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Foamy viruses (FV) are retroviruses that naturally infect many hosts, including most nonhuman primates
(NHPs). Zoonotic infection by primate FV has been documented in people in Asia who reported contact with
free-ranging macaques. FV transmission in Asia is a concern, given abundant human-NHP contact, particu-
larly at monkey temples and in urban settings. We have developed three assays capable of detecting the
presence of FV in Asian NHP species that are commensal with humans: enzyme-linked immunosorbent assay
(ELISA), Western blot assays using recombinant viral Gag protein, and an indicator cell line that can detect
macaque FV. The recombinant ELISA correlates very well with the presence of FV sequences detected by
PCR. We have used these assays to demonstrate both that FV is highly prevalent among free-ranging
NHPs and that seroconversion occurs at a young age in these animals. These assays should also prove
useful for large-scale analysis of the prevalence of FV infections in human populations in Asia that are

commensal with free-ranging NHPs.

Foamy viruses (FV) comprise a subfamily of retroviruses
(22). FV were first identified over 50 years ago (10) as con-
taminants in monkey tissue culture explants. They are highly
cytopathic in tissue culture. Infection of a number of cell types,
including fibroblasts and epithelial cells, leads to rapid syncy-
tium formation, vacuolization, and cell death. Despite this,
infection in animal hosts does not produce a recognized dis-
ease state. Rather, FV establish a persistent asymptomatic
infection in both natural and zoonotic hosts (reviewed in ref-
erence 23). Although proviral DNA can be found in nearly
every tissue, indicating infection, the virus only replicates to a
detectable level in the oral mucosa. Replication at this site
facilitates transfer to other hosts through saliva (26). Although
it is not known how latency is maintained in vivo, an in vitro
latency model has been described in which viral replication is
controlled at the transcriptional level (24).

FV are widespread and have been isolated from a variety of
nonprimate species, including cows, cats, and horses (reviewed
in reference 27). All nonhuman primates (NHPs) examined to
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date, including gorillas, chimpanzees, orangutans, baboons,
African green monkeys, and macaques (reviewed in reference
12) also harbor FV, called simian foamy viruses (SFV). Infec-
tion among captive populations of NHPs is high. Studies from
captive and free-ranging populations show that up to 100% of
adult NHPs are infected with SFV (2, 7, 8, 16, 17, 19). Curi-
ously, despite its widespread infection among NHPs, evidence
suggests that there is no human-specific FV (reviewed in ref-
erence 23). A single report describing HFV (human foamy
virus) in a tissue culture that was derived from a Kenyan man
(1) is now believed to represent a zoonotic transmission of
SFV from chimpanzees (32). There are several reports of zoo-
notic transmission of SFV from various taxa of NHPs. Many of
the infected individuals, such as zoo keepers and animal care
workers, had frequent contact with captive primates (5, 9, 15,
28, 32). Zoonotic infection of SFV has also been documented
among bushmeat hunters in Africa (34) and in a monkey tem-
ple worker in Asia (17). The potential for zoonotic transmis-
sion of SFV, especially in Asia, is increasingly recognized.
Several Asian and Southeast Asian cultures venerate NHPs
and honor centuries-old traditions of human-NHP commen-
salism (close interactions associated with habitually sharing a
space). Human-NHP contact in Asia occurs in a variety of
contexts, including urban settings, temples, pet NHPs, monkey
performances, ecotourism, and bushmeat hunting. In particu-
lar, urban and temple monkeys are found throughout South
and Southeast Asia (14), and the sheer number of people who
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come into contact with monkeys in these contexts is large.
Consequently, the amount and intensity of contact that occurs
between humans and monkeys in Asia puts large numbers of
people at risk for SFV infection (11, 13, 19).

