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Current and Future Diagnostic Tests for Ebola Virus Disease
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ABSTRACT - Purpose. Ebola virus disease (EVD) is a major public health concern with a high mortality rate
in infected individuals. Outbreaks of Ebola have been widespread—there is no rapid, sensitive, specific, and
affordable diagnostic test for the virus, nor there is any treatment for the disease. Overlapping symptoms of
other endemic diseases, such as malaria and cholera, make it difficult to diagnose EVD. For clinical
management, outbreak investigation, and proper surveillance, EVD requires a detection system, which should be
fast, sensitive, specific, efficient, affordable, and user-friendly with in-country staff. In this review, we discuss
the current diagnostics available for Ebola screening, along with the limitations and key improvements
necessary for a more robust system to facilitate efficient management in case of another major outbreak.
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INTRODUCTION in the developmental stage. According to the report

of World Health Organization (WHO) in 2014,
Ebola virus disease (EVD), also known as Ebola Greater than 2,400 people have died from EVD in
hemorrhagic fever, is caused by the Ebola virus recent months and approximately 4,700 people have
(EBOV) which is a filovirus containing a non- been infected (7). Once the person is infected with
segmented, filamentous, negative-sense, and single- EVD then there are very few chances of survival,
stranded RNA genome (19 kb). The Filoviridae and also the disease can be transmitted through the
family members are among the most lethal human body fluids of EVD patient to a healthy person. The
viral pathogens in the world. There are three nosocomial transmission among health care
filovirus genera: Marburgvirus, Cuevavirus, and workers and EVD patients represents potential risk
EBOV. Marburgvirus species consist of Marburg for outbreak amplification. These findings highlight
virus (MARV) and Ravn virus (RAVV). the great importance of infection control in
Cuevavirus includes a single species, Lloviu virus dedicated isolation facilities as well as in treatment
(LLOV). Ebola virus members consist of Zaire centers where undifferentiated patients with fever
EBOV (ZEBOV), Bundibugyo EBOV (BEBOV), and nonspecific symptoms were admitted (8).
Sudan EBOV (SEBOV), Tai forest EBOV (TAFV- To manage the spread of EVD there are
formally known as CIEBOV or Cote d'lIvoire diagnostic methods available that are based on viral
EBOV) and Reston EBOV (REBOV) (1, 2), all RNA detection by PCR (9), antibody detection
named after their countries of origin, except Reston, assays (10), or antigen detection assays (11)—all of
which was from the Philippines (3) (Figure 1). which are expensive, time consuming, and requiring
Among the different EBOV species, ZEBOV is the a sophisticated infrastructure (12).

most virulent pathogen, resulting in high mortality
rates of 85-95% in infected populations (4, 5).
Among the eight filovirus species, six (ZEBOV,
BEBOV, SEBOV, TAFV, MARV, and RAVYV) are
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Figure 1: Flow chart of Filoviridae family. Three genus — Marburg virus, Cuevavirus and Ebola virus with species as
MARV: Marburgvirus, RAVV: Ravn virus, LLOV: Lloviu virus, ZEBOV: Zaire Ebola virus, SEBOV: Sudan Ebola virus,
BEBOV: Bundibugyo Ebola virus, TAFV: Tai forest Ebola virus and REBOV: Reston Ebola virus.

This review focuses on the latest
epidemiology, immunology, pathology, and
diagnostic tests available, as well as the

improvements to current diagnostics necessary to
curb the spread of EBOV filoviruses. Updates on
existing efforts and procedures of efficient
diagnostic assessment of Ebola virus diseases have
been discussed. We have assessed in great detail the
merits and demerits of each procedure highlighting
the detection limits and the associated cost of
analysis, which is crucial in endemic regions
wherein exists severe resource constraints. The
potential use of new diagnostic reagents and novel
platforms for developing better screening measures
has been discussed for the first time. The review
also suggests newer measures to increase
efficiency, lowering costs and reducing screening
time of prevailing diagnostics as well as the ones
being developed to address the delays in assessment
as well as better management during an outbreak.

EPIDEMIOLOGY OF EBOLA VIRUS

The first documented outbreak of the EBOV
occurred in 1976 at Yambuku Mission Hospital,
Northern Zaire, and caused 280 deaths. This
outbreak of ZEBOV (13) was followed by another
outbreak in Sudan—by EBOV subtype SEBOV.
EBOV outbreaks continued to occur, affecting
mostly Sub-Saharan African countries (Zaire,

Sudan, Cote d'Ivoire, Republic of Congo, Gabon,
and Uganda). In these early cases, mortality rates
varied according to age and sex; for children it was
44%, whereas for teenagers and adults it was 39%
and 56%, respectively. In the male population,
mortality was 56%, and in the female population, it
was 48% (14).

After an 18 year “silent phase,” the EVD re-
emerged in 1995 in northern Gabon and the
Democratic Republic of Congo (15). Since then,
four EBOV outbreaks occurred in Gabon, the
Republic of Congo, the Democratic Republic of
Congo, and Sudan from 2001 to 2005. In 2007, a
new virus subtype, BEBOV (Bundibugyo Ebola
Virus), was isolated from 149 infected people in
Uganda and resulted in 37 deaths. (16, 17). In 2012
and 2013, outbreaks of the Sudan EBOV in Uganda
affected 17 people, resulting in 7 deaths (18).
EBOV cases peaked from November 2015 to May
2016, when there were 28,616 cases of infection
and 11,310 deaths reported worldwide (19).

The outbreak of 2014, the largest single
outbreak of EVD in history, was widely spread with
higher fatality rates in West African countries. As
of September 14, 2014, there were 4,507 confirmed
and probable cases and 2,296 deaths reported in
five African countries (Sierra Leone, Guinea,
Liberia, Nigeria, and Senegal) (20, 21). The
breakdown of the 2014 EVD-confirmed cases and
deaths was as follows: 3,814 cases with 2,544
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deaths in Guinea; 10,678 with 4,810 deaths in
Liberia; and 14,124 with 3,956 deaths in Sierra
Leone (22) (Table 1, (23)).

Table 1. Statistics of Ebola disease in population

Clowiiy Ca§§ Cumulative Cumulative
definition cases deaths
Guinea Confirmed 3351 2083
Probable 453 453
Total 3804 2536
Liberia Confirmed 3151 i
Probable 1879 i
Suspected 5636 i
Total 10,666 4806
Sierra Confirmed 8704 3589
Leone  Probable 287 208
Suspected 5,131 158
Total 14,122 3955
Total Confirmed 15,221 i
Probable 2622 i
Suspected 10,767 i
Total 28,610 11,308

Although EVD is prevalent in African
countries, it is also being spread to developed
countries, due to emigration and travel. In
September 2014, the Centers for Disease Control
confirmed a case of Ebola in the United States in a
person who traveled to Dallas, Texas from Liberia.
On October 23, 2014, the New York City
Department of Health and Mental Hygiene reported
a case in which a medical aid worker was infected
with Ebola when he returned from Guinea after
treating Ebola patients (24). On January 9, 2015, six
people from West African countries affected by
Ebola were granted visas for Canada. Upon arrival,
they were kept under surveillance for 21 days, as
the incubation period of EBOV is 2-21 days (25).

