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New World Simian Foamy Virus Infections In Vivo and In Vitro
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Foamy viruses (FV) are complex retroviruses that naturally infect all nonhuman primates (NHP) studied to date. Zoonotic
transmission of Old World NHP simian foamy viruses (SFV) has been documented, leading to nonpathogenic persistent
infections. To date, there have been no reports concerning zoonotic transmission of New World monkey (NWM) SFV to
humans and resulting infection. In this study, we developed a Western blot assay to detect antibodies to NWM SFV, a
nested PCR assay to detect NWM SFV DNA, and a 3-galactosidase-containing indicator cell line to assay replication of
NWM SFV. Using these tools, we analyzed the plasma and blood of 116 primatologists, of whom 69 had reported exposures
to NWM. While 8 of the primatologists tested were seropositive for SFV from a NWM, the spider monkey, none had detect-
able levels of viral DNA in their blood. We found that SFV isolated from three different species of NWM replicated in
some, but not all, human cell lines. From our data, we conclude that while humans exposed to NWM SFV produce antibod-

ies, there is no evidence for long-term viral persistence.

oamy viruses (FV) are unusual complex retroviruses that in-

fect cattle, horses, cats, and all species of nonhuman primates
(NHP) examined to date (reviewed in reference 1). Simian foamy
viruses (SFV) can cause life-long infections in natural hosts with-
out any apparent pathogenicity (2). In cell culture models, SFV
can establish latent infections in some cell types and lytic infec-
tions in others, resulting in cytopathic effects (CPE) that include
syncytium formation (reviewed in reference 3). In infected ma-
caques, FV DNA is found in almost all tissues, while FV RNA and
replicating virus are limited to the superficial epithelial cells of the
oral mucosa in immunocompetent animals (4, 5). Consistent with
the site of viral replication detected in vivo, it is thought that FV are
transmitted via saliva, through grooming, biting, and other be-
haviors. Studies of natural transmission suggest that infant and
young NHP are resistant to infection, presumably because of pas-
sive immunity from maternal antibodies, but typically (for ma-
caques) become infected by 3 years of age (6). Epidemiological
studies indicate that SFV seroprevalence can reach up to 100% in
adults (reviewed in reference 7).

Although FV do not naturally infect humans, SFV have been
found to be zoonotically transmitted, most likely through con-
tact with saliva from an infected NHP. Several studies have
documented the transmission of SFV to humans who interact
directly with Old World (OW) NHP, including Cercopithicus
species, baboons, macaques, mandrills, gorillas, and chimpan-
zees (reviewed in reference 7). SFV antibody-positive humans
have been found in a variety of natural settings, including peo-
ple in Asia who live in areas with free-ranging macaques, vil-
lagers in Gabon with known exposure to NHP, and a popula-
tion of hunters in Cameroon with bites from Old World NHP
(6, 8-11). SFV antibody-positive humans have also been doc-
umented in various laboratory, veterinary, and zoo settings
(12-17). While it is clear that SFV from a wide range of Old
World NHP species have the ability to infect humans, little is
currently known about zoonotic transmission of SFV from
New World Monkey (NWM) species.

NWM are comprised of approximately 60 NHP species that
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live in the forests of Central and South America (18). A recent
study reported phylogenetic analysis of SFV from 14 genera of
NWM and found that, similar to Old World SFV, the NWM SFV
coevolved with their hosts for at least 15 million years (19). Thus,
NWM SEV infect their hosts and establish nonpathogenic persis-
tent infections, similar to that seen in OW NHP. Presumably,
zoonotic transmission of NWM SFV can occur through direct
exposure to NWM saliva, as seen with OW SFV. Throughout
North, Central, and South America, several species of NWM are
kept as pets, including tamarins, marmosets, spider monkeys, and
capuchins. In these domestic contexts, NWM and humans live in
close contact with one another, providing opportunity for SFV
zoonotic transmission. Other groups of people at higher risk for
zoonotic infection with New World SFV are primatologists, labo-
ratory researchers, and veterinarians who work directly with var-
ious species of NWM in natural, laboratory, or clinical settings
(20). A previous study analyzed 187 individuals who reported oc-
cupational exposure to both Old and New World NHP species for
zoonotic infection with OWM and ape SFV (12). However, the
transmission of NWM SFV to humans was not examined in this
group.