Traditionally, humans have been screened for SFV infection
by Western blotting (WB), using viral protein lysate prepared
by infecting tissue cell cultures with different SFV strains.
Some studies have yielded false positives because of the pres-
ence of serum antibodies to cellular proteins (reviewed in
reference 23). In many cases, the presence of virus in humans
has been confirmed by sequence analysis. However, neither of
these assays is particularly convenient for high-throughput
screens of large numbers of samples. Several groups have used
enzyme-linked immunosorbent assays (ELISAs), using crude
tissue culture lysates from uninfected and infected cells as
antigens (2, 34). However, it is hard to standardize such assays,
as the level of antigen in such lysates can vary between prep-
arations and different cell proteins will cross-react depending
on the cell type used. Additionally, recent data (33) show that
SFV are genetically heterogeneous, with significant virus vari-
ation among NHP taxa. This is an important consideration in
areas and contexts where humans come into contact with mul-
tiple species of NHPs (17, 18, 29). It is important to take into
consideration this viral diversity in the development of immu-
noassays that are capable of detecting a broad range of SFV
infections. In this study, we describe the development of assays
for the detection of both SFV and SFV antibodies from six taxa
of NHPs in Asia (Macaca assamensis, M. fascicularis, M. arc-
toides, M. nemestrina, M.mulatta/fascicularis hybrid, and Pres-
bytis obscura). We have created a cell line that can be used to
quantitate virus from at least three macaque species. We de-
scribe the development of novel methods of testing for SFV
antibodies, including ELISA using recombinant viral protein,
WB with lysates and recombinant protein, and an assay for
neutralizing antibodies using the indicator line. We demon-
strate that SFV isolates and antisera from a number of NHP
species can be detected with all of the reagents. We have used
the ELISA to screen a large number of free-ranging NHPs in
Thailand and have determined the seroprevalence of SFV in-
fection in these populations and an estimated age of serocon-
version.

MATERIALS AND METHODS

Collection of monkey samples. (i) Oregon and Washington National Primate
Research Centers. Serum, blood, and saliva were collected from M. mulatta from
animals housed at the Oregon National Primate Research Center (ONPRC) in
Beaverton, OR. These animals and samples are described in reference 26. Serum
and blood were collected from M. fascicularis and M. nemestrina from animals
housed at the Washington National Primate Research Center (WaNPRC) in
Seattle, WA. All studies were conducted in accordance with the standards set by
the centers’ Animal Care and Use Committees.

(ii) Sample collection from c 1, free-r: monkeys from Thailand
and Singapore. Since 2004, commensal, free-ranging and pet monkeys (M.
fascicularis, M. arctoides, M. mulatta/fascicularis hybrid, M. assamensis, M. nem-
estrina, and P. obscura) from Thailand and M. fascicularis from Singapore were
trapped, sampled, and released using a previously described method (19).
Briefly, free-ranging macaques and langurs were trapped in portable cages (mea-
suring approximately 2.5 m by 2.5 m by 1.5 m) fabricated at the WaNPRC.
Captured primates were hand injected intramuscularly with 3 mg of Telazol/kg of
body weight from outside the cage. All anesthetized NHPs were given a complete
physical exam. While under anesthesia, data collected included morphometric
measurements and biological samples (blood and buccal swabs). Preserved whole
blood and buccal swabs were frozen while in the field. Serum was extracted using
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Vacutainer separator tubes, followed by centrifugation, and then frozen. Each
NHP’s weight and dental formula were collected and recorded for age assess-
ment.

Following sample collection, the anesthetized animals were placed in a recov-
ery cage and allowed to recover fully from anesthesia before being released as a
group back into their home range. NHPs were given a unique identifier via a
subcutaneous Avid microchip to avoid resampling. This data collection protocol
was reviewed and approved by the University of Washington’s Institutional
Animal Care and Use Committee (3143-03).

Tissue culture cells and virus isolation. Peripheral blood mononuclear cells
(PBMC) were separated from whole blood over Ficoll and were cocultured with
TF cells, a fibroblast cell line from M. mulatta that had been immortalized by
expression of human telomerase (21). TF cells are highly susceptible to SFV
infection and produce high-titer virus. Cultures were passaged several times until
extensive cytopathic effects (CPE) were noted. At that time, culture supernatants
were used to infect fresh cultures of TF cells. After CPE were noted, cells were
scraped from plates along with the medium, and the mix was frozen and thawed
three times. Cell debris was removed by low-speed centrifugation to produce
virus stocks. Viruses were isolated from several different M. mulatta (ONPRC),
M. nemestrina (WaNPRC), and M. fascicularis (WaNPRC) animals. All SFV
isolates used in these studies were passaged minimally in tissue culture (less than
1 month). TF and SFAB (for “simian foamy activation of B-galactosidase”) cells
(see below) were grown in Dulbecco’s modified Eagle’s minimum essential
medium containing 10% fetal calf serum.

