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Abstract: Ebolaviruses and marburgviruses are filoviruses that are known to cause severe hemor-
rhagic fever in humans and nonhuman primates (NHPs). While some bat species are suspected
to be natural reservoirs of these filoviruses, wild NHPs often act as intermediate hosts for viral
transmission to humans. Using an enzyme-linked immunosorbent assay, we screened two NHP
species, wild baboons and vervet monkeys captured in Zambia, for their serum IgG antibodies
specific to the envelope glycoproteins of filoviruses. From 243 samples tested, 39 NHPs (16%) were
found to be seropositive either for ebolaviruses or marburgviruses with endpoint antibody titers
ranging from 100 to 25,600. Interestingly, antibodies reactive to Reston virus, which is found only in
Asia, were detected in both NHP species. There was a significant difference in the seropositivity for
the marburgvirus antigen between the two NHP species, with baboons having a higher positive rate.
These results suggest that wild NHPs in Zambia might be nonlethally exposed to these filoviruses,
and this emphasizes the need for continuous monitoring of filovirus infection in wild animals to
better understand the ecology of filoviruses and to assess potential risks of outbreaks in humans in
previously nonendemic countries.

Keywords: Ebola virus; ebolavirus; Marburg virus; marburgvirus; filovirus; nonhuman primate;
antibody; seroprevalence; Zambia

1. Introduction

Filoviruses, including ebolaviruses and marburgviruses, have a non-segmented negative-
stranded RNA genome and are phylogenetically divided into six genera: Ebolavirus, Mar-
burgvirus, Cuevavirus, Dianlovirus, Striavirus, and Thamnovirus. The genus Marburguirus
has a single species with two known viruses (Marburg virus (MARV) and Ravn virus),
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but six distinct species are currently known in the genus Ebolavirus: Zaire ebolavirus, Su-
dan ebolavirus, Tai Forest ebolavirus, Bundibugyo ebolavirus, Reston ebolavirus, and Bombali
ebolavirus, represented by Ebola virus (EBOV), Sudan virus (SUDV), Tai Forest virus (TAFV),
Bundibugyo virus (BDBV), Reston virus (RESTV), and Bombali virus, respectively [1].
Of these filoviruses, MARV, EBOV, SUDV, TAFV, and BDBV are known to be human-
pathogenic filoviruses that cause hemorrhagic fever, namely Marburg virus disease (MVD)
and Ebola virus disease (EVD) in humans and nonhuman primates (NHPs) [2]. RESTV
causes disease in NHPs and has also been found in pigs [3,4]. Although it is not known
to cause disease in humans, there have been reports of seroconversion in humans after
contact with REST V-infected NHPs or pigs [3,4].

NHPs are known to be highly susceptible to filovirus infection. In some of the
previous outbreaks of EVD, large die-offs of NHPs have been recorded prior to or during
the outbreaks [5-8]. In addition, NHPs have been implicated as a source of human infection
in some outbreaks, with the index cases having handled infected NHP carcasses [7,9]. The
source of infection in the first ever recorded outbreak of a filovirus disease, MVD, was
African green monkeys [10]. Antibodies to various filoviruses have been detected in several
NHP species, both in areas of previously reported outbreaks and those that had never
reported an outbreak [11-16].

The aim of this study was to investigate the possible exposure of NHPs to filoviruses in
Zambia, where neither an EVD nor an MVD outbreak has ever been recorded. We screened
243 serum samples collected from NHPs in Zambia for the detection of filovirus-specific
IgG. There was evidence of previous exposure to filoviruses in these NHP populations.