In this report, we describe use of Western blotting, nested PCR,
and NWM SFV indicator cell assays to specifically investigate New
World SFV infection in monkeys and humans. Blood and plasma
from NWM and from humans with reported contact with NWM
were analyzed for SFV seroreactivity and viral DNA in the blood.
We confirmed that SFV infect New World monkeys and establish
persistent infection, similar to Old World SFV. However, while

Received 28 October 2013 Accepted 29 October 2013

Published ahead of print 6 November 2013

Address correspondence to Carol R. Stenbak, stenbakc@seattleu.edu.
CRS.and KL.C. contributed equally to this work.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.03154-13

January 2014 Volume 88 Number 2


http://dx.doi.org/10.1128/JVI.03154-13
http://jvi.asm.org

some humans have detectable antibody to NWM SFV in their
blood, we found no evidence of viral DNA or persistent infection.

MATERIALS AND METHODS

Human subject sampling. Biological samples were collected from sub-
jects recruited for participation in this study at the 2009 conference of the
American Society of Primatologists (ASP), held in San Diego, CA, 18 to 21
September 2009. A total of 380 individuals attended the conference, and
116 volunteered to participate in the study. ASP officers made conference
attendees aware of the research, and an area adjacent to meeting audito-
riums was designated for research activities. Authors L. Jones-Engel and
G. A. Engel were available in this area several hours a day during the
conference. Participants could approach the authors and ask questions
about the study. Potential subjects were informed of the possible risks and
benefits of participation. Those agreeing to participate signed an in-
formed consent form and filled out a questionnaire. Upon completion
of the questionnaire, 10 ml of whole blood was collected from the
subject into an EDTA tube as described previously (8) and refrigerated
for no more than 6 h prior to being aliquoted and frozen on dry ice.
Sociodemographic data, including occupational information describ-
ing the location, type, and duration of all employment relating to
NHP, were collected and have been reported elsewhere (20). Addition-
ally, subjects were asked to list and describe all occupational exposures
to NHP and/or NHP tissues and body fluids. The human subjects’
research protocols were reviewed and approved by the University of
Washington Institutional Review Board (23055). Additionally, whole
blood from a subject in Bangladesh (BGH 31), previously collected and
reported (8), was also used in this study.

Primate biological samples. Whole blood and plasma samples from
captive squirrel monkeys with no reported contact with other NWM spe-
cies were purchased from Southwest National Primate Research Center
(SQM 28, 2120, 2809, and 4028). Whole blood and plasma samples from
free-ranging rhesus macaques in Bangladesh were also used in this study.
Animal handling, sampling, and shipping protocols for the rhesus ma-
caques have been published elsewhere (8). Genomic DNA isolated from
the blood of free-ranging squirrel monkey, spider monkey, howler
monkey, and capuchin were provided by one of the authors (G.A.G.).
These research protocols have been reviewed and approved by the
University of Washington Institutional Animal Care and Research
Committee (4233-01).

Construction of NFAB indicator cells. To clone the squirrel monkey
SEV (SFVsqm) long terminal repeat (LTR) into a 3-galactosidase (3-Gal)
reporter plasmid, 831 bp of the 3'-LTR of squirrel monkey SFV (nucleo-
tides 10621 to 11151; GenBank accession number GU356394.1) was PCR
amplified from pCR4-SFVsqu3’ (obtained from J. Sodroski). This frag-
ment was digested with Smal and PstI and inserted into pHSRV5LG (21),
after removing the lab-adapted prototype foamy virus (PFV) LTR by cut-
ting with Smal and Pstl. The resultant plasmid, p5LGSqm, contained the
SFVsqm LTR, the B-Gal gene with a 5" nuclear localization signal, and a
simian virus 40 poly(A) signal. To generate the NFAB indicator cell line,
BHK-21 baby hamster kidney cells were cotransfected with p5LGSqm and
pCMVhgh, which contains a hygromycin resistance gene under the con-
trol of the cytomegalovirus promoter (22), at a 10:1 molar ratio. Hygro-
mycin (Corning, NY) at 200 pg/ml was added after 24 h, and 9 resistant
clones were isolated after approximately 3 weeks. These clones were tested
for B-Gal expression 48 h postinfection with SFVsqm. Eight of the clones
showed cells that stained blue in our assay only after infection with virus.
We chose the clone that had the lowest background staining in the absence
of virus to use in subsequent experiments.