Disease Onset and Mortality by Age Group

The most recent EVD epidemic in Africa has
caused ailments and death in various age groups,
ranging from newborn children to older
populations. In January 2015, 79% of diagnosed
patients were 16 years of age or older in West

African countries. The time of onset of symptoms
varies with different age groups. Children less than
1 year of age first exhibit the symptoms of disease
on day 6, whereas the 10-15 year age group show
disease onset on day 9. However, the fatality rate in
children less than one year of age was 90%,
whereas it was 50% in 10-15 years of age group.
The older population (+45 years) showed a 70%
death rate. When the statistical analysis was done
for EVD among hospitalized children and
adolescents in northern Uganda, it was observed
that 90 out of the 218 confirmed EVD cases by
national laboratory were children and adolescents
with a case fatality rate of 40%. The mean age
observed was 8.2 years = SD 5.6 with a range of
16.99 years (8, 26, 27). In 2014, WHO team
notified that the majority of EVD patients in Guinea
outbreak are 16 to 45 years of age (49.9% male),
and the case-fatality rate was 70.8% among the
individuals with known clinical outcome of
infection. The period of infection, signs, symptoms,
and incubation period (12 days) is very much
comparable to the previously reported outbreaks of
EVD (21).

Transmission

EBOV needs a host cell to replicate and augment
virulence. The virus is thought to exist in a reservoir
host, with bats, especially the Epomops franqueti,
Myonycteris torquata, and Hypsignathus monstrous
species of fruit bats, thought to carry and spread
EBOV. The transmission of EBOV from natural
reservoir to humans is not very clear and under
study, although, it is believed that EBOV infection
in humans directly from fruit bats is possible
because these animals are eaten and consumed by
local people living in the outbreak regions. (28-30).
The transmission of the virus among humans is
through direct contact with body fluids (saliva,
urine, blood, or semen) or organ transplantation
from an EVD-infected individual (31, 32), and the
primary routes of EBOV entry are via the
conjunctiva of the eye, mucous membranes, and
skin lesions (33). EVD transmission may also occur
when a person comes in contact with objects such
as needles contaminated with the fluids of EVD
infected patients (34). Thus, medical staffs are at
high risk of contracting EBOV if proper hygiene
and safety procedures are not followed.
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Genome Organization

EBOV has an RNA genome of 19 kb. The EBOV
RNA itself is not infectious, as verified by
fluorescent focus-forming assay (35). Gene order is
conserved in all filoviruses as: 3’ - leader - NP -
VP35 -VP40 - sGP/GP - VP30 - VP24 - L - trailer -
5 (36, 37). The untranscribed regions (leader and
trailer) are partially complementary to each other, a
common feature among the order Mononegavirales
(38). These untranscribed regions contain the
signals necessary for replication, transcription, and
packaging of the viral RNA genome, as well as
replication of the antigenomic viral RNA (39). Start
and stop signals for transcription are conserved in
each gene among the Filoviridae family, having the
conserved  consensus sequence of  3’-
CUNCNUNUAAUU-5’ and 3’-
UAAUUCUUUUU-5" (37, 38). Intergenic regions
have overlapping start and stop signals and separate
the genes (37). Among filoviruses, the unique

AANAAAAA
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l

feature of EBOV is that the fourth gene encodes a
minimum of two proteins; the second protein is
expressed after the addition of adenosine at a stretch
of seven adenosines into the mRNA (40, 41).

STRUCTURE OF EBOV

The EBOV members of Filoviridae family are
approximately 80 nm in diameter and up to 14,000
nm in length (42). The structure of EBOV consists
of an envelope, viral matrix, and nucleocapsid
proteins (Figure 2). The envelope part contains
transmembrane protein - glycoprotein (GP), the
viral matrix contains the VP40 and VP24 proteins,
and the nucleocapsid complex contains proteins
such as nucleoprotein (NP), the RNA-dependent
RNA-polymerase (L), the polymerase cofactor
VP35 and the transcription activator VP30 (37).

Envelope protein (Glycoprotein)

Viral matrix proteins
Virion protein 40
Virion protein 24

Nucleocapsid proteins
Nucleoprotein

Virion protein 35
Virton protein 30
RNA polymerase

Figure 2: Structure of EBOV showing seven structural proteins of EBOV including Envelope protein (Glycoprotein), Viral
matrix protein (Virion protein 40, Virion protein 24) and Nucleocapsid proteins (Nucleoprotein, Virion Protein 35, Virion

Protein 30, RNA Polymerase)

Envelope Protein

Glycoprotein (GP)

Viral GP is 681 amino acids, 450 kDa structural
transmembrane protein. The GP contributes to the
pathogenesis of Ebola virus by causing cytotoxicity
in cells and damaging endothelial cells (43). GP has
a trimeric crystal structure and consists of a highly
glycosylated region known as the mucin domain,

which induces cell cytotoxicity in infected host
cells (44, 45). The GP forms spike-like structures
on the viral surface and helps in attachment and
entry of the virus (46, 47). The GP is expressed in
large amounts in infected cells and also circulates in
the blood, making it an attractive target for Ebola
antigen screening procedures, as it can be screened
from the blood of infected patients (48).
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Viral Matrix Proteins

Virion Protein 40 (VP40)

The 37 kDa VP40 is a 326 amino acid, peripheral
matrix protein. This protein is transported to the
plasma membrane by exploiting the retrograde late
endosomal pathway (49). It may occur in hexamer
(50, 51) and octamer (52, 53) forms in infected
cells, binding to the inner surface of the plasma
membrane and helping to form new virus particles
(54). Abundantly present in the cytoplasm of
infected cells (55), VP40 supports in membrane
association, capsid assembly, and budding of the
virus. Due to its abundance in the infected host
cells, it is a good candidate for developing antigen
detection assays.

Virion Protein 24 (VP24)

VP24 is a matrix protein that is 251 amino acids
long, with a molecular weight of 28 kDa (56). It
remains in inclusion bodies in infected cells,
interacting with NP (57) for its localization, and
helping in the packaging of the viral RNA genome.
As well, VP24 has been reported to interfere with
the interferon signaling pathway (58). VP24 is a
minor matrix protein, and it is associated with lipid
membranes (59). Therefore, the protein is not a
suitable diagnostic target.

Nucleocapsid Proteins

Nucleoprotein (NP)

Nucleoprotein (NP) is 739 amino acid long (83.3
kDa), sialylated, O-glycosylated structural protein
(60). Along with RNA-dependent RNA polymerase
and the viral RNA, NP forms a nucleoprotein
complex (61), helping in the transcription and
replication of RNA. The NP has ten linear B-cell
epitopes, ten antigenic sites, and five surface
accessible epitopes, predicted as a conserved region
among EBOV species. Among these regions,
GEQYQQLR has been reported to have
immunogenic and antigenic properties, making NP
a suitable target for antigen detection and treatment
of EVD (62).