2. Materials and Methods
2.1. Animals and Serum Samples

Serum samples were previously obtained from 125 (41 female and 84 male) yellow
baboons (Papio cynocephalus) and 118 (33 female and 85 male) vervet monkeys (Chlorocebus
pygerythrus) in game management areas in the Mfuwe region (Eastern Province, Zambia)
and Livingstone (Southern Province, Zambia) (Figure 1) between 2008 and 2010 with the
permission (certificate no. 2604) of the Zambia Wildlife Authority, which is mandated
by the Zambian government to control the large numbers of wild NHPs [17-19]. Serum
samples were stored at —80 °C until they were used. The residual serum samples were
used in the present study.
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Figure 1. Map of Zambia showing the location of the sampling sites (Mfuwe and Livingstone).
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2.2. Enzyme-Linked Immunosorbent Assay (ELISA)

Filovirus GP-based ELISA was performed as described previously [20-22]. Histidine-
tagged soluble recombinant GPs of EBOV (Yambuku), SUDV (Nzara), TAFV (Pauléoula),
BDBYV (Butalya), RESTV (Philippines89), and MARV (Angola) were purified from the
supernatants of human embryonic kidney 293T cells transfected with the pPCAGGS plas-
mid expressing each GP by using the Ni-NTA Purification System (Invitrogen, CA, USA).
Purified GP antigens were analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and Western blotting, and were confirmed by prominent protein bands of the
predicted size of GPs. ELISA plates (Maxisorp, Nunc, Thermo Fisher Scientific, Waltham,
MA, USA) were coated with each purified GP antigen (1 pg/mL in phosphate-buffered
saline, 50 pL/well) or a negative control antigen (FCS-derived proteins nonspecifically
bound to Ni-beads) [20] overnight at 4 °C. This was followed by blocking with 3% skim
milk, and serum samples (diluted at 1:1000 for initial screening and 4-fold serial dilutions
from 1:400 for subsequent titration) were added. Bound antibodies were visualized with
peroxidase-conjugated goat anti-monkey IgG (Rockland, Limerick, PA, USA) and 3,3/,5,5'-
tetramethylbenzidine (Sigma, St. Louis, MO, USA). The reaction was stopped by adding
1IN phosphoric acid, and the optical density (OD) at 450 nm was measured. To offset the
nonspecific antibody reaction, the OD value of the control antigen was subtracted from
the OD value of each sample. Assays were conducted in duplicate and averages were
used for further data analyses. To specify a viral antigen to which each serum sample
predominantly reacts, we concurrently tested all the antigens in parallel. We previously
confirmed that the sensitivity of our assay did not vary among the GP antigens using
control antisera for the respective viruses [20]. It is also important to note that, in our assay,
if a serum sample shows a positive reaction specifically to one virus species, all the other
antigens should work as negative control antigens. Thus, we used the whole population of
the OD values for the statistical analysis described below.

2.3. Reverse Transcription Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted from serum samples of individual animals using a QIAamp
Viral RNA Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s instruc-
tions. One-step RT-PCR assays were carried out using a QTAGEN OneStep RT-PCR kit
(QIAGEN) according to the manufacturer’s instructions using filovirus-specific universal
primer sets targeting the NP gene, FiloNP-Fm, FiloNP-Rm, FiloNP-Fe, and FiloNP-Re as
described previously [22].

2.4. Statistics

To determine the statistical significance of each OD value, the Smirnov-Grubbs rejec-
tion test, which is widely used to detect significantly higher or lower values (i.e., outliers)
that do not belong to the population consisting of all other values in the data set, was
employed as described previously [16,21]. Briefly, the highest OD value was first selected,
and the statistical significance of the T value was calculated based on the critical values
given by the Smirnov—Grubbs test. If it was considered to be an outlier, the T-value of the
second highest OD value was similarly tested without the highest one. These steps were
repeated until the T value fell to below the level of statistical significance (p < 0.05) and
the cutoff OD values were determined. For comparison of seropositivity between NHP
species, the chi-square test was used.