SFAB assay. SFAB cells were derived from BHK-21 cells by transfection of a
plasmid carrying the SFV-1 long terminal repeat (LTR) derived from a molec-
ular clone (25) driving B-galactosidase, as previously described for creation of the
prototype foamy virus (PFV) indicator FAB cell line (35). Individual clones were
picked and infected with SFV-1, the laboratory strain of SFV from M. mulatta
(25). A clone yielding the highest viral titer and the lowest background was
designated SFAB. The titers of the viruses were determined on SFAB cells as
previously described for FAB cells. Cells were infected with virus and fixed and
stained 2 days later (35), except that SFAB cells were stained for 1 h at 37°C
rather than the 6 h used for FAB cells. At this time, cells were washed with
isotonic buffer and left at room temperature overnight, and blue cells were
counted the next day. The 1-h staining period is critical for SFAB cells, as
staining for longer periods leads to a large number of cells with light-blue
background staining in the uninfected samples, something not seen with FAB
cells. By definition, 1 infectious unit (IU) of virus leads to one blue cell or colony
in the SFAB assay.

Neutralization assay. The neutralization assay followed the protocol previ-
ously described for simian immunodeficiency virus neutralization (36), with some
modifications. Dilutions of virus and serum were incubated for 1 h at 37°C in
wells of 48-well tissue culture plates. After incubation, 1.5 X 10* SFAB cells in
100 pl of medium were seeded into each well. Blue cells were counted, as
described above, 2 days later. For assay of the PFV derived from chimpanzees,
FAB cells were added to the wells rather than SFAB cells. Neutralization assays
were done in duplicate or triplicate, and the average was calculated.

ELISA. The ELISA was done as previously described (26) using 50 ng of either
glutathione S-transferase (GST)-Gag or GST. GST-Gag contains the N-terminal
193 amino acids from pSFV-1 (25). The optical densities at 450 nm (OD,5,) from
the GST plates at each serum dilution were subtracted from the GST-Gag plates.
For monkey sera, the GST values at all serum dilutions were very low. Each assay
included a known positive and negative serum.

WB. TF cells were infected with SFV isolated from different macaque species
or were left uninfected. When cytopathic effects appeared (3 to 4 days after
infection), cells were lysed in sodium dodecyl sulfate buffer and aliquots were
electophoresed on polyacrylamide gels as previously described (31). After trans-
fer, membranes were probed with a 1/1,000 dilution of each serum and a 1/3,000
dilution of goat anti-monkey immunoglobulin G (MP Biomedicals, Inc). Protein
was detected using one of two methods. ECL reagents (Amersham) were used
for most assays. However, for assays done in the field, protein on individual
membrane strips was detected using the TMB (3,3',5,5'-tetramethylbenzidine)
color development-stabilized substrate for localization of horseradish peroxi-
dase-conjugated antibodies (Promega) by incubating washed membranes with
reagent until bands appeared (but in all cases less than 10 min), as recommended
by the manufacturer. Filters were washed in water and scanned. This reagent is
much simpler to use in field situations, as it does not require film or a dark room.

PCR and RT-PCR analysis. DNA from peripheral blood and RNA from
buccal swabs were isolated as previously described (26). Data for the captive
ONPRC animals were obtained using quantitative PCR or reverse transcription-
PCR (RT-PCR) with SFV gag and c-myc primers and was taken from our prior
work (26). PCR was performed on DNA extracted from whole blood obtained
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FIG. 1. SFAB assay detects SFV from three species of macaques. Cells were infected with virus and fixed and stained 2 days later as previously
described (35), except that SFAB cells were stained for 1 h and FAB cells were stained for 6 h at 37°C, at which time the cells were washed with
buffer, left at room temperature overnight, and counted the next day. (A) Uninfected SFAB; (B) SFAB plus SFV from M. fascicularis (housed at
WaNPRC); (C) SFAB plus SFV from M. mulatta (housed at ONPRC); (D) SFAB plus SFV from M. nemestrina (housed at WaNPRC);

