also make it easier to use and higher throughput for
analysis of a large number of tests simultaneously. In addition, the
concentration of coelenterazine required for detection of GLuc activity
is low, which makes the cost of the GLuc/coelenterazine system rela-
tively low. Taken together, these advantages make this new assay to be
versatile, sensitive for low titer nAbs, user-friendly, low cost and high
throughput for determination of neutralizing activities.

The Gaussia gene is small - less than 600bp. This may make the viral
genome containing it more stable than those with the larger luciferase
genes (Ao et al., 2016; Pan et al., 2013; Suree et al., 2012). Therefore, it
is likely to generate live viruses with the Gaussia reporter for in vivo
image study to monitor the locations and traffic of HIV-1, as similarly
demonstrated with influenza viruses (Pan et al., 2013). The new GLuc

method can serve as a versatile tool to study neutralization activities of
increasing numbers of monoclonal antibodies and blood samples from
humans and animals.

Acknowledgements

We thank David Montefiori and Celia Labranch for HIV-1 env clones
and Ling Chen for the Gaussia gene clone. The work was supported by
the National Natural Science Foundation of China (No.31670162) and
Program for JLU Science and Technology Innovative Research Team
(2017TD-05).

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.jviromet.2019.02.009.

References

Ao, Z., Huang, J., Tan, X., Wang, X., Tian, T., Zhang, X., Ouyang, Q., Yao, X., 2016.
Characterization of the single cycle replication of HIV-1 expressing Gaussia luciferase
in human PBMCs, macrophages, and in CD4(+) T cell-grafted nude mouse. J. Virol.
Methods 228, 95–102.

Badr, C.E., Hewett, J.W., Breakefield, X.O., Tannous, B.A., 2007. A highly sensitive assay
for monitoring the secretory pathway and ER stress. PLoS One 2, e571.

Chen, B.K., Saksela, K., Andino, R., Baltimore, D., 1994. Distinct modes of human im-
munodeficiency virus type 1 proviral latency revealed by superinfection of non-
productively infected cell lines with recombinant luciferase-encoding viruses. J.
Virol. 68, 654–660.

Connor, R.I., Chen, B.K., Choe, S., Landau, N.R., 1995. Vpr is required for efficient re-
plication of human immunodeficiency virus type-1 in mononuclear phagocytes.
Virology 206, 935–944.

deCamp, A., Hraber, P., Bailer, R.T., Seaman, M.S., Ochsenbauer, C., Kappes, J., Gottardo,
R., Edlefsen, P., Self, S., Tang, H., Greene, K., Gao, H., Daniell, X., Sarzotti-Kelsoe, M.,
Gorny, M.K., Zolla-Pazner, S., LaBranche, C.C., Mascola, J.R., Korber, B.T.,
Montefiori, D.C., 2014. Global panel of HIV-1 Env reference strains for standardized
assessments of vaccine-elicited neutralizing antibodies. J. Virol. 88, 2489–2507.

Eckert, N., Wrensch, F., Gartner, S., Palanisamy, N., Goedecke, U., Jager, N., Pohlmann,
S., Winkler, M., 2014. Influenza A virus encoding secreted Gaussia luciferase as useful
tool to analyze viral replication and its inhibition by antiviral compounds and cellular
proteins. PLoS One 9, e97695.

Fig. 6. Comparison of neutralization titers between the GLuc and FLuc methods. Neutralization activities in the plasma samples were determined using both the
GLuc/coelenterazine system and the FLuc/luciferin systems. The levels of neutralization potency are indicated with different colors.

Fig. 7. Comparison of the neutralization titers determined by the GLuc system
and the FLuc system. The neutralization titers were determined by measuring
50% inhibitory dose (ID50) by both the GLuc and FLuc systems for the same
plasma samples. The same samples used for both assays were indicated by the
line between them. The paired student-test was used for statistical analysis.