3. Results and Discussion
3.1. Serological and Genetic Screening of NHPs for Filoviruses

ELISA was used to screen NHP serum samples for IgG antibodies to filovirus GPs. As
there were no baboon and vervet monkey sera available for positive and negative controls,
the Smirnov—Grubbs rejection test was used to determine the statistical significance of
the OD values obtained. Outliers with high OD values of approximately > 0.55 were
considered to be positive (Figure 2).
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Figure 2. The frequency distribution of the NHP serum samples according to OD values obtained by
GP-based ELISA. Serum samples were tested (1:1000 dilution) for IgG antibodies specific to EBOV,
SUDV, TAFV, BDBV, RESTV, and MARV GPs. All OD values (6 virus species for 243 samples, n = 1458)
were subjected to the Smirnov—Grubbs rejection test to discriminate the positive (i.e., significantly
higher outlier values) from the negative population. The frequency distribution chart reveals that the
sample population consists of a major single peak with low OD values (approximately < 0.5) and
outliers (p < 0.05) with high OD values (approximately > 0.55).

Of the 243 NHP serum samples that were screened, 39 (16%) tested positive for
filovirus IgG (Table 1). However, no filoviral RNA genomes were detected in this study. It
has been reported that acute filovirus infection is cleared from both naturally and experi-
mentally infected NHPs within three weeks of infection, and IgG antibodies following the
infection generally persist for years [23,24]. These observations imply that the NHPs were
infected in the past but had no active infection at the time of sampling.

Table 1. Seropositive rates of NHPs for filoviruses.

% (Positive/Total) for Each Filovirus !

Year EBOV  SUDV  TAFV  BDBV  RESTV  MARV  Total
3.2 21 11 43 0 21 128
2008 3/94) (/94 (1/94)  (4/94)  (0/94)  (2/94)  (12/94)
8.1 40 0 1.0 1.0 1.0 15.2
2009 8/99)  (4/99)  (0/99)  (1/99)  (1/99)  (1/99)  (15/99)
6.0 0 40 2.0 2.0 10.0 24.0
2010 3/50)  (0/50)  (2/50)  (1/50)  (1/50)  (5/50)  (12/50)
58 25 12 25 0.8 33 16.0

Total (14/243)  (6/243)  (3/243)  (6/243)  (2/243)  (8/243)  (39/243)

1 The filovirus species for which each EBOV-positive sample had the highest OD value in the GP-based ELISA
was selected when a sample showed cross-reactivity to GPs of multiple species.
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3.2. Filoviruses-Species Specificity of Serum 1gG Antibodies Detected in NHPs

IgG antibodies to filoviruses that are pathogenic to humans (EBOV, SUDV, TAFV,
BDBYV, and MARYV), as well as RESTV, which is not known to cause human disease, were
detected throughout all years of sampling, apart from RESTV in 2008, TAFV in 2009, and
SUDV in 2010 (Table 1, Figure 3). Overall, seropositivity to ebolavirus species was 12.8%
(31/243), with the highest seropositivity to EBOV (5.8%, 14/243) and the lowest to RESTV
(0.8%, 2/243), whereas the seropositivity to MARV was 3.3% (8/243). The end point titers
of samples testing positive ranged from 1:400 to 1:25,600 (Table 2). There was no significant
difference in the positive rates between female and male NHPs (data not shown).
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Figure 3. Filovirus species-specificity of IgG antibodies detected in the sera collected from NHPs in
Zambia. IgG reactivities to EBOV, SUDV, TAFV, BDBV, RESTV, and MARYV GPs are shown as OD
values at 450 nm (OD450) in ELISA for the 39 positive samples shown in Table 1.

Table 2. Distribution of antibody titers of the IgG positive sera.

. Antibody Titer !
Antigen Total
400 1600 6400 25,600
EBOV 3 7 3 1 14
SUDV 2 4 0 0 6
TAFV 0 3 0 0 3
BDBV 1 3 1 1 6
RESTV 1 0 1 0 2
MARV 3 4 1 0 8