(E) uninfected FAB; (F) FAB plus PFV.

from free-ranging M. fascicularis animals from Singapore using the highly con-
served pol primers described by Schweizer et al. (30). PCR products were de-
tected on 2% agarose gels using DNA samples from uninfected or infected TF
tissue culture cells as positive and negative controls, respectively. Integrity of
DNA was confirmed using the c-myc primers described in Murray et al. (26).

RESULTS

A new quantitative infectivity assay for SFV isolated from
macaques. To quantitate the amount of virus present in an
SFV sample, we used SFAB cells. SFAB is a clonal line of baby
hamster kidney (BHK-21) cells containing an SFV-1 LTR (25)
driving expression of a LacZ reporter gene. They are similar to
FAB cells, which are used to measure infectivity of chimpan-
zee-derived FVs, such as PFV (35). FAB or SFAB cells were
infected with dilutions of viral stocks and stained 2 days later.
Using SFAB cells, we were able to determine the titers of
viruses derived from the three captive macaque species tested:
M. nemestrina, M. fascicularis, and M. mulatta. As shown in Fig.
1, virus from all three macaque species show distinct staining of
SFAB cells (panels B to D, dark cells). The infected foci are
generally smaller than those seen after infection of FAB cells
with PFV, the chimpanzee virus derived from a zoonotically
infected human (Fig. 1F). SFAB cells do exhibit some light
background staining with B-galactosidase-detection reagents,
probably because of leakiness of the SFV-1 LTR promoter in
the absence of the Tas transactivator protein (Fig. 1A; com-
pare to panel E for FAB cells). However, if staining is limited
to 1 h, infected cells stain much darker than background and
are easily distinguished. The background staining seen using
SFAB cells is independent of viral strains or density of seeded
cells. The macaque viruses do not induce LacZ in FAB cells,
and PFV does not induce LacZ in SFAB cells (data not
shown), indicating that the Tas proteins of PFV and SFVmac
are specific to their own LTR sequences. We do not currently
have available virus from M. assamensis or P. obscura to test in
this assay.

Antibodies from infected NHPs cross-react with SFV from
commensal NHPs from Asia. We used an ELISA based on the
FV structural protein Gag. Plates were coated with either GST
or GST-Gag (amino acids 1 to 193) derived from pSFV-1,
which is a molecular clone derived from SFV isolated from M.
mulatta (25). Previously we reported that this assay allows
quantitation of antibodies from M. mulatta animals housed at
ONPRC (26). Macaque plasma showed little or no reactivity to
GST-coated ELISA plates (Fig. 2A). However, high levels of
reactivity were seen with GST-Gag. Figure 2B shows the re-
sults of five representative plasma samples from M. mulatta
that were determined to be positive for FV nucleic acid using
quantitative PCR assays. Also shown are two representative
plasma samples, from animals housed in specific-pathogen-
free facilities at ONPRC, that are negative for FV nucleic acid
using quantitative PCR assays (26). Plasma from SFV DNA-
positive M. mulatta clearly react with GST-Gag (Fig. 2B); the
midpoint titers for these representative five animals ranged
from ~1/1,500 to 1/3,200. The ELISA also allows detection of
SFV antibodies in sera from other macaque species as well as
from the Asian langur P. obscura (data not shown).

Correlation of ELISA and RT-PCR/PCR assays. We assayed
by ELISA a total of 29 corral-housed animals from ONPRC
whose FV status was confirmed by FV-specific quantitative
PCR (proviral DNA in blood) or quantitative RT-PCR (viral
RNA in saliva). In each instance, there was complete concor-
dance between the ELISA and the presence or absence of FV
nucleic acid (Table 1). The positive animals all had midpoint
ELISA reciprocal titers of 356 to 8,530 (the serum dilution at
which half-maximum signal was obtained).