Virion Protein 35 (VP35)

VP35 consists of approximately 340 amino acids
and its molecular weight is 37 kDa. Containing a C-
terminal dsRNA binding domain and acting as a

cofactor of RNA-dependent RNA polymerase (63),
VP35 plays important roles in transcription,
replication, and assembly of the virus. It also has
been reported to mask viral RNA from host innate
immune system (64).

Virion Protein 30 (VP30)

VP30 consists of approximately 288 amino acids
and its molecular weight is 33 kDa. It is a part of
the viral RNA transcription complex, facilitating
mRNA transcription. VP30 contains a zinc finger
between amino acids 68 and 95. These zinc finger
amino acids are necessary for transcription (65). In
inclusion bodies, VP30 becomes phosphorylated,
and in the cytoplasm of infected cells, it takes a
non-phosphorylated form. Phosphorylation of VP30
inhibits transcription of the Ebola virus gene (66).

Viral Polymerase (L Protein)

The L protein consists of 2,212 amino acids and its
molecular weight is 253 kDa. It acts as an RNA-
dependent RNA polymerase and has three domains:
the RNA binding element, a phosphodiester bond
formation domain, and a purine ribonucleotide
triphosphate-binding domain (67). This is among
the most conserved proteins in the order
Mononegavirales and helps in transcription as well
as replication.

Pathophysiology of Ebola Virus

The Ebola virus enters the host cell through the
endocytic pathway (68) (Figure 3). EBOV infects
endothelial cells, hepatic liver cells, dendritic cells,
monocytes, and macrophages. Initially, the
attachment of the virus VP35 to dendritic cells leads
to the absence of an adaptive immune response
(69). Then, the replication of EBOV in monocytes
and dendritic cells causes cell damage, which leads
to the release of cytokines and nitric oxide that
contribute to fever and the body’s inflammatory
response (70, 71). Lymphocytes are depleted during
EBOV infection and do not allow the host body to
mount an adaptive immune response. The structural
proteins also play a role in disease pathogenesis.
The VP40 protein helps in the transport of the virus
to the plasma membrane of the host cell. The
plasma membrane has lipid rafts, which are the sites
of budding and virus assembly (72). The RNA-
dependent RNA polymerase helps form the
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Figure 3: Pathophysiology of Ebola Infection: Immune cells affected by Ebola virus (lymphocytes, natural killer cells,
dendritic cells and macrophages) upon entering into host cell.

transcription and replication complex, which
transcribe viral genes and make multiple copies of
the Ebola RNA genome, resulting in new virion
assembly occurs after replication.

Clinical Symptoms of Ebola Infection

The first stage of clinical symptoms, known as early
stage EVD (within 7 days), includes fever, diarrhea,
appetite loss and vomiting. Late-stage EVD is
generally characterized with internal and external
bleeding (e.g. blood in the stools and gums),
vomiting, chest pain, muscle pain, low white blood
cell and platelets count (73). In severe cases, there
is bleeding in the impaired liver and kidney
functions with possibilities of multi-organ failure,
ultimately resulting in death (74). During the
outbreak it was observed that there were individuals
who were in direct contact with EVD patients but
never showed or developed any symptom.
Therefore, it was concluded that EBOV infections
can also be asymptomatic in some cases or only
manifest at later stages of the disease. The reason
behind this is that asymptomatic individuals have a

strong inflammatory response characterized by
higher concentrations of circulating cytokines and
chemokines (75-77). Some symptoms of EVD, such
as fever and vomiting, match symptoms of other
tropical diseases such as cholera, but diarrhea
remains for longer in EVD cases (7 days). Pregnant
women, elderly and children (below 5 years of age)
are the most vulnerable patient populations (73).
This overlapping of symptoms makes a differential
diagnosis of EVD very challenging. However, early
(within 3 days post-infection) detection of EVD is
critical, as the majority of patients succumb within
7-10 days of the appearance of clinical
symptoms (9).

CURRENT EBOLA DIAGNOSIS
TECHNIQUES

There are several methods currently available for
the diagnosis of EBOV infection, but all have
limitations, warranting more research in this area.
Due to a relatively short incubation period of the
infection and non-specific symptoms, a diagnosis
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should be fast and accurate. An ideal Ebola virus
diagnostic method must satisfy the globally
recommended features of an ideal diagnostic test,
which follows the ASSURED principles. The
acronym stands for A- affordable, S- specificity, S-
sensitivity, U- User friendly, R- robust, E-
equipment free and D- delivered to those in need
(78). Currently, EVD can be detected by EBOV
isolation from patient specimens, viral antigens
(NP, GP, and VP40), and viral nucleic acid.

Virus Isolation Methods

Evaluating EBOV isolated from biopsied tissues or
specimens collected from patients requires a highly
sophisticated laboratory and technically trained
staff. Ebola virus particles can be isolated from
biopsied tissues (e.g. liver) under an electron
microscope (79). Handling EBOV requires
biosafety level 4 (BSL-4) experimental facilities,
which are only available in a few countries
(Table 2): Canada, Germany, Europe, the UK, and
the USA (80). Even with all BSL-4 facilities and
trained staff, screening analyses for virion are risky
and time-consuming.

Biosensors

Researchers have developed an EBOV-detecting
biosensor that consists of arrays of plasmonic
nanoholes, each having a diameter of about 200 to
350 nm. These arrays are metallic films and
transmit light at particular wavelengths. When a
solution containing live virus sample (from blood or
serum) binds to the metallic surface of sensor, the
effective refractive index changes and there is a
shift in the resonance frequency of the transmitted
light. The magnitude of the shift is detectable by the
naked eye, indicating the presence and
concentration of EBOV (81) at a detection limit of
10° PFU/ml. Although the biosensor method has a
high signal throughput, it needs a proper alignment
of light coupling with the bio detection volume and
it has the drawback of non-specific binding,
resulting in background shifting at lower analyte
concentration (81). Therefore, these sensors are not
suitable for point-of-care detection.

Single Particle Interferometric Reflectance
Imaging Sensor

Recently, a new detection assay known as “Single
Particle Interferometric Reflectance Imaging
Sensor” was developed (82). In this method, the

virus particles are captured by a silicon
nanoparticle. A digital detection sensor enables
counting of single virus particles. The imaging of
the virus helps in identifying the virus based on its
genome length. Discrimination by size of the
imaged nanoparticles (i.e. virions) allows
differentiation between modified viruses having
different genome lengths and enables a reduction in
the counting of nonspecifically bound particles to
obtain the limit of detection of 5 x 10° PFU/ml in
blood and serum, all within 2 hours (82).