Y. Zhang, et al. Journal of Virological Methods 267 (2019) 22–28

27



Edmonds, T.G., Ding, H., Yuan, X., Wei, Q., Smith, K.S., Conway, J.A., Wieczorek, L.,
Brown, B., Polonis, V., West, J.T., Montefiori, D.C., Kappes, J.C., Ochsenbauer, C.,
2010. Replication competent molecular clones of HIV-1 expressing Renilla luciferase
facilitate the analysis of antibody inhibition in PBMC. Virology 408, 1–13.

Fenyo, E.M., Heath, A., Dispinseri, S., Holmes, H., Lusso, P., Zolla-Pazner, S., Donners, H.,
Heyndrickx, L., Alcami, J., Bongertz, V., Jassoy, C., Malnati, M., Montefiori, D.,
Moog, C., Morris, L., Osmanov, S., Polonis, V., Sattentau, Q., Schuitemaker, H.,
Sutthent, R., Wrin, T., Scarlatti, G., 2009. International network for comparison of
HIV neutralization assays: the NeutNet report. PLoS One 4, e4505.

Gao, N., Wang, W., Wang, C., Gu, T., Guo, R., Yu, B., Kong, W., Qin, C., Giorgi, E.E., Chen,
Z., Townsley, S., Hu, S.L., Yu, X., Gao, F., 2018. Development of broad neutralization
activity in simian/human immunodeficiency virus-infected rhesus macaques after
long-term infection. Aids 32, 555–563.

Garcia-Perez, J., Sanchez-Palomino, S., Perez-Olmeda, M., Fernandez, B., Alcami, J.,
2007. A new strategy based on recombinant viruses as a tool for assessing drug
susceptibility of human immunodeficiency virus type 1. J. Med. Virol. 79, 127–137.

Haynes, B.F., Montefiori, D.C., 2006. Aiming to induce broadly reactive neutralizing
antibody responses with HIV-1 vaccine candidates. Expert Rev. Vaccines 5, 347–363.

He, J., Landau, N.R., 1995. Use of a novel human immunodeficiency virus type 1 reporter
virus expressing human placental alkaline phosphatase to detect an alternative viral
receptor. J. Virol. 69, 4587–4592.

Heyndrickx, L., Heath, A., Sheik-Khalil, E., Alcami, J., Bongertz, V., Jansson, M., Malnati,
M., Montefiori, D., Moog, C., Morris, L., Osmanov, S., Polonis, V., Ramaswamy, M.,
Sattentau, Q., Tolazzi, M., Schuitemaker, H., Willems, B., Wrin, T., Fenyo, E.M.,
Scarlatti, G., 2012. International network for comparison of HIV neutralization as-
says: the NeutNet report II. PLoS One 7, e36438.

Hraber, P., Rademeyer, C., Williamson, C., Seaman, M.S., Gottardo, R., Tang, H., Greene,
K., Gao, H., LaBranche, C., Mascola, J.R., Morris, L., Montefiori, D.C., Korber, B.,
2017. Panels of HIV-1 subtype C env reference strains for standardized neutralization
assessments. J. Virol. 91.

Jamieson, B.D., Zack, J.A., 1998. In vivo pathogenesis of a human immunodeficiency
virus type 1 reporter virus. J. Virol. 72, 6520–6526.

Johnston, M.I., Fauci, A.S., 2007. An HIV vaccine–evolving concepts. N. Engl. J. Med.
356, 2073–2081.

Lashgari, G., Kantar, R.S., Tannous, B.A., 2017. Secreted reporters for monitoring mul-
tiple promoter function. Methods Mol. Biol. 1651, 33–47.

Li, M., Gao, F., Mascola, J.R., Stamatatos, L., Polonis, V.R., Koutsoukos, M., Voss, G.,
Goepfert, P., Gilbert, P., Greene, K.M., Bilska, M., Kothe, D.L., Salazar-Gonzalez, J.F.,
Wei, X., Decker, J.M., Hahn, B.H., Montefiori, D.C., 2005. Human immunodeficiency
virus type 1 env clones from acute and early subtype B infections for standardized
assessments of vaccine-elicited neutralizing antibodies. J. Virol. 79, 10108–10125.

