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Fig. 8 Visualization of contact network in scenario D

e Nodes that represent nurses, doctors and inpatients are attracted into the center of the graph (Figure 9). It implies that
frequent close contacts were made between them.

Figure 9 shows the center of the risk graph, in which close contacts between doctors, nurses and inpatients are illustrated. The
nodes which are marked by blue explosion shapes represent health care workers who have been infected during the simulation.
We can see that those agents are at the center of the risk graph and are have frequent contacts with inpatients. The nodes which
represent doctors and nurses who has been infected during the simulation arose on top of the list of node in descending order of
degree. However, the dispenser and the clerk were not infected, even though nodes represent them have a high degree. It can
be explained that most of the contacts they made were with outpatients, so their risk of infection were low. The risk can also be
evaluated by Spot Contamination Level of the place that the two staff were working in Figure 6. The Figure shows that staff area
and operation area where the two staff work are less contaminated than ward area. It means that infection risk of those staff is
lower than risk infection of nurses who almost working with inpatient in ward area.

Several conclusions can be drawn from analysis on risk graph are:

e Two nodes are spatially closer if they have a close and frequent contact.

o Close and frequent contacts between agents will attract them into center of the graph.

e Risk of infection can be assessed not only by the degree of the nodes but also by the amount of close contacts.

The visualization of risk graph demonstrated above can be a valid method to assess infection risk but it is not completed.
The nature of contact that transmit virus cannot be seen from the graph. However, thanks to the development of large networks
graphs visualization software, such as Gephi, we can highlight and track all contacts of agents in real time. An integration with
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Fig. 9 Center of the risk graph and list of infected health care workers in scenario D

human real time tracking systems can be potential for tracking and detecting “dangerous” contacts between health care workers
or between health care workers and patients.
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VI.CONCLUSION AND DISCCUSSION
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Fig. 10 Structure of the simulation framework.

We have built a simulation model for infection of an influenza-like illness in an artificial hospital and quantitatively
assessed infection risk of the diseases. The simulation results have shed more light on epidemiological belief of that direct
patient care HCW have high risk of catching nosocomial influenza virus and that staff washing hand and wearing mask are
effective to prevent an outbreak of the disease in the hospital. The methodology of quantification and visualization the infection
risk have been demonstrated and they are innovative contributions to literature which has been dominated by experience. The
original approach has provided us a potential methodology for risk management in infection control of nosocomial infection.

Although data and knowledge for the model have been been constructed based on two field works onsite, due to the lack
of statistics data and impossibility of taking those experiments in a hospital, empirical validation of the model could not be
conducted. To introduce data of human activity within a real hospital to validate the model is our further work.

Although still under development, the future work is to integrate real data collecting by sensor to the simulation framework.
The structure of the simulation framework is illustrated in Figure 10. We have developed and used wireless tracking systems
to track real-time movement of humans in a building. The real data of movement of patients and health care workers in a real
hospital can be achieved. Activity pattern of people can also be collected via activity questionnaire. Changing parameters of
the disease transition module can be applied to study other infectious diseases. Infection control measures can be changed in
many scenarios depending on infection control resources of the hospital. The core module inherits from the current module but
can be rebuilt to fit the structure of a new hospital. Simulation output shows real-time graph of the number of hospitalization,
infected patient and HCW. By visualizing contact network, close and frequent contact with high risk patients can be tracked and
monitored. Variation of virtual virus contamination level of places and agents can be monitored in real time. The simulation
framework could be a potential decision-making support tool for hospital administrators to evaluate nosocomial infection control
and it can also be used as an educational tool to study nosocomial infection.
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Background: Rift Valley fever (RVF) is endemic to the tropical regions of eastern and southern Africa. The sero-
prevalence of RVF was investigated among the human population in Borno State, Nigeria to determine the occur-
rence of the disease in the study area in comparison with that of Lassa fever and Crimean-Congo Hemorrhagic
fever.

Methods: Recombinant nucleoprotein (rNP)-based IgG-ELISAs for the detection of serum antibodies against RVF
virus (RVFV), Lassa fever virus (LASY), and Crimean-Congo hemorrhagic fever virus (CCHFV) were used to test
hurman sera in Borno State, Nigeria. The presence of neutralizing antibody against the RVFV-glycoprotein-bearing
vesicular stomatitis virus pseudotype (RVFVpv) was also determined in the human sera.

Results: Of the 297 serum samples tested, 42 (14.1%) were positive for the presence of RVFV-IgG and 22 (7.4%)
and 7 (2.4%) of the serum samples were positive for antibodies against LASV and CCHFV, respectively. There was a
positive correlation between the titers of neutralizing antibodies obtained using RVFVpv and those obtained using =
the conventional neutralization assay with the attenuated RVFV-MP12 strain.

F10 speuamolproyxo yunsny/adny woiy papeojumod

Conclusions: The seroprevalence of RVF was significantly higher than that of LASV and CCHF in Borno State,
Nigeria. The RVFVpv-based neutralization assay developed in this study has the potential to replace the
traditional assays based on live viruses for the diagnosis and seroepidemiological studies of RVF.

Keywords: Nigeriq, Rift Valley fever, Seroprevalence
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areas inhabited by their hosts and vectors. In Nigeria, RVFV anti-
bodies have been found in sheep, goats, cattle, horses and camels
in the northern states of Kaduna and Sokoto® and in the plateau

Introduction

Rift Valley fever virus (RVFV) is a zoonotic mosquito-borne virus

belonging to the genus Phlebovirus in the Family Bunyaviridae. It
causes severe diseases in humans and livestock throughout
Africa® and the Arabian Peninsula®. RVFV is also considered
to be a potential bioterrorism agent. In the last few decades,
Rift Valley fever (RVF) outbrecks have been reported in eastern
and southern Africa (e.g. Kenya, Somalia, United Republic of
Tanzania, Madagascar and South Africa).?>”” In contrast, there
have been very few reports on the recent occurrence of RVF in
western and central Africa. Significant high- and low-prevalence
clusters of RVF in sub-national areas on the African continent
have been reported.® Since the spread of RVFV largely depends
on the mosquito vectors and the translocation of animal hosts,
an endemic situation usually occurs in the restricted geographical

area’® suggesting that the virus may be enzootic in Nigeria. In
addition, serological studies conducted on human sera have con-
firmed the existence of the disease in Nigeria.** The specific geo-
graphical location of Borno State in northeastern Nigeria, which
shares international borders with three other African countries
(Cameroun, Chad and Niger), makes it vulnerable to the trans-
boundary spread of various diseases, including viral hemorrhagic
fevers (VHFs). In addition, Borno State has been reported as the
niche for Lassa fever virus (LASV) and possibly other VHFs.
However, the epidemiology of RVF and other VHFs has not been
extensively investigated in Borno State. A detailed and accurate
investigation of the seroprevalence is necessary to ascertain the
occurrence and spread of RVF in this area.

© The Author 2014. Published by Oxford University Press on behalf of Royal Society of Tropical Medicine and Hygiene. Al rights reserved.

For permissions, please e-mail: journals.permissions@oup.com.
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RVFV possesses a single-stranded tripartite RNA genome com-
posed of three segments: S, M and L. The S segment encodes the
nucleocapsid protein (NP) and non-structural (NS) protein, using
an ambisense strategy. The M segment encodes the precursor
for the glycoproteins Gn and Gc and two non-structural proteins
of 78 kDa and 14 kDa. The L segment encodes the L protein,*?
The nucleotide sequence of the NP gene is highly conserved
among various RVFV strains.*? Serum antibodies against NP
are readily detected early after infection and in convalescent
individuals, providing a basis for the diagnosis of RVF.***

The traditional diagnostic assays for VHFs are based on
immunoassays that use live viruses as the source of capture
antigens. The use of highly attenuated RVFV (RVFV-MP12) does
not require stringent biosafety measures and could readily be
adopted in laboratories in developing countries where infra-
structures for biosafety level 3 or 4 containments are lacking.
The usefulness of recombinant viral nucleoprotein (rNP)-
based serological assays, such as IgG-ELISAs and immuno-
fluoresence assays (IFAs) for the detection of antibodies against
VHFs such as Crimean-Congo hemorrhagic fever virus (CCHFV) and
LASV have been reported.**~*# Recombinant protein technology
does not require high containment biosafety facilities and could
readily meet the demand for a simple and reliable system not
only for diagnosis of VHFs but also for comparative seroepidemiol-
ogy of various VHFs in a cohort study.