Nucleic Acid Detection Methods

RT-PCR

EBOV can be detected by the presence of viral
nucleic acid in biopsy or blood specimens. This is
commonly accomplished by reverse transcription-
PCR (RT-PCR) assay, an extremely sensitive
technique that unfortunately also yields false-
negative and false-positive results (83). Care must
be exercised to transport the samples to prevent
denaturation of viral RNA, and a high level of
proficiency is required to perform RT-PCR.
Sanchez et al. developed RT-PCR, which has
showed increased sensitivity and lowered the assay
time period as compared to conventional RT-PCR
(84). In this RT-PCR, the cDNA synthesis and PCR
amplification occurs in a single tube. This single
tube RT-PCR has been used to detect ZEBOV and
REBOV in tissues and body fluids obtained from
Ebola infected patients. In this study, the authors
did the molecular characterization of EBOV and
detected EVD by RT-PCR assay (84). In a study by
Gibb et al., one tube RT-PCR was developed for
EVD diagnosis. Specifically, GP was detected in
genetic material; one primer set was used with two
differentially labeled fluorescent probes to identify
ZEBOV and SEBOV (85). The study’s authors used
EBOGP-1D primer to calculate the Ilimit of
detection (LOD). LOD observed for ZEBOV RNA
was 10 femtogram (fg) and for virus it was 8 PFU,
whereas for SEBOV RNA it was 100 fg and for
virus it was 3 PFU. This assay was unique in its
ability to simultaneously detect and distinguish
between ZEBOV and SEBOV (85). Drosten and
coworkers developed another one-step real-time
reverse transcription (RT)-PCR (which consumes
less time than traditional RT-PCR) (86). This assay
uses the Platinum Taq polymerase enzyme mixture
and products are analysed in real time on a light
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cycler instrument using Sybr green dye intercalation
(86). These assays are validated analytically using
in vitro-transcribed standard RNA as a positive
control. The probability of detecting virus genome
equivalents per ml of plasma was greater than 95%,
and the regression analysis ranged from 1,545 to
2,835 viral genome equivalents/ml of serum i.e. 8-
16 RNA copies per assay (86). Therefore, the assay
is suitable for the detection and quantification of

Table 2: Biosafety Level 4 Laboratories

Name of Institute

National Microbiology Laboratory

Wuhan Institute of Virology of the Chinese Academy of Sciences

European Union Mobile Laboratory Consortium
National Institute for Medical Research
National Institute of Health

National High Security Laboratory

Wuhan Institute of Virology of the Chinese Academy of Sciences

Jean Merieux BSL-4 Laboratory

Robert Koch Institute

Bernhard Nocht Institute for Tropical Medicine
Philipps University of Marburg

National Center for Epidemiology

High Security Animal Disease Laboratory
National Institute for Infectious Disease
National Institute for Communicable Disease
Public Health Agency of Sweden

Institute of Medical Virology

Health Protection Agency’s Centre for Infections

Centers for Disease Control and Prevention

National Institute of Allergy and Infectious Diseases

Texas Biomedical Research Institute
Kenya Medical Research Institute

Uganda Virology Research Institute

viral RNA in serum samples of EVD patients.
Another real-time RT-PCR-based method
was developed to detect NP mRNA. This assay can
detect as few as 107 copies per microliter and has no
cross-reactivity with other Filoviridae viruses (87).
Using Tagman polymerase RT-PCR with enp T-F,
enp T-R, enp-F and enp-R primers, the NP gene of
the ZEBOV virus was amplified. This RT-PCR
method, compared with standard ones, could detect

Place

Manitoba, Canada
Wuhan, China.

Paris, France

London, U.K
Maryland, U.S.A
Melbourne, Australia
Hubei, China
Rhone-Alpes, France
Berlin, Germany
Hamburg, Germany
Marburg, Germany
Budapest, Hungary
Bhopal, India

Tokyo, Japan
Johannesburg, South Africa
Solna, Sweden

Zurich, Switzerland
Colindale, United Kingdom
Georgia, United States
Montana, United States
Texas, United States
Nairobi, Kenya
Entebbe, Uganda

WHO Collaborating Centre for arboviruses and viral hemorrhagic fevers

International Centre for Medical Research in Franceville

Dakar, Senegal

Franceville, Gabon
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up to a range of 10° RNA copies per milliliter. This
assay was assessed for rapid detection of ZEBOV
as well as MARV. The quantification value of this
viral RNA was 10* to 10" copy numbers per
reaction for ZEBOV and 10’ to 10° for MARV. Due
to the reproducibility of this technique, it was
deemed reliable. The wviral genomic number
calculated by this method was 4 logs higher than a
simple plaque titration method (88).

McKinney et al. developed an improved
procedure for extracting RNA (by proteinase K
digestion for 24 hours) from formalin-fixed,
paraffin-embedded (FFPE) tissues followed by its
detection by TagMan RT-PCR (89). The tissues
infected with BSL-4 biological agents had to be
fixed in 10% neutral-buffered formalin for 30 days
before proceeding to molecular pathology studies.
Besides this lengthy timeframe, formalin fixation is
thought to cause irreversible modifications to the
RNA. When the formalin-fixed tissues were used in
RT-PCR assays, the detection limit for wviral
genome was reduced by 2 logs;o times compared to
fresh tissues (89).

One technique frequently used for the
detection of EBOV RNA is the RealStar® Filovirus
Screen RT-PCR Kit 1.0 from altona Diagnostics,
targeting the L gene. During the 2014 Ebola
outbreak, capillary blood samples were collected
from finger pricks in order to detect EBOV using
this kit. The total number of samples collected were
120 from 53 patients admitted to the Ebola
Treatment Centre in Guéckédou, Guinea, and
RealStar® RT-PCR was used to examine these
specimens. The results obtained from capillary
blood samples were correlated with the samples
taken by venipuncture. As compared to venous
blood samples, capillary blood samples showed a
sensitivity of 86.8%. It was observed that if swabs
of capillary blood samples are taken, then there
were chances that RNA may get degraded, resulting
in lower sensitivity (90).

LAMP Assay

Kurosaki et al. developed a reverse transcription—
loop-mediated  isothermal amplification (RT-
LAMP) test to detect ZEBOV by targeting the viral
genomic trailer region, since it is highly conserved
among different strains of ZEBOV (91). In this
trailer region, six sites were selected for binding of
primers. The primers used were FIP, BIP, F3 and
B3. In 26 min, RT-LAMP detected 20 copies of

ZEBOV RNA. The detection limit for real-time
monitoring was 10~ FFU (focus forming unit) of
the cell culture propagated virus. This assay is
sensitive and specific and can detect 6.2x10°to
2.2x10> RNA copies per reaction. The limitation of
this test is that it is unable to diagnose the disease
with oral samples, such as saliva (91).

DNA Fluorescence Method

In 2005, Li et al. introduced a gene-guided
approach to detect Ebola DNA, using DNA-based
fluorescence nano-barcodes (92). These DNA-
based, fluorescence-intensity-coded nano-barcodes,
contains a built-in code and a probe for molecular
recognition. This unique feature of nano-barcodes
allows the detection of a pathogen’s genetic
material using fluorescence microscopy, flow
cytometry, and dot blotting. The limit of detection
was found to be 6.2 x 10™'° moles within 30 seconds
for Ebola DNA (92). This approach is rapid and
sensitive, but not a good point-of-care diagnostic
method, as it uses expensive equipment and
infrastructure, and requires highly skilled personnel.