We also examined the ELISA and PCR status of 21 free-
ranging M. fascicularis animals from Singapore, representing
different age groups, from which both serum and whole-blood
samples were available. Saliva samples were not available for
RNA analysis, but DNA was extracted from whole blood and
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FIG. 2. ELISA for SFV Gag antibodies. Plates were coated with 50 ng of purified GST (A) or GST-Gag (B) protein, as previously described
(26). Plasma samples were assayed from five positive (closed symbols) and two negative (open symbols) M. mulatta animals (housed at ONPRC).

Results for all seven plasma samples are shown in panel B.

PCR analysis was done using SFV pol and control c-myc prim-
ers. Samples which did not yield positive bands with the c-myc
primers were not included in the analysis. Of the 21 macaques
examined, 19 yielded positive PCR results with control c-myc
primers (Table 2). For all of the ELISA-positive samples, the
OD 5, value was =0.400 at serum dilutions of either 1:200 or
1:500. The ELISA-negative samples all had OD,s, values of
=0.09 at serum dilutions of 1:200. In 18 of the macaques, there
was a correlation between serum reactivity and the presence of
SFV DNA sequences in peripheral blood. One macaque had a
positive PCR result but a negative ELISA. This animal (SM57)
was estimated to be between 13 and 18 months old based on its
dental eruption sequence and morphometrics. It is possible
that it had become recently infected and had not yet serocon-
verted.

WB and neutralization assays. We next tested whether sera
from commensal NHPs in Asia (four different macaque spe-

TABLE 1. Correlation of Gag ELISA and FV nucleic acid (NA)
status in M. mulatta housed at ONPRC

PCR* RT-PCR®

No./No. with
ELISA
status® No. No. No. No. c(;)ncortsi.:lt NA y
positive  negative  positive  negative 0 ELISA status
Positive 17 0 7 0 24/24 positive
Negative 0 3 0 2 5/5 negative

“ Quantitative real-time PCR data are summarized from reference 26 or are
from data not shown, using SFV gag primers. Copies range from 13 to 980 copies
per 10° PBMC. The limit of detection was 10 DNA copies per 10° PBMC, and
negative animals were below this level. Blood samples were used.

® Quantitative real-time RT-PCR data summarized from reference 26 or from
data not shown, using SFV gag primers. RNA copies range from 1.3 X 107 to
1.6 X 10° per 10* cell equivalents. The limit of detection was 50 RNA copies per
10* cell equivalents, and negative animals were below this level. Saliva samples
were used.

¢ ELISA data are summarized from reference 26, Fig. 2, or from data not
shown.

4 No., number of animals.

cies, M. mulatta, M. fascicularis, M. assamensis, and M. nemes-
trina, and one species of langur, P. obscura) were capable of
detecting viral Gag proteins from several different macaque
SFV isolates using WB. FV Gag protein is cleaved only once
near the carboxyl terminus by the viral protease, and it mi-
grates on polyacrylamide gels as a doublet of ca. 71 and 68
kDa. As shown in Fig. 3A, macaque sera were tested against
protein lysates prepared from the infection of tissue culture
cells with SFV isolated from three macaque species. Unin-
fected and infected lysates were prepared from TF cells, a line
of telomerase-immortalized M. mulatta neonatal fibroblasts
(21). Antisera from all macaque species detected the presence
of SFV Gag (as detected by ECL; Amersham) from the three
macaque strains from which we have available infectious virus.
We also tested sera from a number of individual P. obscura
animals with Gag protein prepared from cells infected with
SFV isolated from M. fascicularis and got positive reactions (as
detected by TMB reagent; Promega). Results with sera from
two positive animals are shown in Fig. 3B. Assays of these sera
were done in the field. At present, sera are not available from
FV-positive P. obscura animals for further testing.

We next reacted sera from M. mulatta, M. nemestrina, and M.
fascicularis animals with lysates from SFV (M. fascicularis)-

TABLE 2. Correlation of Gag ELISA and FV nucleic acid (NA)
status in free-ranging M. fascicularis from Singapore

PCR? .
ELISA No./No. with concordant
status® Positive Negative NA and ELISA status®
Positive 13 0 13/13 positive
Negative 1 5 5/6 negative

“ ELISA data are summarized from data not shown.