In this study, the seroprevalence of RVFV infection in humansin
Borno State, Nigeria, was determined using rNP-based IgG ELISAs,
and the prevalence of RVFV antibody was compared with those of
other hemorrhagic fever virus infections including LASV and
CCHFV. In addition, we developed virus neutralization assays
using vesicular stomatitis virus (VSV) pseudotype virus-bearing
glycoproteins of RVFV, and the usefulness of the VSV pseudotype
system was determined for a high throughput screening of
neutralizing antibodies against RVFV.

Materials and methods

Serum samples

Two hundred and ninety-seven serum samples were collected
between September 2011 and February 2012 from patients
attending health facilities (government hospitals, private hospi-
tals or clinics) in 10 out of the 27 local government areas (LGAs)
in Borno State in northern Nigeria. A simple random sampling
technique was used to obtain human sera from the selected
LGAs, which consisted of at least three LGAs from each of the
three senatorial districts (North, Central and South), and also
from the town of Lassa.

Expression and purification of rNPs

Insect Tn5 cells*® were infected with recombinant baculoviruses
expressing rNPs of RVFV, LASV or CCHFV to produce recombinant
His-tagged RVFV-rNP, LASV-rNP or CCHFV-rNP, respectively.!®7*°
The rNPs were purified by Ni* column chromatography (QIAGEN
GmbH, Hilden, Germany), as described previously.?” The negative
control antigen (AP) was prepared from a baculovirus (Ac-AP) that
lacks polyhedrin expression using the same protocols as for the
rNPs. Expression of the His-tagged rNPs and AP was analyzed by
SDS-PAGE gels (12% polyacrylamide) stained with Coomassie

blue (Bio-Rad Laboratories, Hercules, CA, USA) (Supplementary
Figure 1).

19G-ELISA

1gG-ELISA was performed as described previously.*® Briefly, 96~
well ELISA plates were coated with the predetermined optimal
quantity of purified RVFV-rNP, LASV-rNP or CCHFV-rNP (approxi-
mately 100 ng/well) at 4°C overnight. Each well of the plates
was then covered with 200 pl of PBS containing 5% skim milk
and 0.05% Tween 20 (Sigma, St. Louis, MO, USA) (PBST-M), fol-
lowed by incubation for 1 h at 37°C for blocking. The plates were
washed three times with PBS containing 0.05% Tween 20 (PBST)
and then inoculated with test serum (100 wl/well), which was
diluted 1:400 and 1:1600 with PBST-M. After a 1 h incubation per-
iod, the plates were washed three times with PBST and then were
inoculated with goat anti-human IgG antibody labeled with HRP
(1:1000 dilution; Zymed Laboratories, Inc., South San Francisco,
CA, USA). After a further 1 h incubation period, the plates were
washed and 100 pl of ABTS solution (Roche Diagnostics,
Mannheim, Germany) was added to each well. The plates were
incubated for 30 min at room temperature, and the optical dens-
ity at 405 nm (OD4os) was measured against a reference of
490 nm. The adjusted ODsg5 value was calculated by subtracting
the OD4gs value of the negative Ag-coated wells from that of the
corresponding wells. The mean plus three standard deviations
(mean-+3SD) of the ELISA indices for the IgG-ELISAs was calcu-
lated using human serum samples that were confirmed to be
negative for infection with the respective viruses by IFA (data
not shown) and was used as the cut-off value for the IgG-
ELISAs. In order to minimize false-positive results that could
occur with single serum dilution, IgG response was considered
to be positive if the sample showed adjusted OD,gs values
above the cut-off at both 1:400 and 1:1600 dilutions.

Conventional neutralization assay

The conventional neutralization assay using infectious RVFV
(RVFV-MP12 strain) was performed as described previously.?”
Briefly, heat-inactivated serum samples were diluted three-fold
(from 1:40 to 1:1080) with Eagle’s minimum essential medium
(MEM, Sigma, St. Louis, MO, USA) containing 2% FBS (Invitrogen,
Carlsbad, CA, USA). Each test sample (50 pl) was then mixed
with the same volume of RVFV-MP12 at an infectious dose of
100 plague forming units. The mixture was then incubated for
1 h at 37°C for neutralization. After incubation, the mixtures
were tested for neutralization by the cytopathic effect inhibition
assay using Vero E6 cells.?” The neutralization antibody (NAb)
titer was defined as the reciprocal of the highest dilution at
which no cytopathic effect was observed.

Generation of VSV pseudotyped with RVFV-glycoprotein

The glycoprotein (GP) cDNA of RVFV-MP12 was cloned into the
pKS336 vector®’ to construct an RVFV-GP expression plasmid,
designated as pKS336-RVFV-GP. To generate the RVFV-GP-bearing
VSV pseudotype (RVFVpv), a *G-VSVAG/luc encoding luciferase
gene (kindly provided by Dr. M. A. Whitt), instead of the VSVG
gene, was inoculated into human kidney 293 Tcells?* transfected
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with pKS336-RVFV-GP. After 24 h the culture supernatants were
collected and used as a working seed for the RVFVpv.

Neutralization test using RVFVpv

The dilution of RVFVpv used was calculated to produce approxi-
mately 10° relative light units in control wells. Serum samples
were mixed with RVFVpv at a dilution of 1:50 in MEM (Sigma) sup-
plemented with 2% FBS (Invitrogen). Then, the mixture was incu-
bated at 37°C for 1 h for neutralization. The serum-RVFVpv
mixture was transferred to 96-well plates containing monolayers
of Vero E6 cells.?® After 24 h the cells were lysed, and the lucifer-
ase activities were measured using the Bright-Glo Luciferase
Assay System (Promega, Madison, WI, USA) according to the
protocol recommended by the manufacturer.

Statistical methods

The sensitivity, specificity and predictive values for positive and
negative tests were calculated by standard methods. Spearman’s
rank correlation coefficient test, ROC curves and two-graph-ROC
(TG-ROC) curves?** were analyzed using the Stat Flex ver. 5 soft-
ware program (Artech Co. Ltd., Osaka, Japan).

Results

rNP-based IgG-ELISA

In order to determine the seroprevalence of RVFV in humans in
Borno State, Nigeria, sera were first subjected to an His-RVFV-
rNP-based IgG-ELISA. An IgG response was considered to be posi-
tive if the sample had adjusted OD4gs values higher than cut-off
values at both 1:400 and 1:1600 dilutions. Of the 297 serum sam-
ples analyzed, 42 (14.1%) were positive for RVFV IgG (Table 1).
Simultaneously, the serum samples were also tested for the pres-
ence of antibodies against LASV and CCHFV using the rNP-based
IgG ELISAs, and a total of 22 (7.4%) and 7 (2.4%) of the samples
were positive for antibodies against LASV and CCHFV, respectively
(Table 1). The result indicated a high prevalence rate of RVF in the
study area.

In order to confirm the efficacy of RVFV-rNP as an antigen and to
determine the sensitivity and specificity of the RVFV-rNP based
ELISA, the NAb assay was performed using RVFV-MP12. Of the
271 human serum samples examined, 34 (12.6%) were positive
for NAb, with antibody titers ranging from 40 to 1080 (Table 1).
Thirty-one out of 34 (sensitivity: 91.2%) NAb-positive samples
were also positive in the IgG-ELISA, and 229 out of 237 (specificity:
96.6%) NAb-negative samples were also negative in the IgG-ELISA.