Immunoassays: Detecting Viral Antigens

During initial infection with EBOV, patients have
high amounts of viral antigens circulating in their
blood streams and excreted in urine, so antigen
detection procedures have become a crucial focus
for early diagnosis. Formenty et al. in a recent study
demonstrated the suitability of oral fluid samples
for the detection of EVD, as the RT-PCR results
were positive for the oral fluid specimens obtained
from EVD patients (93). Till now there is no study
that has evaluated the use of oral fluid samples to
diagnose EVD patients in Congo (93). Viral antigen
can be detected in body fluids beginning at 3-6 days
post infection. Over the course of infection, antigen
titer may either decrease to negligible (i.e. for most
survivors) or increase until death. Several EBOV
antigen detection kits based on different antigens of
the Ebola virus have been developed with varying
specificity and sensitivity.

VP40 is abundantly present in the virus-
infected cells and hence is a good target for
diagnosis of EVD (94). In VP40-based sensitive
sandwich ELISAs, the limit of detection of VP40
was 2 ng (95). A recently developed ReEBOV rapid
diagnostic was used to screen 28 patients at the
point-of-care level and analyzed 45 patient blood
samples in the laboratory. ReEBOV is a simple
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dipstick test and doesn’t require electricity. This
assay showed that the patients who were positive in
real time RT-PCR assay (RealStar® Filovirus
Screen RT-PCR kit 1-0; altona Diagnostics GmbH,
Hamburg, Germany) were positive with this test as
well. This ReEBOV diagnostic kit showed excellent
specificity (92.2%) and sensitivity (100%) in both
point-of-care and laboratory settings, when testing
patients wtih high viral load. The assay showed
100% sensitivity and 92% specificity to detect EVD
in people with a mild infection at the initial stage
(96).

NP is considered a good diagnostic target, as
it is also present in infected persons in early phase
of infection. Niikura et al. developed monoclonal
antibodies (mAbs) that detected as little as 33
ng/well of recombinant EBOV NP in an antigen
capture ELISA (11). Ikegami et al. developed
mAbs (Res2-6C8 and Res2-1D8) against REBOV
NP. These antibodies showed high specificity and
sensitivity for REBOV in macaques and did not
react with the NP antigen of ZEBOV and SEBOV
(97). The antigen capture ELISA developed using
Res2-6C8 and Res2-1D8 mAbs can be a promising
tool for the diagnosis of REBOV infection,
especially in monkey quarantine and field studies.
REBOV has not caused infection in humans,
therefore this testing system can be useful for
detection of REBOV infection in non-human
primates (97).

The polyclonal antibodies (pAbs) and mAbs
produced against soluble EBOV GP protein have
revealed information about the diversity of this
envelope protein and helped develop reagents that
can be used in faster and accurate diagnostics. The
N-terminal, C-terminal, and mid-GP protein of
SEBOV have been used to generate the pAbs. The
C-terminus pAbs can detect GP protein of ZEBOV
as well as SEBOV, whereas antibodies produced
from central region or N-terminus of GP can detect
only SEBOV (98). Three regions of GP protein
were used to raise mAbs 15H10, 17A3, and 6D11.
The 15H10 recognizes human EBOV GPs of three
species (SEBOV, ZEBOV, and TAFV) and non-
human primates EBOV GPs of REBOV; 17A3
recognises human and non-human primate EBOV
GPs of SEBOV and ZEBOV; and 6D11 recognizes
EBOV GPs of SEBOV only in humans and non-
human primates. These mAbs and pAbs have been
used in ELISA, surface plasmon resonance, and
quartz crystal microbalance immuno-sensor. In

surface plasmon resonance, EBOV mAbs were
immobilized on a sensor chip (CMS5) by using
standard amine coupling chemistry and EBOV GPs
were injected to anti-EBOV mAb immobilized
surface. The quartz crystal microbalance immuno-
sensor comprises of gold electrode and antibody
capture agent (Protein A, Protein G or Protein L).
The steps in assembly of the sensor involved the
cleaning of gold electrode with piranha (3:1
concentrated  sulfuric acid; 30%  hydrogen
peroxide). The quartz crystal was placed in the flow
cell, washed (50 mM phosphate buffer) and brought
to resonant frequency of 5 MHz. Capture agent
(concentration range of 2-5 puM) diluted in acetic
acid (100 mM, pH 4.5) or in 50/50 acetic
acid/phosphate buffer was introduced to the sensor
until binding saturation was reached for the
detection of GP protein (98). Lucht et al. generated
GP-specific mAbs 3B11 and 1G12. 3B11 was
specific to ZEBOV whereas 1G12 was specific to
TAFV (48). These mAbs were used in a sandwich
ELISA, in which mAb 3B11 was used as capture
and 1G12 as the detection antibody at an optimized
concentration of 5 pg/ml and 20 pg/ml,
respectively. The limit of detection observed for GP
viral antigen was 10° PFU/ml in serum (48).

MIT Researchers have developed a “Lab on a
Chip” that can detect EVD in 10 minutes (99). This
silver nanoparticle-coated paper-based strip is a
type of lateral flow immunochromatographic assay.
The patient’s blood serum flows along the paper
strip where immobilized anti-GP antibodies bind to
the GP viral protein. A positive test result (the
formation of Ebola antigen-Ab complexes) is
visualized as a red band on the strip. The limit of
detection for ZEBOV GP antigen for this “Lab on a
Chip” procedure is 150 ng/ml. The advantages of
this testing procedure are that it is extremely rapid
detection method (10 min) with no requirement for
electricity. It can detect other viruses in the blood
sample simultaneously. The limitation of this
multiplex approach is that can show false positive,
non-specific binding, and crossover results (99)
Hence, it is not a reliable diagnostic technique.

Lucht et al. has also developed an
immunofiltration-based antigen detection assay that
can detect VP40 protein of EBOV in urine in about
30 minutes. In this assay one mAb binds to the
matrix of column to immobilize EBOV VP40 and
the second biotin labeled mADb used for detection of
the bound viral antigen. In spiked urine samples, the
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VP40 antigen from ZEBOV was detected at a limit
of 1.25x10* PFU/ml. This new immunofiltration
assay could provide a novel platform for future
studies of EVD outbreaks. Although less sensitive
than RT-PCR analysis, the assay showed
comparable sensitivity to that of the widely used
antigen-detection ELISA (100).

Immunochromatographic Strip

An immunochromatographic “Nanozyme” strip,
embedded with ferric oxide magnetic nanoparticles,
can detect EBOV GP with as low as 1 ng/ml of
antigen (101). The diagnosis of EBOV infection can
be made in just 30 min using this strip. This
Nanozyme-strip has intrinsic  peroxidase-like
activity that catalyzes the peroxidase substrate and
produces a color reaction. In this study, metal
nanoparticle were used as a nanozyme probe. After
labeling with anti-EBOV antibody, this probe was
able to identify, separate, and visualize EBOV on
the nanozyme strip. Low cost and reusable are two
advantages that makes this strip a suitable candidate
for biomedical detection. Unfortunately, this strip
has not been tested for ZEBOV, the species that is
the major cause of outbreaks and leads to a
significant number of deaths. This strip is less
sensitive than RT-PCR; that means it cannot
diagnose EVD immediately after the appearance of
symptoms and 15% false positive rate also limits its
application.