? PCR products were detected on agarose gels using SFV pol primers. Blood
samples were used.

¢No., number of animals.
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FIG. 3. WB analysis of NHP sera reactivity with SFV Gag. Cell
lysates were made from uninfected TF cells or cells infected with the
indicated viruses. Viruses were from M. nemestrina and M. fascicularis,
housed at WaNPRC; M. mulatta, housed at ONPRC; and M. assamenis
and P. obscura, free ranging in Thailand. (A) The source of the lysates
is shown at the top, and the source of the sera is on the left. Protein was
detected using ECL reagents (Amersham). The lysates were not nor-
malized for the amount of protein loaded; equal volumes were added
to each lane. (B) Protein on individual membrane strips was detected
using TMB. Lanes 1 and 2 used serum from one P. obscura animal, and
lanes 3 and 4 used serum from a second animal. (C) WB were probed
with sera from the indicated animals. Lanes 1, lysate from TF cells
infected with SFV from M. fascicularis; lanes 2, lysate from uninfected
TF cells; lanes 3, 1 pg of GST-Gag; lanes 4, 1 wg of GST. The dotted
line indicates the position of GST not recognized by the sera.

infected or uninfected TF cells as well as purified GST-Gag or
GST proteins (Fig. 3C). All three sera again reacted with Gag
proteins from the lysates (lanes 1) but showed no reactivity
with uninfected lysates (lanes 2). There is an additional band
detected in the blots that migrates at a position consistent with
the viral Bet protein (about 60 kDa, denoted by a gray line).
However, we do not have an antibody that reacts only with
SFV Bet. Therefore, we cannot determine whether this band is
Bet or a breakdown product of Gag. Macaque sera do react
with GST-SFV-Bet protein (data not shown). We do not
detect any distinct bands larger than Gag that would corre-
spond to Pol and Env proteins. Using the macaque sera, the
major reactivity is to Gag. We also tested reactivity to GST-
Gag used in the ELISA (lanes 3) as well as GST (lanes 4).
All sera react strongly to the GST-Gag with no background
reactivity to GST.

Sera from one randomly chosen M. mulatta, M. fascicularis,
or M. nemestrina were tested for the presence of antibodies
that can neutralize SFV isolated from the other macaque spe-
cies. We found that heat-inactivated sera (56° for 1 h) from
each macaque species could neutralize virus from all three
species. Aliquots of virus were incubated with or without dilu-
tions of serum for 1 h at 37°C. After incubation, virus was
plated directly on SFAB cells, and blue cells were counted
after 2 days. As a control for nonspecific reactivity, the chim-
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panzee-derived virus PFV was also tested with the sera and
assayed on FAB cells. The data from two to three indepen-
dent assays are summarized in Table 3. All sera neutralized
all viruses with about the same midpoint titers, ranging from
about 1:40 to 1:320. None of the sera neutralized PFV at
dilutions as low as 1:10. There does not appear to be any
preference for neutralization of homologous virus over het-
erologous macaque FV.

Prevalence of foamy virus infection in commensal, free-
ranging NHPs in Thailand. The ELISA and WB assay can
detect SFV infection in the most commonly encountered Asian
NHPs, including macaques and langurs (Fig. 2 and 3 and data
not shown). These assays are suitable for screening large num-
bers of samples in the field using simple reagents and the most
basic laboratory equipment. The ELISA plates and WB strips
can be prepared ahead of time. Previous screens of Old World
primates used WB with lysates combined with cells infected
with two different SFV. Such assays were able to detect a
number of SFV strains (16). However, use of an ELISA which
correlates with WB would greatly increase the efficiency of
screening.