Neutralization assay with the VSV-based RVFV
pseudotype

Virus neutralization assays using VSV pseudotype-bearing glyco-
proteins of viruses causing VHFs have been developed with high
sensitivity and specificity.”* In order to determine whether a
VSV-based RVFV pseudotype can be applied for the screening of
NAbs against RVFV infection, we produced RVFVpv and then deter-
mined whether the human sera collected from the study area
could neutralize its infectivity. Single serum dilution (1:50) assay
rather than titration by endpoint dilutions was performed in
order to establish a high-throughput screening of NAbs. Since
the infectivity of the RVFVpv, harboring the luciferase gene,
could be ascertained by determining its luciferase activity, the
neutralization activities of the sera were represented as the per-
cent neutralization calculated from the reduction in the luciferase
expression. Of the 278 serum samples tested, 43 (15.5%) showed
more than 75% luciferase activity neutralization, and the remain-
ing 235 (84.5%) showed less than 75% neutralization, compared
with the non-serum control (Table 1). The sensitivity of the
RVFVpv-based neutralization assay was determined by comparing
the results with those obtained from the conventional neutraliza-
tion assay using RVFV-MP12. All 34 serum samples that tested
positive in the neutralization assay with RVFV-MP12 showed
more than 50% neutralization of RVFVpv (Table 2). Furthermore,
of the 211 serum samples that had less than 50% neutralization,
none (0%) were positive for the neutralization assay with
RVFV-MP12 (Table 2).

The ROC and TG-ROC analyses were performed in order to
select cut-off points for the percent neutralization using RVFVpv
(Figure 1). If the cut-off was defined as the intersection point of

IgG-ELISA? NAb assay
RVFV-rNP ELISA LASV-rNP ELISA CCHFV-rNP ELISA RVFVpv NAbP RVFV-MP12 NAb
~ No. positive (%) 42 (14.1) 22 (7.4) 7 (2.4) 43 (15.5) 34 (12.6)
. No. negative (%) 255 (85.9) 275 (92.6) 290 (97.6) 235 (84.5) 237 (87.4)
. 297 (100) 297 (100) 297 (100) 278 (100) 271 (100)
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the sensitivity and specificity curves, the cut-off value was 75%
neutralization, and the sensitivity and specificity were 94% and
95%, respectively. If the cut-off was defined as 50% neutraliza-
tion, the sensitivity would increase to 100%, but specificity
would decrease to 89% (Figure 1). There was a positive correlation
between the titers of neutralizing antibodies obtained using
RVFVpv and those obtained using the conventional neutralization
assay with RVFV-MP12. Spearman’s rank correlation coefficient
(rs) was calculated to be 0.77 (Figure 2). Thus, NAbs against
RVFV can be screened by the RVFVpv-based neutralization assay
using the single serum dilution format.

NAb for RVFVpv

. NAbfor RVFV-MP12 % Neutralization

>75 50-75 <50

~ Positive 32(11.9%)  2(0.7%) 0(0%)
Negative 11(61%)  14(52%)  211(78.1%)

 Total 43 (15.9%) 211 (78.1%)

16 (5 ( 9%)

NAb serum neutmhzotlon anttbody, RVFV MP12 h|gh C
f :RV (
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Discussion

In this study, the seroprevalence of RVF was investigated among
human population in Borno State, Nigeria to determine the occur-
rence and spread of the disease in comparison with those of Lassa
fever and CCHF. Since recombinant protein-based immunoassays
with high sensitivity and specificity have been demonstrated to be
useful for the diagnosis of VHFs in humans,*>"17:252% we have
used rNP-based IgG-ELISAs for the detection of serum antibodies
against RVFV, LASV, and CCHFV. Of the 297 serum samples tested
for RVFV-IgG, a total of 42 (14.1%) showed positive results
(Table 1). The antibody prevalence observed in this study is in
agreement with the results of a surveillance study carried out in
the 1980s, when 14.8% of the sera collected in more than 30
locations throughout Nigeria were found to be positive for a
hemagglutination-inhibiting antibody against RVFV.** In this
study a significant difference in the prevalence of antibodies
was observed (RVFV rNP-ELISA [14.1%], LASV rNP-ELISA [7.4%]
and CCHFV rNP-ELISA [2.4%]), and the highest prevalence was
noted for RVFV rNP-ELISA antibody. In addition, more than 12%
of the samples tested had NAb activity against RVFV. These results
indicate that RVFV is more actively circulating in the study area
compared with LASV and CCHFV. It is therefore important to
undertake a risk assessment of RVFV infection in humans in
Nigeria.

RVFV is transmitted through contact with body fluids from
infected humans and animals or by mosquito bites and/or aero-
sols. The particular location of Borno State, with its shared geo-
graphical borders with three other African countries, indicates
that a regional epidemiological study should be conducted not
only in the LGAs in Nigeria, but also in the neighboring countries,
to identify the possible risk factors for transboundary RVFV infec-
tion. The borders are porous and unrestricted human and animal

TG-ROC analysis

Cut off value >75%
Sensitivity =0.84
Specificity = 0.95

Cut off value >50%
Sensitivity=1.0
Specificity = 0.89
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Figure 1. The results of the ROC and two-graph (TG)-ROC analyses of the vesicular stomatitis virus pseudotype virus-bearing glycoproteins of Rift Valley
fever virus, (RVFVpv)-based neutralization assay. In (A) the ROC analysis graph, the specificity values are deducted from 1.0 in the x-axis, and the
sensitivity vs 1-specificity data are plotted as dots. In (B) the TG-ROC analysis graph, sensitivity data are plotted as dots and specificity data are

plotted as diamonds.
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Figure 2. A comparison of the percent neutralization obtained from
virus pseudotype virus-bearing glycoproteins of Rift Valley fever virus
(RVFVpv)-based neutralization assay with the serum neutralization
antibody (NAb) titers obtained from authentic virus (RVFV-MP12)-based
neutralization assays. The data are plotted as diamonds on the
scatterplot. Spearman’s rank correlation coefficient (rg) was calculated
to be 0.77.

trafficking across borders is common throughout the year. In spite
of the active circulation of RVFV observed in this study, no out-
break of the disease in humans or animals has been reported in
the study area. This could be as a result of poor surveillance for
the outbreak of the disease or a lack of expertise in disease recog-
nition.*®** It is also possible that RVFV circulating in the region is a
non-pathogenic strain. RVF in humans usually begins with a non-
specific influenza-like acute fever, but can progress to serious
hemorrhagic fever in some cases. VHFs, particularly Lassa fever,
an acute viral hemorrhagic fever caused by LASY, has been
reported to be endemic in Nigeria.?”-*® The symptoms of the dis-
ease also vary from a non-specific febrile illness to fatal viral hem-
orrhagic fever. Therefore, there is the possibility that patients with
non-specific febrile illness caused by RVFV infection could be
misdiagnosed with other endemic infectious diseases, such as
malaria, typhoid fever or Lassa fever.

AVSV-based pseudotype system has been designed to enable
the high-throughput screening of NAbs against viral infections.*
We also developed a novel serum neutralization test using RVFVpv
to detect serum antibody against RVFV. The reliability and useful-
ness of the assay were evaluated by comparing the results of the
assay with those obtained from the widely used ‘gold-standard’
neutralization assay using infectious RVFV. Of the 43 serum sam-
ples that showed more than 75% neutralization by the RVFVpv-
based assay, 11 were negative by the conventional RVFV-MP12
neutralization assay (Table 2). It is possible that the results of
11 negative samples were due to false-positive reactions in the
VSV-RVFVpv-based assay. However, among these serum samples,
one showed a higher OD,gs value (0.443) than the cut-off OD4gs
value at 1:400 dilution, and another one was identified as a posi-
tive by the rNP-based ELISA, with OD40s values of 1.318 and 0.364
at the 1:400 and 1:1600 dilutions, respectively (Supplementary
Table 1), indicating that the serum contained antibody to RVFV.
Another possibility is that the VSV-RVFVpv-based assay was
more sensitive than the standard neutralization assay using
RVFV-MP12. This assumption is supported by the observation
that the NAb titers measured using pseudotyped VSV bearing
the GP of Nipah virus or SARS-coronavirus are higher than those
obtained by using infectious viruses.*"***°

The ROC and TG-ROC analyses indicated an appropriate cut-off
value for the percent neutralization (75%) to demonstrate that
the NADbs in the sera had high sensitivity and specificity. The con-
ventional assay for measuring NAbs requires serial-dilutions of the
test serum and takes several days for the virus to replicate to a
level which results in plaque-forming or cytopathic effects in
infected cells. However, the new assay based on RVFVpv uses a
single serum dilution (1:50) and has a quantitative nature,
where the luciferase activity can be determined one day after
inoculation onto cells. Finally, pseudotyped VSVs do not produce
infectious progeny viruses, thereby ensuring their safe use as
diagnostic tools. Taken together, our results indicate that the
RVFVpv-based assay for measuring NAb has safe, rapid and high-
throughput diagnostic capabilities.