Microfluidic Chip

In 2014, Miethe et.al. Devised a rapid detection test
for VP40 antigen. They performed the assay in a
microfluidic chip for immune filtration analysis
(102). The device has anti VP40-polyHRP40 stored
as dry pellet in the reservoir. The sample injection
port goes to a series of four immunofiltration frits.
The liquid enters from the bottom and flows
through the frits. This liquid leaves through the top
of frits and is brought back through microfluidic to
the bottom of the chip so as to enter the next frit.
This arrangement allows the identification of VP40
with a positive and a negative control. The fiber
optic setup was used for the photometric read-out in
transmission mode. The polyethylene filter exhibits
a pronounced light scattering and the optical
densities were determined following Beer Lambert
law. All these test components detect the antigen.
The detection limit for recombinant VP40 was 8
ng/ml. In serum and blood samples containing viral

culture material the limit of detection was found to
be 2.2 x 10> PFU/ml. The time taken by the
microfluidic chip to detect the antigen was 15
minutes. The drawback is that it needs skilled
personnel to read the results.

MARSA (Monoclonal Affinity Reagent Sandwich
Assay)

Monoclonal affinity reagent sandwich assay
(MARSA) uses one recombinant antibody clone as
both the capture as well as the tracer to detect the
EBOV NP. The Ab consists of a single domain
targeting the conserved domains of NP protein. The
polyvalent nature of NP enables the formation of a
sensitive sandwich immunoassay (103).

Changula et al. developed mAbs to the
ZEBOV NP and identified NP’s conserved and
antigenic regions (104). These mAbs were then
divided into seven groups according to the
specificity and cross-reactivity profiles to other
species in the EBOV. The binding sites of the mAbs
were mapped to seven antigenic regions in the C-
terminal half of the NP including two highly
conserved regions among all species of EBOV by
using synthetic peptides corresponding to the
EBOV NP sequence. These techniques provide
information about antigenic sites that can help in
forming other monoclonal affinity reagent driven
antigen sandwich assays for the Ebolavirus genus
and in the development of viral antigen detection
assays, such as an immunochromatography-based
rapid diagnosis.

Comparison Diagnosis of EVD by RT-PCR and
Antigen Capture ELISA Diagnostics

The EVD outbreak occurred in the Gulu district of
northern Uganda, with secondary transmission to
other districts. National Institute for Virology in
Johannesburg, South Africa, did the preliminary
diagnosis of SEBOV and a temporary diagnostic
laboratory was established in the Gulu district. The
laboratory used a combination of antigen capture
and reverse transcription-PCR (RT-PCR) to detect
SEBOV infection in suspected patients. These
assays (RT-PCR and antigen-capture) proved very
efficient for diagnosing EVD in patient serum,
plasma, and whole blood. In total 49 serum samples
that showed positive results by antigen capture
ELISA, only 30 samples tested positive by RT-
PCR. All positive samples tested by RT-PCR also
showed positive results tested by antigen-capture
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ELISA. Therefore, this study concluded that RT-
PCR is a useful assay, but should always be used
with a reliable test, such as antigen-capture ELISA

9).

Immunoassays: Detecting Viral Antibodies

The presence of serum antibodies against a
pathogen is considered as the primary assay used
for diagnosis. However, in EVD, specific antibodies
are generally only detectable in the late phase of
infection or sometimes may be undetectable. For
example, IgG and IgM antibodies against EBOV
are observed in individuals after 8-10 days post-
infection or in individuals who have recovered from
the virus infection (10). IgM antibodies are
identified in the first week after onset of symptoms,
reaching peak levels in the third week (18 days)
after symptom onset and disappearing after six
weeks of infection. IgM screening assays cannot
detect IgM antibodies after 60 days of virus
infection. Furthermore, IgM antibodies are found in
only half of the patients at the time of their death
(10).

IgG antibodies appear between 8-10 days
after the appearance of IgM antibody in Ebola
infection and can be seen for up to ten years (105).
In similar cases, however, IgG antibodies were not
detected regardless of infection phase. The sample
used for Ab detection plays an important role.
Formenty et al. collected samples from patients
between 10-24 days post-EBOV infection and
reported positive results for anti-Ebola IgG
antibodies from serum samples, but negative for
oral samples (93). In another study, recombinant-
expressed NP and GP proteins positively reacted in
ELISA with IgG antibodies present in human
convalescent sera only (106). Ikegami and
coworkers used an immunofluorescence assay
(IFA) to detect serum antibodies with recombinant
NP (107). The results of their studies showed that
the assay was more sensitive for the detection of
IgG antibodies in serum samples of monkeys
infected with REBOV than ZEBOV. This IFA
method could be useful in seroepidemiological
studies of REBOV infected monkeys, but not for
human diagnostics.  Collectively, these studies
demonstrate that an IgG-based assay is not a good
option for early stage diagnosis of EVD.

On a positive note, a baculovirus-expressed
NP antigen used to detect IgG antibodies in an
ELISA assay showed positive results for IgG

detection in sera of patients, with 93% sensitivity
(108). The authors of this study identified that the
C-terminal region of NP was highly antigenic,
which suggests that these antigenic regions could be
used for detection of EVD.

In another study, histidine-tagged
recombinant GP of five different EBOV species and
one MARYV species were used as antigens for the
detection of filovirus species-specific antibodies
(109). The authors developed an IgG antibody
detection ELISA by collecting antisera from
immunized mice, EBOV infected humans, and non-
human primates. The anti-EBOV-GP mAb
7ZGP42/3.7 and anti-MARV-GP mAb AGP127-8
were used to determine the sensitivity of ELISA.
The researchers observed that ZGP42/3.7 reacted
with the recombinant GP of all the EBOV species,
whereas AGP127-8 mAb reacted only with
recombinant GP of MARV. The limit of detection
for specific antibodies (IgG) observed using GP
antigen in ELISA was approximately 0.1 pg/ml.
This study helped in distinguishing the serotypes of
filovirus species, as GP is species-specific protein
due to the greater genetic variability with this
protein (109).

In Yambio Payam, Sudan, a study of 36
patients with probable EVD yielded 13 EVD-
confirmed patients, with 8 having both IgG and
IgM against Ebola virus and 4 having IgM
antibodies only (110). These 12 patients had
complete disease remission. Another patient whose
blood sample was collected after two days of illness
that was confirmed by RT-PCR did not show
antibodies against the virus. The EVD patient died
after 10 days of illness. The authors observed that
blood samples collected after two days of illness
showed a positive result for EBOV using RT-PCR,
but not for IgM/IgG antibody ELISA. The study
concluded that antibodies were not present in the
initial phase, whereas they were present after
patient recovery. Once again, this study shows that
the diagnosis of EVD with antibody-based ELISA
is not a good option for early screening (110).