Sera collected from 127 pet and free-ranging NHPs in Thai-
land were tested at a 1:100 dilution by ELISA for SFV anti-
bodies using both GST and GST-Gag plates. This concentra-
tion always yielded high values using sera from FV-positive test
animals and no reactivity using sera from FV-negative specific-
pathogen-free animals (Fig. 2 and data not shown). The sera
fell into two distinct groups when the values for GST were
subtracted from the GST-Gag values: 17 of the serum samples
gave values ranging from 0.0 to 0.04, while the other 110
samples had values ranging from 0.4 to 2.5. No intermediate
values were obtained, as was found for the captive animals (see
Fig. 2). We assumed that all the samples below 0.04 were from
uninfected animals, and the other samples were from SFV-
infected animals. Six of the samples from the group with GST-
Gag values of <0.04 were screened by WB using protein ly-
sates from uninfected cells or cells infected with SFV from M.
fascicularis. All of these samples were negative (data not
shown). Sixty-one of the NHP samples that had a value of >0.4
were also screened, and all samples reacted with Gag from
lysates (data not shown). Thus, we found a perfect correlation
between the ELISA and WB results, similar to what was seen
in other populations (Table 4). Whole-blood or saliva samples
from these Thai NHPs are unfortunately not available for PCR
or RT-PCR testing.

The prevalence of antibodies to SFV among the multiple

TABLE 3. Midpoint neutralization serum titers from three macaque
species against homologous and heterologous viruses”

Midpoint serum titers from NHP species

Virus
M. mulatta M. fascicularis M. nemestrina
SFV M. mulatta 160 160 80
SFV M. fascicularis 320 60 40
SFV M. nemestrina 160 160 160
PFV <10* <10* <10*

“ Titers are given as the reciprocal of the serum dilution that neutralized 50%
of viral infectivity. Each experiment was done two or three times, and the average
of the results is shown. One random animal from each species was tested. *, no
neutralization was detected at the lowest serum dilution tested, 1:10.
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TABLE 4. SFV prevalence among several taxa of NHPs
in Thailand
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TABLE 6. SFV prevalence among several taxa of NHPs in
Thailand by age class®

Specics I Total no. % SFV
pecies Status 4
sampled positive!
M. fascicularis® Free ranging 48 81
M. assamensis® Free ranging 30 93
M. arctoides® Free ranging 2 100
M. mulatta/fascicularis Free ranging 23 100
hybrid®
M. nemestrina® Free ranging 1 100
P. obscura® Free ranging 14 100
M. nemestrina Pet 8 25
M. assamensis Pet 1 0

“ Determined by ELISA.

® These populations of NHPs were sampled from six different temple sites in
north, central, and south-central Thailand.

¢ This hybrid population of M. mulatta/M. fascicularis was sampled from an
urban park in northeast Thailand.

taxa of commensal NHPs was very high in our sample popu-
lations (Table 4). Nine pet monkeys were included in this
sample, but only one of these animals had antibodies to SFV
(Table 4). Overall, 108/118 free-ranging animals were SFV
positive (Table 5). Seroprevalences within age classes (deter-
mined by using dental eruption sequences and body weight,
where animals <1 year were classified as young juveniles, be-
tween 1 and 3 years as older juveniles, 3 and 5 years as
subadults, and over 5 years as adults) for all 118 free-ranging
NHPs are presented in Table 5. Table 6 presents SFV sero-
prevalence by age class and species. Regardless of species,
most animals seroconverted by 3 years of age (Tables 5 and 6).

DISCUSSION

We have developed reagents that have proved useful for
detecting FV infection among Asian NHPs. The reagents are
both sensitive and specific and are also applicable to the NHP
species in Asia that have the greatest interactions with the
indigenous and tourist populations. Both the ELISA and WB
(using TMB) assay can easily be performed with previously
prepared plates or nitrocellulose strips in field situations. Pre-
vious FV assays have utilized crude lysates as antigens in both
the ELISA and WB assay. The use of such assays has led to
false-positive results in humans in the past (reviewed in refer-
ence 23). The advantage of cloned proteins is that they mini-

TABLE 5. SFV seroconversion as a function of age”

Age class Total N.O.‘ % SFV
positive positive
Young juvenile” 4 1 25
Older juvenile® 37 30 81
Subadult? 15 15 100
Adult® 62 62 100
Total 118 108 92

“ Data are from Table 4, but only free-ranging NHPs are included.

 Young juvenile, deciduous dentition only, aged <1 year.

¢ Older juvenile, adult first molar and/or second molars in occlusion, aged 1 to
3 years.