Our study has limitations, one of which is the relatively small
sample size compared to the previous study, carried out in the
1980s, employing more than 3000 human sera from the different
ecological zones in Nigeria.** In addition, we could not access
detailed information on the subjects (age, profession, history of
illness etc.). Although our data were obtained using the most
recent serological procedures, the lack of demographic informa-
tion on the study subjects makes it difficult to provide an
advanced epidemiological understanding of VHFs in Nigeria.
However, this study has important strengths: it provides informa-
tion on RVFV infection with a high prevalence in human population
in Borno State and demonstrates the usefulness of the VSV-based
neutralization assay for the epidemiological investigations:

Conclusions

The results of rNP-based ELISA have shown that approximately
14% of the study population in Borno State, Nigeria, have a history
of RVFV infection, and the seroprevalence of RVF was higher than
those of other viral hemorrhagic fevers such as Lassa fever and
CCHF. In addition, the RVFVpv-based NAb assay developed in
this study has the potential to replace traditional assays based
on live viruses for the diagnosis and seroepidemiological analysis
of RVF in endemic and non-endemic countries.

Supplementary data

Supplementary dato are available at Transactions Online
{(http:/itrstmh.oxfordjournals.org/).
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ABSTRACT

Several arenaviruses are known to cause viral hemorrhagic fever (VHF) in sub-Saharan Africa and South America, where VHF is
a major public health and medical concern. The biosafety level 4 categorization of these arenaviruses restricts their use and has
impeded biological studies, including therapeutic drug and/or vaccine development. Due to difficulties associated with handling
live viruses, pseudotype viruses, which transiently bear arenavirus envelope proteins based on vesicular stomatitis virus (VSV)
or retrovirus, have been developed as surrogate virus systems. Here, we report the development of a pseudotype VSV bearing
each envelope protein of various species of arenaviruses (AREpv), including the newly identified Lujo virus (LUJV) and Chapare
virus. Pseudotype arenaviruses generated in 293T cells exhibited high infectivity in various mammalian cell lines. The infections
by New World and Old World AREpv were dependent on their receptors (human transferrin receptor 1 [hTfR1] and a-dystro-
glycan [aDG], respectively). However, infection by pseudotype VSV bearing the LUJV envelope protein (LUJpv) occurred inde-
pendently of hTfR1 and aDG, indicating that LUJpv utilizes an unidentified receptor. The pH-dependent endocytosis of AREpv
was confirmed by the use of lysosomotropic agents. The fusion of cells expressing these envelope proteins, except for those ex-
pressing the LUJV envelope protein, was induced by transient treatment at low pH values. LUJpv infectivity was inhibited by
U18666A, a cholesterol transport inhibitor. Furthermore, the infectivity of LUJpv was significantly decreased in the Niemann-
Pick C1 (NPC1)-deficient cell line, suggesting the necessity for NPC1 activity for efficient LUJpv infection.

IMPORTANCE

LUJV is a newly identified arenavirus associated with a VHF outbreak in southern Africa. Although cell entry for many arenavi-
ruses has been studied, cell entry for LUJV has not been characterized. In this study, we found that LUJpv utilizes neither aDG
nor hTfR1 as a receptor and found unique characteristics of LUJV glycoprotein in membrane fusion and cell entry. Proper exclu-
sion of cholesterol or some kinds of lipids may play important roles in LUJpv cell entry.

Arenaviruses belong to the family Arenaviridae and are clas-
sified into two complexes, New World and Old World are-
naviruses, based on serological, genetic, and geographical rela-
tionships and the rodent hosts (1). New World arenaviruses are
further divided into 3 major clades (A, B, and C). Clade B
contains 5 hemorrhagic fever-causing arenaviruses that are
known to cause South American hemorrhagic fever in humans:
Junin virus (JUNV), Guanarito virus (GTOV), Sabia virus
(SABV), Machupo virus (MACV), and Chapare virus (CHPV)
(2). Of the Old World arenaviruses, Lassa virus (LASV) is en-
demic in western Africa and is known to cause viral hemor-
rhagic fever (VHF) in humans (3). Recently, another Old
World arenavirus, Lujo virus (LUJV), was identified as a cause
of VHF with a high case fatality rate of 80% (4).

Arenaviruses are enveloped negative-strand RNA viruses with
a genome that is bisegmented into S and L segments. The S seg-
ment encodes a nucleocapsid protein (NP) and an envelope gly-
coprotein precursor (GPC); the L segment encodes a matrix pro-
tein (Z) and an RNA-dependent RNA polymerase (L). The GPCis
synthesized as a single polypeptide and undergoes processing by
the host cell signal peptidase (SPase) and subtilisin-like kexin
isozyme-1/site-1-protease (SKI-1/S1P), yielding typical receptor-
binding (G1), transmembrane fusion (G2), and stable signal pep-
tide (SSP) subunits, respectively (5). Viral entry into target cells is
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initiated by the binding of G1 to appropriate cell surface receptors.
The first cellular receptor for arenavirus to be identified was
a-dystroglycan (aDG), a ubiquitous receptor for extracellular
matrix proteins (6). aDG is a binding receptor for Old World
arenaviruses, such as LASV and lymphocytic choriomeningitis vi-
rus (LCMYV), and some of the clade C New World arenaviruses
(7). Among the New World arenaviruses, many pathogenic vi-
ruses use human transferrin receptor 1 (hTfR1) as a receptor for
cell entry (8, 9). A number of additional receptor candidates for
JUNV, LASV, and LCMV have recently been reported, including
the C-type lectin family, dendritic cell-specific intercellular adhe-
sion molecule 3-grabbing nonintegrin (DC-SIGN), liver and
lymph node sinusoidal endothelial calcium-dependent lectin
(LSECtin), and two members of the TAM family (Axl and Tyro3)
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(10-13). In the case of LUJV, the receptor candidate (or candi-
dates) is at this time largely unknown.

The categorization in many countries of VHF-causing arena-
viruses as biosafety level 4 (BSL4) pathogens means that they may
only be handled in specific institutions that are equipped with
BSL4 facilities. This has impeded analysis of the life cycle and
pathogenesis of these pathogenic arenaviruses and the develop-
ment of therapeutic agents and vaccines for arenaviral hemor-
rhagic fevers. The analysis of the initial steps of viral infection,
including identification of the entry receptors, is important for
understanding the life cycle of these viruses and for further devel-
oping entry inhibitors. Several alternative research tools for the
viruses have therefore been developed. A cell fusion assay was
established to examine the membrane fusion activities of viral
envelope proteins (14). The assay is sensitive and can easily deter-
mine cell fusion using reporter genes. Pseudotype virus systems
based on vesicular stomatitis virus (VSV) or lentivirus and retro-
virus have also been established to examine viral entry mecha-
nisms and to identify putative entry receptors (15). These systems
are beneficial in the study of highly pathogenic arenavirus infec-
tions.

In the present study, we generated pseudotype VSVs bearing
envelope proteins of several arenaviruses, including LUJV. In par-
ticular, the characteristics of envelope proteins of LUJV were de-
termined for the first time with respect to their glycosylation, fu-
sion activities, and utilization of known arenaviral receptors and
the involvement of cholesterol or sphingolipid in cell entry.