1 Titers were expressed as the reciprocal of the highest dilution which gave an OD value above background.

Some of the positive samples showed cross-reactivity (i.e., above the cutoff OD value)
to GPs of multiple filovirus species (Figure 3). For instance, antibodies reactive to BDBV
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were also detected in three of the EBOV IgG-positive sera (#2008-60, #2008-91, and #2009-
95). Since the phylogenetical relationship between EBOV and BDBYV is relatively close and
IgG antibodies in EBOV-infected human sera reacted to BDBV [20], this may be explained
as typical cross-reactivity of anti-EBOV sera to BDBV. Similar cross-reactivity was seen
between TAFV and BDBV in one of the BDBV-positive sera (#2010-14). On the other hand,
one of the BDBV-positive sera (#2008-68), two RESTV-positive sera (#2009-62 and #2010-18),
and three of the MARV-positive sera (#2008-71, #2010-4, and #2010-24) showed reactivity to
phylogenetically and antigenically distant filoviruses. We speculate that these NHPs were
infected with an antigenically distinct unknown filovirus or infected independently with
different filoviruses.

The evidence of exposure of NHPs to EBOV, MARYV, and BDBV is of note since all these
viruses have caused outbreaks in countries neighboring Zambia [25,26]. The seropositivity
rate of EBOV in this study (5.8%) was higher than that found in NHPs in previous studies
in areas that have recorded outbreaks of EVD. A study of NHPs in Gabon and the Republic
of the Congo reported EBOV seropositivity rates of 1.1% and 1.4% (baboons, chimpanzees,
gorillas, and others in the genera Mandrillus and Cercopithecus), respectively [11]. Another
study on NHPs from Cameroon, the Democratic Republic of the Congo, and Ivory Coast
had an overall seroprevalence to EBOV IgG of 2.6% (NHP species in the genera Cercocebus,
Colobus, Cercopithecus, and Chlorocebus) [14]. However, results between these studies and
ours may not be comparable as the target antigen was not described [11] and a different
assay with different cut off values was used [14]. In addition, our higher prevalence could
also have been caused by increased sensitivity due to the use of a secondary anti-monkey
antibody instead of a secondary anti-human antibody in the ELISA.

In addition, some NHPs tested in our study were seropositive for TAFV and SUDV,
whose known distributions are West Africa and East Africa, respectively [5,27]. Interest-
ingly, antibodies reactive to RESTV, which is thought to be an Asian filovirus, were also
detected in two NHPs. We previously detected RESTV-specific IgG in fruit bats in Zam-
bia [21,28]. This may indicate that RESTV or REST V-like filoviruses are circulating in Africa,
including Zambia. While RESTV is known to be highly pathogenic to some NHP species,
the putative RESTV-like virus may be less lethal, either due to reduced pathogenicity of
the virus or resistance of some animals to the RESTV-like virus, as has been seen in African
green monkeys [29]. Similarly, IgG antibodies reactive to EBOV, SUDV, TAFV, BDBV, and
MARV may not be conclusive evidence of exposure to these previously known filoviruses
since it is also conceivable that the detected antibodies might be induced by infection with
as yet undiscovered filoviruses, whose antigenicities are related to the respective known
viruses but have reduced pathogenicity.

The relatively high prevalences of EBOV, SUDV, BDBV, and MARV were surpris-
ing considering that no outbreak of EVD/MVD has ever been reported in Zambia, and
has implications for the possibility of an outbreak in these NHP species and potential
spillover to humans. Spillover events may occur when baboons and vervet monkeys,
which are considered to be pests, raid farmers’ crops, approach human dwellings for
food [30-33], or when they are kept as pets [34]. Other studies have also found evidence of
exposure of both humans and NHPs to filoviruses in areas where outbreaks have not been
recorded [11,16,35-37]. This information suggests that sporadic occurrences of filovirus
infection may be largely unrecognized since EVD and MVD show similar symptoms to
other tropical diseases, such as malaria and gastroenteritis [38,39], and therefore are not
a part of the routine diagnostic workup. Bush meat (e.g., NHPs and bats) consumption,
including illegal bush meat trades, may also be a key factor that influences the frequency of
spillover to humans. Our results suggest that there may be a wider geographic distribution
of EBOV, SUDV, TAFV, BDBV, RESTV, and MARV than has been previously assumed,
and/or circulation of filoviruses that are yet to be discovered, which could be antigenically
similar to, but less pathogenic, than these known filoviruses.