@ Subadult, third molars and/or canines not fully erupted, aged 3 to 5 years.

¢ Adult, third molars and canines fully erupted, aged >5 years.

No. SFV positive/total no. by age class (%)

Species Young - Older gy paque Adule
juvenile juvenile
M. assamensis 0/1 (0) 3/4(75)  5/5(100)  20/20 (100)
M. fascicularis 1/3(33) 16/22(73) 7/7(100) 16/16 (100)
M. mulatta/ 0 6/6 (100)  2/2 (100)  15/15 (100)
fascicularis hybrid
P. obscura 0 5/5(100) 1/1 (100)  8/8 (100)

“ Summary of data from Tables 4 and 5 sorted by taxa. Only free-ranging
animals are included.

mize variation from assay to assay. The results of the ELISA
showed that the cutoff values for negative results (OD,s, <
0.04) did not vary between species. All sera tested reacted very
strongly with the GST-Gag recombinant proteins (Fig. 3C)
with no background with GST.

We found a very high correlation between the presence of
SFV Gag or Pol RNA sequences in saliva or DNA sequences
in whole-blood cells and a positive ELISA result. Of 48 ma-
caques examined, only 1 yielded the anomalous result of PCR
positive and ELISA negative. This animal was estimated to be
between 13 and 18 months of age at the time of sampling and
may represent a very recent infection. Recent data obtained
from one macaque that had been transfused with blood from
an SFV-positive animal showed that viral DNA sequences
could be detected by PCR about 4 weeks prior to the appear-
ance of antibodies detected by WB (6). There have been no
careful studies of the time course of infection in macaques
infected by more natural routes. However, the Brooks et al.
data would suggest that this juvenile could have become in-
fected shortly before our sampling (6). Controlled infections of
macaques and/or examination of more naturally infected older
juveniles will have to be examined to confirm this. Overall, our
data show that the ELISA using recombinant Gag protein,
which can easily be done in field settings without sophisticated
laboratory equipment, is an excellent indicator of FV infection.

Our data show that 92% of the free-ranging NHPs we sam-
pled in Thailand were SFV positive and that all animals over
the age of 3 years had seroconverted. These and earlier results
(17, 19) suggest that SFV transmission in free-ranging primates
occurs prior to sexual maturity. This is in sharp contrast to the
recently published results of Calattini et al. (8), who sampled
M. tonkeana from a large free-breeding, but captive, colony in
France. They found that most SFV seroconversion did not
occur until after 7 years of age and hypothesized that SFV
transmission usually occurs in adulthood as a result of bites.
These authors used BHK cells infected with chimpanzee SFV
as their antigen, which might have led to lower sensitivity and
higher backgrounds than our homologous antigens (macaque
SFV in macaque cells) as well as our ELISA using purified
bacterially expressed SFV Gag protein.

With the exception of the pet monkeys, we found high
levels of SFV infection in all of the commensal NHPs we
sampled. Previous research (18, 29) has shown that most pet
NHPs in Asia are taken from the wild before 1 year of age
and subsequently have little contact with other NHPs. Thus,
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low prevalence of SFV infection among pet primates is not
surprising.

Risk analysis has been used to model the transmission of
SFV from NHPs to visitors at monkey temples in Asia (11).
The derived model suggests that visitors to monkey temples,
which annually may number in the millions, are at risk for SFV
infection. Additionally, large numbers of people in Asia are
exposed to NHPs in a variety of other contexts and may be
similarly at risk for SFV infection (13, 17, 18, 19, 29). Effective
education, communication, monitoring, and management
strategies in areas where humans and NHPs come into contact
are needed to reduce the risk of exposure and transmission.
Laboratory workers exposed to macaques at primate labora-
tories constitute another group at risk for SFV infection (3, 5).
Though human-to-human transmission of SFV has yet to be
demonstrated, the recent demonstration of SFV transmission
between NHPs via blood transfusion (4, 20) suggests the pos-
sibility that transfusion-mediated transmission could also occur
in human recipients of SFV-infected blood products. These
findings indicate the need for accurate and robust assays for
screening large numbers of people or blood products for SFV
infection.
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