MATERIALS AND METHODS

Plasmids and cells. The cDNAs of the SABV, MACV, CHPV, and LUJV
GPCs were obtained by chemical synthesis (Codon Devices, Cambridge,
MA). The GPC ¢DNAs of JUNV (strain MC2) and LASV (strain Josiah)
were supplied by V. Romanowski (Universidad Nacional de La Plata) and
C. J. Peters (University of Texas Medical Branch), respectively. The Gen-
Bank accession numbers of the nucleotide sequences of the SABV, MACV,
CHPV, LUJV, JUNV, and LASV GPC genes are NC_006317, NC_005078,
NC_010562, F]952384, U70799, and }04324, respectively. The GPC
cDNAs of SABV, MACV, CHPV, LUJV, JUNV, and LASV were cloned
into the expression vector pKS336 (16). The resulting plasmids were des-
ignated pKS-SABV-GP, pKS-MACV-GP, pKS-CHPV-GP, pKS-LUJV-
GP, pKS-JUNV-GP, and pKS-LASV-GP. Each GP sequence of the plas-
mids was confirmed to be identical to the original cDNA sequence using
an ABI Prism 3100-Avant Genetic Analyzer (Applied Biosystems). The
plasmid pKS-EBOV-GP (Reston) was prepared as described previously
an.

FLAG/One-STrEP (FOS)-tagged fusion protein expression vectors
were also constructed. cDNAs of the CHPV-GP, LUJV-GP, JUNV-GP,
and LASV-GP with the stop codon deleted were synthesized by PCR from
each of the above-described cDNAs. The PCR products were cloned into
pCAG-MCS2-FOS, which expresses carboxyl-terminally FOS-tagged fu-
sion protein (provided by E. Morita, Osaka University). The resulting
plasmids were designated pCAG-CHPV-GP-FOS, pCAG-LUJV-GP-FOS,
pCAG-JUNV-GP-FOS, and pCAG-LASV-GP-FOS. The cDNA encoding
G protein (G) of VSV was amplified from pCAG-VSV-G by PCR and
cloned into pCAG-MCS2-FOS to construct pCAG-VSV-G-FOS in order
to express carboxyl-terminally FOS-tagged VSV G protein.

A plasmid carrying hTfR1 ¢cDNA was generated. Total RNAs were
isolated from 293T cells using TRIzol Reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. The cDNA was synthesized
by reverse transcription with Superscript III reverse transcriptase (Invit-
rogen) using random hexamer primers (Invitrogen). The cDNA encoding
hTfR1 was amplified by PCR using an Expand High Fidelity PCR System
(Roche Applied Science, Indianapolis, IN) with cDNA synthesized from
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the 293T RNAs. The amplified cDNA was cloned into pKS336. The result-
ing plasmid was designated pKS-hTfR1. The cloned sequence was con-
firmed to be identical to the hTfR1 ¢cDNA sequence using an ABI Prism
3100-Avant Genetic Analyzer.

Hamster (BHK and CHO), mouse (NIH 3T3, NMulLi, and P388),
rabbit (PK15), monkey (VeroE6, COS7, and MARC), and human (Huh?7,
HepG2, Hep3B, 293T, HeLa, Saos-2, Raji, U937, Molt-4, and Jurkat) cell
lines were obtained from the American Type Culture Collection (Manas-
sas, VA) or DS Pharma Biomedical Co. Ltd. (Osaka, Japan). All of the cell
lines, with the exceptions of Raji, Molt-4, P388, and Jurkat cells, were
grown in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich,
St. Louis, MO) containing 10% heat-inactivated fetal bovine serum (FBS).
Raji, Molt-4, P388, and Jurkat cells were grown in RPMI 1640 (Sigma-
Aldrich) containing 10% FBS. To establish a CHO cell line that stably
expresses hTfR1 (CHO/hT{R1), CHO cells were transfected with pKS-
hTfR1 using Fugene HD (Roche) reagent. The transfected CHO cells were
selected with DMEM containing 10% FBS and 2 pg/ml of Blasticidin
S-HCI (Invitrogen). When clusters of the cells appeared, some clusters of
the cells were cloned and subcultured to establish CHO/hT{R1. The «DG
knockout embryonic stem (ES) cell clone 354.B11 was provided by K. P.
Campbell (Howard Hughes Medical Institute, University of Iowa) and
was cultured using Esgro Complete Plus Clonal Grade Medium (Merck
Millipore, Darmstadt, Germany). A CHO cell mutant defective in the
NPC1 gene (CHO/A101) and CHO/A101 cells stably expressing FLAG-
tagged NPC1 (CHO/A101/NPC1-KI) had been previously generated and
were maintained in Ham’s F-12 containing 10% FBS (18).

Generation of pseudotype VSVs. Pseudotype VSVs bearing the GPC
of arenaviruses (AREpv), GP of ebolavirus (EBOpv), G of VSV (VSVpv),
and murine leukemia virus envelope protein (MLVpv) were generated as
described previously (17, 19, 20). Briefly, 293T cells were grown to 70%
confluence on collagen-coated tissue culture plates and then transfected
with pKS-LASV-GP, pKS-JUNV-GP, pKS-LUJV-GP, pKS-CHPV-GP,
pKS-SABV-GP, pKS-MACVGP, pKS-EBOV-GP, pCAG-CHPV-GP-
FOS, pCAG-LUJV-GP-FOS, pCAG-JUNV-GP-FOS, pCAG-LASV-GP-
FOS, pCAG-VSV-G, pCAG-VSV-G-FOS, or pFBASALF (which expresses
murine leukemia virus envelope proteins; provided by T. Miyazawa,
Kyoto University). After 24 h of incubation, the transfected cells were
infected with G-complemented (*G) VSVAG/Luc (*G-VSVAG/Luc) (21)
at a multiplicity of infection (MOI) of 0.1. The virus was adsorbed and
then extensively washed four times with serum-free DMEM. After 24 h of
incubation, the culture supernatants containing pseudotype VSVs were
centrifuged to remove cell debris and stored at —80°C until use. The
infectious titers of the pseudotype VSVs were also determined by a focus-
forming assay, as described below, and were measured as focus-forming
units (FFU). AREpv, EBOpv, VSVpv, and MLVpv infectivities were as-
sessed by luciferase activity. The relative light unit (RLU) value of lucifer-
ase was determined using a Bright-Glo luciferase assay system (Promega
Corporation, Madison, WI), according to the manufacturer’s protocol.

Focus-forming assay. Huh7 or Vero cells were transfected with
pCAG-VSV-G. At 24 h posttransfection, the cells infected with the pseu-
dotype viruses were cultured with 0.8% methylcellulose in 10% FBS
DMEM for 48 h. FFU were determined by counting visible foci.

Immunofluorescence assays. For immunofluorescence staining of
the cells with antibodies, Huh7 cells transfected with pCAG-LASV-GP-
FOS, pCAG-JUNV-GP-FOS, pCAG-LUJV-GP-FOS, pCAG-CHPV-GP-
FOS, or pCAG-VSV-G-FOS or CHO/hTfR1 cells were fixed with acetone
at room temperature for 5 min. To stain the FOS-tagged protein and
hTfR1, the fixed transfected Huh7 and CHO/hTfR1 cells were incubated
with mouse monoclonal anti-FLAG primary antibody (Sigma) and
mouse monoclonal anti-hTfR1 antibody (BD Biosciences, San Jose, CA),
respectively. The CHO cells were also prepared and stained as hTfR1
negative-control cells. All of the cells were rinsed with phosphate-buffered
saline (PBS) and incubated with goat anti-mouse Alexa Fluor 488 (Invit-
rogen). After washing with PBS, the stained cells were observed under a
fluorescence microscope (BZ-9000; Keyence, Osaka, Japan).
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Immunoblotting. 2937 cells were transfected with each of the plas-
mids pCAG-CHPV-GP-FOS, pCAG-LUJV-GP-FOS, pCAG-JUNV-GP-
FOS, pCAG-LASV-GP-FOS, and pCAG-VSV-G-FOS. At 24 h posttrans-
fection, the cells were collected and lysed in PBS containing 1% NP-40.
The lysates were centrifuged to separate insoluble pellets from superna-
tants. The supernatants were used as samples. Pseudotype VSVs bearing
FOS-tagged GPCs generated as described above were pelleted through a
20% (wt/vol) sucrose cushion at 25,000 rpm for 2 h in an SW28 rotor
(Beckman Coulter, Tokyo, Japan). The pellets were resuspended in PBS
and used as additional samples. Each sample, boiled in loading buffer, was
subjected to 10% sodium dodecy! sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE). The proteins were electrophoretically transferred to a
methanol-activated polyvinylidene difluoride (PVDF) membrane (Milli-
pore, Billerica, MA) and reacted with mouse monoclonal anti-FLAG an-
tibody (Sigma). Immune complexes were visualized with SuperSignal
West Dura Extended Duration Substrate (Pierce, Rockford, IL) and de-
tected by an LAS3000 analyzer (Fuji Film, Tokyo, Japan).