Li, M., Salazar-Gonzalez, J.F., Derdeyn, C.A., Morris, L., Williamson, C., Robinson, J.E.,
Decker, J.M., Li, Y., Salazar, M.G., Polonis, V.R., Mlisana, K., Karim, S.A., Hong, K.,
Greene, K.M., Bilska, M., Zhou, J., Allen, S., Chomba, E., Mulenga, J., Vwalika, C.,
Gao, F., Zhang, M., Korber, B.T., Hunter, E., Hahn, B.H., Montefiori, D.C., 2006.
Genetic and neutralization properties of subtype C human immunodeficiency virus
type 1 molecular env clones from acute and early heterosexually acquired infections
in Southern Africa. J. Virol. 80, 11776–11790.

Mascola, J.R., Haynes, B.F., 2013. HIV-1 neutralizing antibodies: understanding nature’s
pathways. Immunol. Rev. 254, 225–244.

Montefiori, D.C., 2005. Evaluating neutralizing antibodies against HIV, SIV, and SHIV in
luciferase reporter gene assays. Curr. Protoc. Immunol. 12, 11 Chapter 12, Unit.

Montefiori, D.C., 2009. Measuring HIV neutralization in a luciferase reporter gene assay.
Methods Mol. Biol. 485, 395–405.

Montefiori, D.C., Karnasuta, C., Huang, Y., Ahmed, H., Gilbert, P., de Souza, M.S.,
McLinden, R., Tovanabutra, S., Laurence-Chenine, A., Sanders-Buell, E., Moody,
M.A., Bonsignori, M., Ochsenbauer, C., Kappes, J., Tang, H., Greene, K., Gao, H.,
LaBranche, C.C., Andrews, C., Polonis, V.R., Rerks-Ngarm, S., Pitisuttithum, P.,
Nitayaphan, S., Kaewkungwal, J., Self, S.G., Berman, P.W., Francis, D., Sinangil, F.,
Lee, C., Tartaglia, J., Robb, M.L., Haynes, B.F., Michael, N.L., Kim, J.H., 2012.
Magnitude and breadth of the neutralizing antibody response in the RV144 and

Vax003 HIV-1 vaccine efficacy trials. J. Infect. Dis. 206, 431–441.
Moody, M.A., Pedroza-Pacheco, I., Vandergrift, N.A., Chui, C., Lloyd, K.E., Parks, R.,

Soderberg, K.A., Ogbe, A.T., Cohen, M.S., Liao, H.X., Gao, F., McMichael, A.J.,
Montefiori, D.C., Verkoczy, L., Kelsoe, G., Huang, J., Shea, P.R., Connors, M., Borrow,
P., Haynes, B.F., 2016. Immune perturbations in HIV-1-infected individuals who
make broadly neutralizing antibodies. Sci. Immunol. 1, aag0851.

Pan, W., Dong, Z., Li, F., Meng, W., Feng, L., Niu, X., Li, C., Luo, Q., Li, Z., Sun, C., Chen,
L., 2013. Visualizing influenza virus infection in living mice. Nat. Commun. 4, 2369.

Polonis, V.R., Brown, B.K., Rosa Borges, A., Zolla-Pazner, S., Dimitrov, D.S., Zhang, M.Y.,
Barnett, S.W., Ruprecht, R.M., Scarlatti, G., Fenyo, E.M., Montefiori, D.C.,
McCutchan, F.E., Michael, N.L., 2008. Recent advances in the characterization of
HIV-1 neutralization assays for standardized evaluation of the antibody response to
infection and vaccination. Virology 375, 315–320.

Sanders, R.W., van Gils, M.J., Derking, R., Sok, D., Ketas, T.J., Burger, J.A., Ozorowski, G.,
Cupo, A., Simonich, C., Goo, L., Arendt, H., Kim, H.J., Lee, J.H., Pugach, P., Williams,
M., Debnath, G., Moldt, B., van Breemen, M.J., Isik, G., Medina-Ramirez, M., Back,
J.W., Koff, W.C., Julien, J.P., Rakasz, E.G., Seaman, M.S., Guttman, M., Lee, K.K.,
Klasse, P.J., LaBranche, C., Schief, W.R., Wilson, I.A., Overbaugh, J., Burton, D.R.,
Ward, A.B., Montefiori, D.C., Dean, H., Moore, J.P., 2015. HIV-1 VACCINES. HIV-1
neutralizing antibodies induced by native-like envelope trimers. Science 349,
aac4223.