During our study period, the serologically predominant filoviruses were EBOV, SUDV,
BDBV, and MARV (Table 1). The relatively higher seropositive rates of the NHPs tested in
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the present study may indicate an increased risk of spillover of these human-pathogenic
filoviruses to humans. A correlation between predominant seropositivity and filovirus
species actually causing the outbreaks in humans was suggested in our previous study
on migratory fruit bats [21]. However, there is no evidence that the NHP populations in
this study were migratory, and it has been shown that monkeys and baboons tend to stay
within a specific home range [40,41].

3.3. Difference in the Seropositivity for MARV between Baboons and Vervet Monkeys

The seropositivities of baboons and vervet monkeys were comparable for all ebolaviruses
tested in this study, with the highest positive rate for EBOV in both NHP species, followed
by SUDV and BDBYV, TAFV, and RESTV (Table 3). In contrast, there was a significant differ-
ence in the MARYV seropositivity rates between baboons (5.6%, 7/125) and vervet monkeys
(0.8 %, 1/118). Higher seropositivity implies increased exposure to the virus. As these
NHPs were sampled from the same area and generally ate the same food, there should be
other factors contributing to this difference and this is worth further investigation.

Table 3. Seropositive rates of baboons and vervet monkeys to each filovirus species.

NHP % (Positive/Total) for Each Filovirus !
Species EBOV SUDV TAFV BDBV RESTV MARYV 2
Bab 6.4 24 0.8 1.6 0.8 5.6
aboon (8/125) (3/125) (1/125) (2/125) (1/125) (7/125)
Vervet monke 5.1 25 1.7 34 0.8 0.81
Y (6/118) (3/118) (2/118) (4/118) (1/118) (1/118)
5.8 25 12 25 0.8 33

Total (14/243) (6/243) (3/243) (6/243) (2/243) (8/243)

! Same as Table 1. 2 A significant difference was found between baboons and vervet monkeys (p < 0.05).

We recently reported a high seroprevalence of antibodies to MARYV, as well as the
detection of the MARV genome, in Egyptian fruit bats in Zambia, indicating that mar-
burgviruses are circulating in these cave-dwelling bat species in Zambia [28,42]. Baboons
prefer sleeping in caves when they are available [43], which could increase their risk of
MARYV exposure. In addition, baboons are a predator of vervet monkeys, and one study
that investigated the foraging habits of baboons and vervet monkeys on a commercial farm
at the edge of a forest observed that vervet monkeys retreated from the area when baboons
were foraging, which was mainly in the morning [31]. This may suggest that baboons have
an increased probability of exposure to MARV after handling and eating contaminated
fruits discarded by infected Egyptian fruit bats during the night [44]. In addition, baboons
have been observed eating bats, which increases the risk of infection with viruses [45].
Although direct evidence for the presence of caves and colonies of Egyptian fruit bats in
the study areas is lacking, this bat species may be widespread in the Eastern and Southern
African region including Zambia [46]. The ecology, social behavior, and foraging habits of
NHPs in relation to their risk for zoonotic infections thus require further exploration.

4. Conclusions

This study assessed the filovirus exposure of baboons and vervet monkeys in Zambia.
Despite no outbreak of EVD or MVD ever being reported in Zambia, our data provide
serological evidence of filovirus infection in these NHPs. In both NHP species, the sero-
prevalence to EBOV was the highest, though antibodies to other filoviruses were also
detected. Baboons had a significantly higher seroprevalence to MARV than vervet mon-
keys. The evidence of filovirus infection in NHPs, which are considered susceptible hosts,
indicates that they are in contact with the reservoir and/or amplifying hosts. The results
of this study, taken together with our previous studies conducted in Zambia, suggest that
filoviruses are circulating in some wild animal species in the country. Thus, there is a need
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for surveillance of filoviruses in both human and wildlife populations in Zambia to further
understand the epidemiology of filovirus infection.
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