The lysates of CHO/hTfR1 and CHO cells were also treated as de-
scribed above. To detect the bands of hTfR1 and B-actin, mouse mono-
clonal anti-hTfR1 antibody (BD Biosciences) and mouse monoclonal an-
ti-B-actin antibody (Sigma), respectively, were used as described above.

Effects of treatment with antiserum on LUJpv infectivity. To char-
acterize the infection of LUJpv, the pseudotype was preincubated with
serially diluted anti-LUJV-GP polyclonal antibody for 1 h at 37°C and
then inoculated into Huh?7 cells. Anti-LUJV-GP polyclonal antibody was
prepared by immunization of rabbits with the expression plasmid pKS-
LUJV-GP, as described previously (22). After 2 h of adsorption at 37°C,
the cells were washed with DMEM containing 10% FBS, and infectivity
was determined after 24 h of incubation at 37°C.

Involvement of hTfR1 in AREpv infections. To determine the in-
volvement of hTfR1 in viral entry, Huh7 or U937 cells were pretreated
with various concentrations of anti-hTfR1 for 1 h at 37°C and inoculated
with a series of AREpv, VSVpv, or MLVpv at an MOI of 1. After 1 h of
adsorption at 37°C, the cells were washed and cultured for 24 h at 37°C.
Pseudotype infectivities were determined by measuring luciferase activi-
ties after 24 h of incubation at 37°C.

The CHO and CHO/hT{R1 cells were infected with a series of AREpv
or VSVpv, respectively, at an MOI of 1. Pseudotype infectivities were
determined by measuring luciferase activities after 24 h of incubation at
37°C. AREpv infectivity for CHO/hTfRI cells was normalized to the in-
fectivity for CHO cells.

Huh7 cells were incubated at 37°C for 2 h in the presence of various
concentrations of ferric ammonium citrate (FAC), which is rich in iron
and is known to decrease TfR mRNA in the cells (23). The cells were then
infected with the series of AREpv or VSVpv, as described above. Pseu-
dotype infectivities were determined by measuring luciferase activities
after 24 h of incubation at 37°C.

Involvement of DG in AREpv infection. To examine the involve-
ment of @DG in viral entry, Raji, Jurkat, or DG knockout ES cells ex-
pressing like-acetylglucosaminyltransferase (LARGE) or aDG were pre-
pared by infection with lentiviral vectors encoding LARGE, DG, or
control (fCD2) genes as constructed previously (11). The cells were in-
fected with a series of AREpv or VSVpv at an MOI of 1. Pseudotype
infectivities were determined by measuring luciferase activities after 24 h
of incubation at 37°C.

Effects of enzymes, chemicals, and low-pH exposure on AREpv in-
fection. To examine the effects of oligosaccharide modification of arena-
virus GPs or VSV-G, cell lysates and purified pseudotype virions were
digested with endoglycosidase H (Endo H) or peptide-N-glycosidase F
(PNGase F) (Roche) in accordance with the manufacturer’s protocol and
analyzed by immunoblotting.

To examine the effects of endosomal acidification of cells on viral
entry, Huh7 cells were treated with various concentrations of inhibitors of
endosomal acidification—bafilomycin A; from Streptomyces griseus
(Sigma), ammonium chloride (Sigma), and chloroquine (Sigma)—for 1

July 2014 Volume 88 Number 13

254

Characterization of Lujo Virus Cell Entry

hat 37°C. The cells were then infected with the series of AREpv, VSVpv, or
MLVpv at an MOI of 1. Pseudotype infectivity was determined by mea-
suring luciferase activities after 24 h of incubation at 37°C.

To examine the pH dependence of AREpv cell entry, the series of
AREpv or VSVpv was exposed to citrate-phosphate buffer (0.1 M citric
acid, 0.2 M sodium dihydrogenorthophosphate) adjusted to the indicated
pHlevel (pH 7,6, 5, 4, or 3) for the indicated time (0, 15, 30, 60, 90, or 120
s). After pH neutralization with a 100X volume of DMEM containing
10% FBS, the viruses were inoculated into Huh7 cells. After 24 h of incu-
bation at 37°C, residual infectivity was determined by measuring lucifer-
ase activities and comparison with the infectivities of the pseudotypes
exposed to the buffer adjusted to pH 7.

To examine the involvement of cholesterol and sphingolipids in viral
entry, Huh7 cells were treated with various concentrations of chlorprom-
azine, imipramine, desipramine, amitriptyline, or U18666A for 1 h at
37°C. The cells were then infected with the series of AREpv, EBOpv,
VSVpv, or MLVpv at an MOI of 1. Pseudotype infectivity was determined
by measuring luciferase activities after 24 h of incubation at 37°C.

To examine the involvement of NPC1 in viral entry, wild-type CHO
(CHO/wt), CHO/A101, and CHO/A101/NPCI1-KI cells were infected
with the series of AREpv, EBOpv, or VSVpv at an MOI of 1. Pseudotype
infectivity for these cells was determined by measuring luciferase activities
after 24 h of incubation at 37°C. Pseudotype infectivity for CHO/A101
and CHO/A101/NPC1-KI cells was normalized to the infectivity for
CHO/wt cells.

Syncytium formation and quantitative reporter assays for cell fu-
sion. To examine whether syncytium formation of the cells expressing
arenavirus GPC is induced by low-pH exposure, Huh7 cells were trans-
fected with pCAG-CHPV-GP-FOS, pCAG-LUJV-GP-FOS, pCAG-
JUNV-GP-FOS, pCAG-LASV-GP-FOS, or pCAG-VSV-G-FOS. At 24 h
posttransfection, the cells were rinsed once with PBS and then incubated
with citrate-phosphate buffers adjusted to the indicated pH value (pH 7,
6, 5, 4, or 3) for 2 min. The citrate-phosphate buffers were then replaced
with DMEM containing 10% FBS and incubated for 24 h for LASV-GP/
JUNV-GP- and LUJV-GP/CHPV-GP-expressing cells or 8 h for VSV-G-
expressing cells. The cell monolayers were then observed for the induction
of cell fusion under a phase-contrast microscope.

To quantify cell fusion induced by arenavirus GPs, a reporter assay was
carried out as follows. 293T cells were grown on 35-mm tissue culture
plates and transfected with pCAG-CHPV-GP-FOS, pCAG-LUJV-GP-
FOS, pCAG-JUNV-GP-FOS, pCAG-LASV-GP-FOS, or pCAG-VSV-G-
FOS, together with pCAGT7pol (provided by Y. Matsuura, Osaka Uni-
versity), an expression plasmid carrying the T7 RNA polymerase gene
under the control of the CAG promoter (14). The Huh7 target cells were
grown on 35-mm tissue culture plates and transfected with pT7EMCVLuc
(provided by Y. Matsuura), a reporter plasmid carrying a firefly luciferase
gene under the control of the T7 promoter. At 24 h posttransfection, the
target cells were collected by trypsinization and regrown in a 96-well plate,
The 293T cells were treated with 0.05% EDTA in PBS and suspended in
DMEM containing 10% FBS. The 293T cells were overlaid onto the target
Huh?7 cells and incubated for 4 h. The cocultured cells were bathed in
citrate-phosphate buffers adjusted to the indicated pH values for 2 min
and then incubated with DMEM containing 10% FBS for 12 h. Cell fusion
activity was quantitatively determined by measuring luciferase gene ex-
pression in the lysates of the cocultured cells. The RLU values of luciferase
were determined using a Bright-Glo luciferase assay system and normal-
ized to the values of cells treated with pH 7 buffer.