Sarzotti-Kelsoe, M., Bailer, R.T., Turk, E., Lin, C.L., Bilska, M., Greene, K.M., Gao, H.,
Todd, C.A., Ozaki, D.A., Seaman, M.S., Mascola, J.R., Montefiori, D.C., 2014.
Optimization and validation of the TZM-bl assay for standardized assessments of
neutralizing antibodies against HIV-1. J. Immunol. Methods 409, 131–146.

Song, H., Giorgi, E.E., Ganusov, V.V., Cai, F., Athreya, G., Yoon, H., Carja, O., Hora, B.,
Hraber, P., Romero-Severson, E., Jiang, C., Li, X., Wang, S., Li, H., Salazar-Gonzalez,
J.F., Salazar, M.G., Goonetilleke, N., Keele, B.F., Montefiori, D.C., Cohen, M.S., Shaw,
G.M., Hahn, B.H., McMichael, A.J., Haynes, B.F., Korber, B., Bhattacharya, T., Gao,
F., 2018. Tracking HIV-1 recombination to resolve its contribution to HIV-1 evolution
in natural infection. Nat. Commun. 9, 1928.

Suree, N., Koizumi, N., Sahakyan, A., Shimizu, S., An, D.S., 2012. A novel HIV-1 reporter
virus with a membrane-bound Gaussia princeps luciferase. J. Virol. Methods 183,
49–56.

Tannous, B.A., 2009. Gaussia luciferase reporter assay for monitoring biological processes
in culture and in vivo. Nat. Protoc. 4, 582–591.

Tannous, B.A., Teng, J., 2011. Secreted blood reporters: insights and applications.
Biotechnol. Adv. 29, 997–1003.

Tannous, B.A., Kim, D.E., Fernandez, J.L., Weissleder, R., Breakefield, X.O., 2005. Codon-
optimized Gaussia luciferase cDNA for mammalian gene expression in culture and in
vivo. Mol. Ther. 11, 435–443.

Todd, C.A., Greene, K.M., Yu, X., Ozaki, D.A., Gao, H., Huang, Y., Wang, M., Li, G., Brown,
R., Wood, B., D’Souza, M.P., Gilbert, P., Montefiori, D.C., Sarzotti-Kelsoe, M., 2012.
Development and implementation of an international proficiency testing program for
a neutralizing antibody assay for HIV-1 in TZM-bl cells. J. Immunol. Methods 375,
57–67.

van Gils, M.J., Sanders, R.W., 2013. Broadly neutralizing antibodies against HIV-1:
templates for a vaccine. Virology 435, 46–56.

Wang, C., Jiang, C., Gao, N., Zhang, K., Liu, D., Wang, W., Cong, Z., Qin, C., Ganusov,
V.V., Ferrari, G., LaBranche, C., Montefiori, D.C., Kong, W., Yu, X., Gao, F., 2017.
Immunologic and virologic mechanisms for partial protection from intravenous
challenge by an integration-defective SIV vaccine. Viruses 9.

Wei, X., Decker, J.M., Liu, H., Zhang, Z., Arani, R.B., Kilby, J.M., Saag, M.S., Wu, X.,
Shaw, G.M., Kappes, J.C., 2002. Emergence of resistant human immunodeficiency
virus type 1 in patients receiving fusion inhibitor (T-20) monotherapy. Antimicrob.
Agents Chemother. 46, 1896–1905.

Wei, X., Decker, J.M., Wang, S., Hui, H., Kappes, J.C., Wu, X., Salazar-Gonzalez, J.F.,
Salazar, M.G., Kilby, J.M., Saag, M.S., Komarova, N.L., Nowak, M.A., Hahn, B.H.,
Kwong, P.D., Shaw, G.M., 2003. Antibody neutralization and escape by HIV-1. Nature
422, 307–312.

Y. Zhang, et al. Journal of Virological Methods 267 (2019) 22–28

28