Synthetic Gene Network

Pardee et al. developed a paper-based synthetic
gene network to detect and screen for EBOV using
engineered gene circuits and visual transduction
(colorimetric outputs of circuits present in gene
network for detection by eye (111). The synthetic
gene network is freeze-dried onto paper by freeze-
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drying. These synthetic gene circuits are composed
of a sensor element and a transducer that regulates a
measureable output. This engineered logic has
sequence-specific sensing of nucleic acids and
small-molecule recognition. The glucose sensors as
well as strain-specific sensors help in in-vitro
diagnosis of virus. This approach can detect anti-
Ebola antibodies in a cost-effective, rapid, and
sensitive manner. The limitation of this approach is
that it cannot be used for primary disease diagnosis.
Earlier cell-based synthetic networks have also used
for detection of EVD. However, their application is
restricted to the laboratory due to the biosafety
concerns (111).

LIMITATIONS OF CURRENT DIAGNOSTICS

We have discussed many different Ebola diagnostic
tests available, based on various technologies and
viral components. All of these screening procedures
have limitations, some of which were discussed
(Table 3).

Virus isolation and identification by electron
microscope is 100% accurate, but requires an
expensive, well-equipped BSL-4 laboratory and
presents a high risk to handlers of patient specimens
containing live virus. Despite being a useful tool for
diagnosis of EBOV, RT-PCR based methods are
time-consuming (greater than 48 hour turn-around)
and can yield either false positive or negative
results (9). Additionally, PCR-based techniques
might not detect newly emerged or vastly divergent
strains of an infectious virus. The example of this is
the current description of a new strain of Ebola that
was not recognized in initial PCR-based diagnostics
7.

Most antigen-based ELISAs detect Ebola
viral antigens such as GP, NP, or VP40 with such
low sensitivity and specificity that the diagnostic
test results need to be correlated with other
epidemiological and clinical parameters of Ebola
infection before concluding Ebola infection in
tested patients. For tissue samples, the sensitivity
and specificity of antigen-based ELISA were
promising. Sensitivity tested in animals infected
with the EBOV showed 98% in the liver and 93%
in the spleen (112). However, it takes five hours to
show the results. Developed by Corgenix, USA and
now available on the market, ReEbOV antigen
rapid test kits do not require a power source and are
easy to perform, making this an ideal point-of-care

test. Although less accurate, they can detect 92% of
patients infected with EVD.

Immunological assays can detect Ebola
antigen-specific IgM and IgG antibodies, but these
methods are not useful at the time of initial
infection, since these antibodies surface 10-20 days
post-infection and remain in the patient’s
bloodstream for up to 2 years after being infected,
due to the development of a specific immune
response (10).

NEW TOOLS FOR EBOLA DIAGNOSIS

Single Domain Antibodies

Single domain antibodies (sdAbs) are the small (14
kDa) fragments, which are thermo stable in nature
and have a good shelf life (113). They have the
capability to refold and bind to antigen once
denatured and can be produced with different
specificities. These features make sdAbs ideal for
Ebola diagnostic development. In contrast, mAb
production is time-consuming, and under extreme
environmental/storage conditions (e.g. temperatures
>65 C), the Ab heavy and light chains unfold and
aggregate irreversibly (113).

Shonda et al. developed a single molecule
array (Simoa) in which sdAbs are chemically
attached to a paramagnetic surface for the detection
of ricin (114), a potent ribosome-inactivating
protein that can inactivate 1500 ribosomes/min and
cause cellular necrosis, followed by death of the
person exposed to this toxin. Since there is no
treatment for ricin poisoning, a very sensitive
detection assay is required. The Simoa method
detected 1pg/ml of ricin in a buffer, urine, and
serum samples. This approach showed its
applicability for detecting ricin in environmental,
food, and clinical specimens (114). sdAbs have
been used to detect the presence of amyloid bodies
in the brains of Alzheimer’s patients (113). These
FITC-labelled sdAbs bind to intraneuronal amyloid
body peptides and stain extracellular plaques. These
results show that sdAbs are very useful in the
diagnosis of diseases and should be considered for
developing Ebola-specific assays (113).

sdAbs have wvarious advantages over
traditional technologies such as immunotherapy
(115). They have high binding affinity and
specificity to the target of interest. These can easily
be tagged with fluorescent proteins to produce color
for detection of a particular moiety (115). The shelf
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Table 3- Advantages and Disadvantages of Diagnostics Available

Diagnostic Tests

Target

Advantages

Limitation

Polymerase Chain

Nucleic acid of

Rapid and sensitive

Require special equipment (Huang

Reaction (PCR) virus e Quantification of RNA molecule (10* et al.2012)
to 10'° per reaction)
DNA-based Nucleic acid of e Multiplexed approach for detection. ~ Require skilled personnel.
fluorescence virus e Detection limit is 620 attomole.
nanobarcodes
methodology
ELISA (antigen Viral antigen e Rapid and sensitive. Sometimes provide false results.
detection) ¢ 30 ng/well of recombinant NP antigen
could be detected (Niikura, et al.2001)
Immunohistochemistry Viral antigen e It’s a qualitative imaging method. Time required.

Fluorescence assay

Viral antigen

e Rapid technique.
e Qualitative analysis.

Interpretation of results requires
skilled personnel.

ELISA (antibody Virus specific ¢ Sensitive and specific technique. Time required.

based) antibodies e Can detect upto 20 ng of EBOV Zaire Primary disease diagnosis is not
GP protein. possible.

Indirect Virus specific e Easy to perform Non-specific technique.

Immunofluorescence  antibodies. e Qualitative imaging method Interpretation of results is difficult

assay

Immuno-blot assay

Virus specific
antibodies

o Specific technique.
e Easy to perform

Interpretation of results is difficult
sometimes.

Biosensors

Virus detection

¢ Based on antibody based specific
detection.

e Rapid and sensitive

e Limit of detection is 0.005 PFU/ml

Based on antibody detection results,
so cannot be used for primary disease
diagnosis. As antibodies are generated
in patient body on 7" day and remains
up to 3 months.

Electron Microscopy ~ Viral particles e Immunostaining method used. Insensitive technique.
detection Morphology can be seen. Needs special equipment.
e Qualitative analysis.
Immuno- Glycoprotein e Sensitive method. It is not tested for ZEBOV.
chromatographic strip ~ antigen e Limit of detection 1 ng/ml of GP

antigen.

Next generation

Viral genetic

e Sequence large amount of genetic

Do not identify sequence of interest

sequencing material material. and sequence all the host genetic
¢ Remarkable depth of covering material present.
sequence of genetic material
LAMP assay Virus e Limit of detection was Unable to detect virus in oral samples.
10° FFU.
Immunofluorescence NP antigen e Sensitive for the serum samples Detect antibodies to EBOV so cannot
assay infected with REBOV and ZEBOV. be used for initial screening of EVD

life of sdAbs maintains their integrity of antigen
binding even after storage for a few months at 4°C
and for several months at -20°C. sdAbs can be
produced economically in microbial expression
systems within a short period of time and they are
less immunogenic in nature and have an efficient
refolding capacity. All these features make sdAbs

good candidates for future Ebola diagnostic assays
(115).