RESULTS

Production and characterization of AREpv. LASpv, JUNpv,
LUJpv, CHPpv, and VSVpv were generated in 293T cells tran-
siently expressing the carboxyl-terminally FOS-tagged envelope
glycoproteins of LASV, JUNV, LUJV, CHAPYV, and VSV, respec-
tively, upon infection of *G pseudotype VSV, as previously re-
ported (21, 24). To examine the properties of the arenaviral GPs
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FIG 1 Glycosylation of glycoproteins in AREpv. (A) The GPC or G2 proteins of arenaviruses (LAS-GP, JUN-GP, LUJ-GP, and CHP-GP) or G protein of VSV
expressed in 293T cells (top) and incorporated into the particles of AREpv (LASpv, JUNpv, LU]Jpv, and CHPpv) or VSVpv (bottom) were either untreated (lanes
C) or treated with endoglycosidase H (lanes H) or peptide-N-glycosidase F (lanes F). Following fractionation on SDS-PAGE gels, the glycoproteins were detected
by immunoblotting using anti-FLAG monoclonal antibody. (B) Infectivities of AREpv generated in 293T cells were determined in Huh7 and VeroE6 cells by
focus-forming assay. (C) Dose-(MOI)-dependent relative luciferase activities (RLU) were determined in Huh7 and VeroE6 cells by luciferase assay. The MOI of
each virus was determined on the basis of the titer in a focus-forming assay in Huh7 cells. The results shown are from three independent assays, with error bars

representing standard deviations. VSV without envelope (AG) was used as a negative control. VSVpv (VSV) was used at 10-fold dilution (dil).
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FIG 2 Efficiency of gene transduction into various mammalian cell lines by AREpv. The AREpv (LASpv, JUNpv, LUJpv, CHPpv, SABpv, and MACpv) generated
by 293T cells were inoculated into the indicated cell lines at an MOI of 1. The MOI of each virus was determined on the basis of the titer in a focus-forming assay
in Huh?7 cells. At 24 h postinfection, the infectivities of the viruses were determined as RLU. The results shown are from three independent assays, with error bars
representing standard deviations. AG was used as a negative control, and VSV was used at 10-fold dilution.

incorporated into AREpv particles, the arenaviral GPs expressed
in 293T cells and incorporated into the viral particles were di-
gested with Endo H and PNGase F and then examined by immu-
noblotting using anti-FLAG monoclonal antibody (Fig. 14). Since
the arenaviral GPCs were FOS tagged at the carboxyl terminus, the
GPC and processed G2 were detected in the immunoblotting. All
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of the GPCs in the lysates of the cells transfected with GPC-ex-
pressing plasmids and G2 incorporated into the viral particles that
were examined in the present study were sensitive to both Endo H
and PNGase F treatments, suggesting that both immature and
mature GPs exhibited high-mannose-type glycosylation. In con-
trast, the sugar chains of VSV-G protein in the cells and on the
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FIG 3 Neutralization of AREpv infection by Lujo virus GP antibody. Shown is
the effect of anti-LUJ-GP rabbit serum on the infectivity of LASpv, LUJpv, and
VSVpv for Huh?7 cells. The viruses were preincubated for 1 h at room temper-
ature with the indicated dilution of antibody before infection of Huh7 cells.
Luciferase activities were determined at 24 h postinfection. The results shown
are from three independent assays, with error bars representing standard de-
viations.

virions were sensitive to PNGase F but resistant to Endo H, indi-
cating that the sugar chains of VSV-G protein were modified to
the complex- or hybrid-type glycans, which is consistent with pre-
vious reports (25, 26) (Fig. 1A).

To evaluate the correlation of infectious titers and luciferase
activities in AREpv infection, a focus-forming assay was per-
formed (Fig. 1B). VSV lacking an envelope protein (AGpv) was
used as a negative control. The infectious titers of all of the AREpv
were shown to be high (~1 X 107 to 5 X 107 TU/ml) on both Huh7
and VeroE6 cells. The luciferase activities of all of the AREpv-
infected cells were correlated with the MOI (Fig. 1C).

To further examine AREpv infectivity for various mammalian
cell lines, LASpv, JUNpv, LUJpv, CHPpv, SABpv, and MACpv
were inoculated into the indicated cell lines (Fig. 2). Almost all of
the cell lines were susceptible to AREpv infection. Among them,
COS7, MARC, Huh7, 293T, and HeLa cells were highly suscepti-
ble to AREpv infection, followed by BHK, CHO, VeroE6, HepG2,
Hep3B, Saos-2, and U937. Other cell lines, NIH 3T3, NMuli,
PK15, Raji, Molt-4, and Jurkat cells, were less susceptible to infec-
tion by many of the AREpv, while P388 showed no susceptibility
to AREpv infection. It is noteworthy that NIH 3T3, NMulLi, and
Molt-4 cells or Jurkat cells were not susceptible to infection with
LUJpv or LASpv, respectively. To determine the specificity of in-
fection of LUJpv, neutralization assays of the pseudotypes were
performed using anti-LUJV-GP rabbit serum. The infectivity of
LUJpv, but not that of LASpv and VSVpv, for Huh7 cells was
clearly inhibited by anti-LUJV-GP rabbit serum in a dose-depen-
dent manner (Fig. 3). These data indicated that LUJpv infection
exhibited GP-mediated entry.

Entry pathways of the AREpv. Previous studies showed that
infections by LASV, JUNV, and some other arenaviruses were
inhibited by treatment with lysosomotropic agents, such as am-
monium chloride or bafilomycin A,, suggesting that arenaviruses
enter target cells via pH-dependent endocytosis (27-29). To ex-
amine the pH-dependent entry pathway of the AREpv, Huh?7 cells
were pretreated with various concentrations of bafilomycin A,
ammonium chloride, or chloroquine, and then the cells were in-
oculated with a series of AREpv, VSVpv, and MLVpv (Fig, 4). As
expected, the treatment of the cells with these reagents did not
affect the infectivity of MLVpv, which enters cells through a pH-
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independent direct fusion of the viral membrane and plasma
membrane. In contrast, infections of all of the AREpv and VSVpv,
which enter cells through pH-dependent endocytosis, were inhib-
ited by treatment of the cells with all of the aforementioned re-
agents in a dose-dependent manner. This result suggests that
AREpv enter cells through pH-dependent endocytosis. It is note-
worthy that treatment of cells with chloroquine dramatically re-
duced the infectivity of LUJpv, even at lower concentrations, while
the infectivities of CHPpv and SABpv were slightly reduced with
higher concentrations of chloroquine (Fig. 4C).

Involvement of TfR1 in AREpv infection. Among the candi-
dates for cellular receptors for arenaviruses, hTfR1 was shown to
be the principal receptor for the infection of New World clade B
arenaviruses. It is not known whether LUJV exhibits hTfR1-de-
pendent infection. To determine the involvement of hTfR1 in
AREpv infection, Huh7 or U937 cells were pretreated with anti-
hTfR1 monoclonal antibody and infected with the pseudotypes.
JUNpv, CHPpv, SABpv, and MACpv infections in Huh7 and
U937 cells were inhibited by anti-hTfR1 monoclonal antibody in a
dose-dependent manner, whereas no inhibition of infection was
observed with LASpv, LUJpv, or VSVpv (Fig. 5A). To further con-
firm the involvement of hTfR1, infectivities of AREpv for CHO
cells stably expressing hTfR1 were examined. The expression of
hTfR1 was confirmed by immunofluorescence assay and immu-
noblotting (Fig. 5B) (24). The expression of hTfR1 in CHO cells
conferred increased susceptibility to JUNpv, CHPpv, SABpv, and
MACpv infection, but not to LASpv, LUJpv, or VSVpv infection
(Fig. 5C). FAC is known to downregulate TfR1 expression and
inhibit infection by pseudotype viruses of the New World arena-
viruses (9). In this study, infections by pseudotype viruses of the
New World arenaviruses, namely, JUNpv, CHPpv, SABpv, and
MACpv, were inhibited by FAC treatment (Fig. 5D). Infections by
LASpv and VSVpv, which do not utilize hTfR1 as a receptor, were
not affected by FAC treatment (Fig. 5D). It is noteworthy that
infection with LUJpv was also inhibited by FAC treatment. These
results suggest that LUJV does not utilize hTfR1 as a receptor but
utilizes an unknown receptor, which is affected by FAC treatment.
The results of the present study confirmed TfR1-dependent entry
in New World arenavirus infections. In contrast, LUJpv and
LASpv infections exhibited TfR1-independent entry.