IgY-based ELISA

Another immune-diagnostic system, which is
simple, reliable, sensitive, rapid, and robust and has
the potential to detect disease at an earlier stage,
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relies on polyclonal, chicken-produced IgY. In
chickens, the IgG from serum is transferred to eggs
in the form IgY. When hens are immunized, high
titers can be maintained up to 720 days (116). IgY
antibodies can be obtained noninvasively from eggs
in large quantities within a short period of time.
Studies show that a laying hen can produce
antibodies 18 times higher than the production of
antibodies in other lab animals (e.g. rabbit and
mouse) (117). Specifically, a laying hen can
produce 2 g of antibody every month (118). These
antibodies are stable under different conditions of
pH, pressure, acidity, and alkalinity and also in the
presence of proteolytic enzymes, trypsin and
chymotrypsin (119). Additionally, IgY does not
cross react with mammalian immune components
(WBC, lymphocytes, natural killer cells) (117).

IgY is already being used for diagnosis of
some infectious diseases, such as Dengue, hepatitis,
and SARS, binding viral antigen with high affinity
and no cross-reactivity with other viral proteins
(120). IgY antibodies, obtained from NS1 protein-
(of Dengue type 2 virus)-immunized chickens, were
used with a potentiometric immunosensor
containing a gold electrode immobilized with anti-
NS1 IgY antibodies. This IgY-immunosensor
provided an efficient measurement of NS1 protein
(121). IgY also proved to be useful in detecting
hepatitis A virus (122). An immuno-enzymatic
assay using IgY conjugated with horseradish
peroxidase (HRP) as detector antibody was used to
detect anti-hepatitis antibody levels. This test
showed a sensitivity of 95% and specificity of
98.8%, which shows that competitive immunoassay
using IgY can substitute for other tests like ELISA
that use mammalian antibodies (122).

An immunomagnetic bead ELISA has been
developed, where IgY Abs coated with magnetic
beads are used as capture antibodies to detect
clonorchiasis caused by the liver fluke, Clonorchis
sinensis (123). HRP-IgG is used as a detector
antibody. The results of this IgY immunoassay
show a sensitivity of 93.3% when there is a heavy
parasite load and 75% when there is light infection.
In this assay, cross-reactivity is observed with other
parasitic worms: 6.7% with Schistosoma japonicum
and 10% with the nematode causing
paragonimiasis. The findings suggest that IgY-
IMB-ELISA is relatively sensitive and specific for
the detection of clonorchiasis (123). A sandwich
ELISA has been developed for the detection of

excretory-secretory antigens of Trichinella spiralis,
which causes trichinellosis (124). IgY is used as
capture antibody and IgM mAb against excretory-
secretory antigen is used as detector antibody and
HRP-conjugated sheep anti-mouse IgM is used as
secondary antibody; the limit of detection for this
assay is 1 ng/ml. The sandwich ELISA was
sensitive and proved to be successful in early
detection of disease (124).

Sandwich ELISA using IgY has also been
used to detect prostate—specific antigen, which is a
marker for prostate cancer, with a detection limit of
50 pg/ml, and the reactivity profile of IgY was
comparable to that of mouse monoclonal IgG
antibodies. This study showed that IgY can be used
in the diagnosis of prostate cancer and can replace
mammalian antibodies (IgG) that are difficult to
produce and costly (125).

Bispecific Antibodies

Bispecific antibodies (BsAb) are a second
generation mAb, characterized by dual functions: a
BsAb is a single molecule with two different
binding sites specific for two different moieties
(126). One paratope is specific for the disease-
related antigen or protein, whereas the other
paratope is specific for the assay detection enzyme.
In ELISA, the use of BsAb provides accurate and
reproducible results, with a reduced probability of
false positive results (127). Since BsAb has an
intrinsic binding site for the detection enzyme, it
avoids the step of chemical conjugation, which can
be responsible for the loss of activity of the
antibody or the protein, aggregation, and formation
of unwanted complexes (128). Therefore, the use of
BsAb is advantageous as they are inexpensive and
can augment the level of ELISA detection by their
specificity and sensitivity. With BsAbs, viral
samples can be analyzed faster and less expensively
than traditional ELISA protocols, as there is only
one step of adding reagents rather than adding
several reagents (129-131). Bispecific antibodies
have better binding affinity to their target antigen
compared to mAbs, and can be better candidates for
molecular targeting and imaging, as they have high
specificity (132).

We know that it is imperative to screen for
EVD accurately at early stages of infection, as with
time, it becomes severe and incurable, leading to
higher mortality rates. Therefore, BsAbs can play a
significant role in diagnostic assay development to

544



J Pharm Pharm Sci (www.cspsCanada.org) 19(4) 530 - 551, 2016

help to easily and quickly identify the disease at an
carly stage.

CONCLUSION

EVD is endemic in tropical regions, with occasional
deadly outbreaks worldwide. Due to the increasing
incidence, lack of treatment, and high mortality of
Ebola virus infection, there is an urgent need to
develop rapid, simple, accurate, inexpensive, and
effective diagnosis methods. The disease has to be
tracked and monitored at an early stage so that it
could be prevented from spreading. There are many
diagnostic tests available such as RT-PCR, antigen-
based test kits, and ELISA kits, but none of them
meet all relevant criteria to be an ideal point-of-care
diagnostic test. Therefore, diagnostic methods
based on emerging technologies, such as a
sandwich assay based on mAb, BsAb and/or IgY
could be developed to detect antigen levels seen in
patient body fluid samples for screening
applications in hospital settings. In addition to
ELISA assays, other easily administered tests such,
as  immunoswabs,  Nanochip- or  other
immunohistochemistry-based tests should be
developed to detect EVD in the field. Amidst the
developments in the realm of rapid diagnostics, it is
important to highlight a breakthrough research led
by Dr. Kobinger at NML, Winnipeg in treating
Ebola infection. The study showed complete
remission of Ebola in non-human primates when
treated with a unique antibody cocktail formulation
(ZMapp) (133). The efficacy of ZMapp has been
promising and exceeds similar experimental
endeavors. Further research and clinical trials
would be necessary to validate the use in case of
another outbreak. Currently Ebola therapeutic
options are focused on palliative care and isolation
procedures for suspected EVD patients (134). The
development of ZMapp has been a crucial step in
treating infected patients in the near future.

ABBREVIATIONS

BEBOV: Bundibugyo Ebola virus, bsAbs:
Bispecific monoclonal antibodies, EBOV: Ebola
Virus, EHF: Ebola Haemmorhagic Fever, EVD:
Ebola Virus Disease, FFU: Focus forming unit, GP:
Glycoprotein, LLOV: Lloviu virus, mAbs:
Monoclonal Antibodies, MARV: Marburg virus,
NP: Nucleoprotein, PFU- Plaque forming unit,

RAVV: Ravn virus, REBOV: Reston Ebola virus,
RT-LAMP: Reverse Transcription Loop Mediated
Isothermal Amplification, sdAbs: Single domain
antibodies, SEBOV: Sudan Ebola virus, TAFV: Tai
forest Ebola virus, TCID: Tissue culture Infective
dose, VP40: Virion Protein 40, ZEBOV: Zaire
Ebola virus.
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