Involvement of DG in AREpv infection. To further exam-
ine the involvement of another arenavirus receptor candidate,
aDG, in arenavirus infection, a series of AREpv were inocu-
lated into LARGE-expressing Raji and Jurkat cells. LARGE is a
putative N-acetylglucosaminyltransferase whose expression
compensates for any lack of O-mannosylation of DG (30). Ex-
pression of O-mannosylated DG in these cells was examined as
previously described (reference 11 and data not shown). The
expression of LARGE in both Raji and Jurkat cells conferred
susceptibility to LASpv infection, but not to JUNpv, LUJpv,
CHPpv, or VSVpv infection (Fig. 6A). To further confirm this
result, the infectivities of AREpv were examined in DG knock-
out ES cells transfected with DG-expressing or control plas-
mids. The expression of DG in the DG knockout ES cells re-
sulted in an increase in LASpv infection, whereas no significant
increases were observed in the other pseudotype infections
(Fig. 6B). These results confirmed that LASpv exhibited aDG-
dependent cell entry, while LUJpv and New World AREpv in-
fections exhibited aDG-independent cell entry.
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FIG 4 Inhibition of AREpv infection by H* -ATPase inhibitors. AREpv (LASpv, JUNpv, LUJpv, CHPpv, and SABpv), VSVpv, and MLVpv were inoculated into
Huh?7 cells after treatment with various concentrations of bafilomycin A, (A), ammonium chloride (B), or chloroquine (C). Luciferase activities were determined
at 24 h postinfection. The results shown are from three independent assays, with error bars representing standard deviations.

Syncytium formation and cell fusion activity in cells express-
ing arenaviral GPs. To examine syncytium formation in the are-
naviral-GP-expressing cells, Huh7 cells were transfected with ex-
pression plasmids encoding various arenaviral GPs or VSV-G and
cultured for 24 h. The cells were then treated with the indicated pH
buffer for 2 min. The expression of each viral GP was confirmed by
immunofluorescence assay with anti-FLAG antibody 24 h after
the transfection of the expression plasmids. Synctia were observed
after treatment with buffer at pH 4 in LASV-GP-expressing cells,
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below pH 5 in JUNV-GP- and CHPV-GP-expressing cells, and
below pH 6 in VSV-G-expressing cells. In contrast, no syncytium
formation was observed in LUJV-GP-expressing cells, even by
treatment with buffer at pH 4 (Fig. 7A).

To further examine cell fusion activities of the arenaviral GPs,
we utilized a previously established, highly sensitive, and quanti-
tative reporter gene activation method (14). Cell fusion was
induced in LASV-GP-expressing cells below pH 4, in JUNV-GP-
and CHPV-GP-expressing cells below pH 5, and in VSV-G-ex-
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FIG 5 Involvement of human TfR1 in AREpv infection. (A) Inhibition of AREpv infection by anti-hTfR1 antibody. Huh7 or U937 cells were pretreated with
various concentrations of anti-hTfR1 antibody for 1 h and inoculated with LASpv, JUNpv, LUJpv, CHPpv, SABpv, MACpv, or VSVpv, and infectivities were
determined at 24 h postinfection by measuring luciferase activity. (B) Expression of hTfR1 on CHO cell lines constitutively expressing hTfR1 (CHO/hTfR1) was
examined by immunofluorescence assay (left) or immunoblotting assay (right). (C) Infectivities of pseudotype immunoviruses for CHO cells expressing hTfR1.
CHO or CHO/hT{R1 cells were infected with LASpv, JUNpv, LUJpv, CHPpv, SABpv, MACpv, or VSVpv, and infectivities were determined at 24 h postinfection
by measuring luciferase activities. The infectivities of AREpv for CHO/hTfRI cells were normalized to the infection of parental CHO cells. (D) Huh7 cells were
pretreated with the indicated concentration of FAC and incubated at 37°C. After 1 h of incubation, the cells were inoculated with LASpv, JUNpv, LUJpv, CHPpv,
SABpv, MACpv, or VSVpv, and infectivities were determined at 24 h postinfection by measuring luciferase activities. The results shown are from three
independent assays, with error bars representing standard deviations.
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FIG 6 Involvement of aDG in AREpv infection. (A) Infectivities of AREpv in Jurkat or Raji cells expressing LARGE. Raji and Jurkat cells were transfected with
the plasmid encoding LARGE or empty vector (ctrl). (B) Infectivities of AREpv in DG knockout ES cells expressing aDG. DG knockout ES cells were transfected
with the plasmid encoding «DG or empty vector (ctrl). At 24 h posttransfection, the cells were infected with LASpv, JUNpv, LUJpv, CHPpv, or VSVpv, and
infectivities were determined by measurement of luciferase activities. The results shown are from three independent assays, with error bars representing standard

deviations.

pressing cells below pH 6. Cell fusion was not induced in cells
expressing LUJV-GP, even by treatment with the buffer at pH 4
(Fig. 7B). The luciferase activities in the VSV-G-expressing cells
exhibited moderate enhancement, even though syncytium forma-
tion was clearly observed. This may be due to cytotoxicity of the
VSV-G in the expressing cells. Similarly, pH 3 treatment of the
cells induced cytotoxicity, and thus, the expression of luciferase
may have been affected.

In general, low-pH exposure is known to change the confor-
mation of some viral GP in the absence of cellular receptors and
then to abolish viral infectivity. To examine the effect of low-pH
exposure on AREpv infection, the viruses were treated with the
indicated pH buffer or for the indicated exposure times before
infection. Infectivities of all of the AREpv, including LUJpv, were
abolished after low-pH treatment and within 2 min of exposure
(Fig. 7Cand D). Notably, LASpv was relatively resistant to low-pH
exposure in comparison to other AREpv, suggesting that confor-
mational change of LASV-GP may be induced under more acidic
pH conditions or by longer-duration exposure.

Involvement of cholesterol and sphingolipids in AREpv
infection. Recently, it has been reported that Ebola virus infec-
tion requires cholesterol transporter protein, Niemann-Pick C1
(NPC1), and acid sphingomyelinase, which is the hydrolase en-
zyme involved in sphingolipid metabolism (31-33). In the present
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study, LUJV-GP-expressing cells did not exhibit cell fusion upon
treatment at low pH, indicating the necessity for additional cellu-
lar factors for LUJV infection. To further examine the entry path-
way and roles of lipid metabolism in AREpv infection (especially
LUJpvinfection), we examined the effect of chlorpromazine treat-
ment of the cells. This chemical is widely known, not only as an
inhibitor of clathrin-mediated endocytosis, but also as an inducer
of lipidosis (34, 35). Even though infections by all of the AREpv
were inhibited by chlorpromazine treatment in a dose-dependent
manner, LUJpv and LASpv infections were drastically reduced in
comparison with the other AREpv (Fig. 8A). The effects of other
lipidosis-inducing drugs, imipramine, desipramine, and amitrip-
tyline, which are known as antidepressant drugs and which cause
lipid accumulation in vitro (33), were also examined. LUJpv and
EBOpv were drastically inhibited by all of these drugs (Fig. 8B).
Furthermore, a cholesterol transport inhibitor, U18666A, which is
known to inhibit the function of NPCI1 (36, 37), was utilized.
Treatment with the chemical resulted in a dose-dependent de-
crease in LUJpv and EBOpv infectivities (Fig. 8C). Interestingly,
these inhibitors also partially decreased LASpv infectivity, sug-
gesting that the entry mechanisms of LASpv are similar, in part, to
those of LUJpv (Fig. 8B and C). To further examine the involve-
ment of NPC1, NPCl1-deficient CHO mutant cells, CHO/A101
cells, were utilized. The infectivities of LUJpv and EBOpv were
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