Cell culture and infections. HT1080 (human fibrosarcoma) (23),
BHK-21 (baby hamster kidney fibroblast) (24), Telo-RF (telomerase-im-
mortalized rhesus fibroblast) (25), Cf2Th (fetal canine thymus) (26),
LNCaP (human prostate adenocarcinoma) (27), AGS (human stomach
adenocarcinoma) (28), C33A (human cervical epithelial) (29), LoVo (hu-
man colon adenocarcinoma) (30), and MDA-MB-231 (human breast ad-
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enocarcinoma) (31) cells were cultured in Dulbecco’s modified Eagle me-
dium (DMEM) supplemented with 10% fetal bovine serum and penicillin
(10,000 units/ml) and streptomycin (10,000 g/ml). FAB (21), SFAB (6),
and NFAB cells were cultured in DMEM supplemented with 5% bovine
growth serum, penicillin, streptomycin, and hygromycin (200 pg/ml).
Cells were infected with FV stocks, including the lab-adapted prototype
foamy virus (PFV), which was isolated from a human zoonotically in-
fected with SFV from a chimpanzee (32), the lab-adapted SFV isolated
from Macaca mulatta (SFVmac) (33), an SFV isolated from an infected
squirrel monkey (SFVsqm), an SFV isolated from an infected spider mon-
key (SFVspm), or an SFV isolated from a marmoset (SFVmar). SFVspm
was obtained from W. Switzer (Centers for Disease Control and Preven-
tion), SFVmar was obtained from J. Sodroski (Dana Farber Cancer Insti-
tute), and SFVsqm was obtained from the ATCC (VR-843). Cultures were
monitored for cytopathic effects, such as formation of vacuoles and syn-
cytium formation, and harvested at approximately 90% infection, as pre-
viously described (34). Cell lysates for Western blot analysis were gener-
ated by removing the medium, rinsing cells in cold phosphate-buffered
saline (PBS), scraping cells from the plates in 1X SDS sample buffer
(12.5% 50 mM Tris-HCI [pH 6.8], 10% glycerol, 2% SDS, 5% 2-mercap-
toethanol, 0.01% bromophenol blue), and processing lysates with
Qiashredder (Qiagen) in accordance with the manufacturer’s protocol.
To generate virus stocks, cells were scraped from plates, and the cells and
supernatants were collected and subjected to three rounds of freezing in
liquid nitrogen and thawing at 37°C, followed by low-speed centrifuga-
tion.

Western blot analysis. Cell lysates from uninfected and SFV-infected
BHK-21, HT1080, and Telo-RF cells were prepared, and the proteins were
separated by using 10% SDS-polyacrylamide gels. Proteins were trans-
ferred to polyvinylidene fluoride membranes (Millipore) and incubated with
blocking buffer (5% dry milk powder and 0.05% Tween 20 in PBS) and
antibodies as previously described (35). Human plasma samples were diluted
1:10, squirrel monkey and macaque plasma samples were diluted 1:200, and
anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) antibody (Sig-
ma-Aldrich, St. Louis, MO) was diluted 1:3,000 in blocking buffer. These
diluted plasma and antibodies served as primary antibodies in Western blot
analyses. A goat monoclonal anti-human IgG (Rockland Immunochemicals,
Gilbertsville, PA), goat anti-monkey IgG (Rockland Immunochemicals),
and goat monoclonal anti-mouse IgG (Rockland Immunochemicals)
were used at a 1:3,000 dilution as secondary antibodies. 3,3’,5,5'-Tetram-
ethylbenzidine (TMB) substrate (Thermo Fisher, Waltham, MA) was
used to visualize proteins in accordance with the manufacturer’s protocol.

Nested PCR and real-time PCR. Genomic DNA (gDNA) was ex-
tracted from whole blood by using the QIAamp DNA blood minikit (Qia-
gen, Valencia, CA). Nested PCR for the detection of OWM SFV DNA was
performed using pol primers as previously described (36). A nested NWM
PCR protocol was used to amplify a first-round 978-bp region and a
second-round 403-bp region of New World SFV pol. The first round of
PCR used the outer forward Primer 1 (SFVsqm GenBank GU356394 po-
sitions 5077 t0 5101; 5'-TAAAAATCCAAGCCTGGATGCAGAG-3') and
outer reverse Primer 2 (SFVsqm positions 6035 to 6054; 5'-ACCCTCTC
CTGGACAAGAAG-3’). A 200-ng aliquot of template gDNA was ampli-
fied for each sample at 95°C for 3 min, followed by 35 cycles of 95°C for
30 s, 52°C for 1 min, and 72°C for 30 s, with extension at 72°C for 7 min.
The second round of the nested PCR used inner forward Primer 3
(SEVsqm positions 5307 to 5325; 5'-ACTGGTGGCCAAACATGAG-3")
and inner reverse Primer 4 (SFVsqm positions 5683 to 5709; 5'-GGGTG
GTAAGGAGTACTGAATTCCAAT-3"). A 2-pl aliquot of the first-round
product was amplified at 95°C for 3 min, followed by 40 cycles at 95°C for
30 s, 60°C for 1 min, and 72°C for 30 s, and then extension at 72°C for 7
min. Various quantities of pSFVsqu3’, an SFVsqm plasmid containing bp
5083 to 11484 (obtained from J. Sodroski), were used as the positive
control. Second-round PCR products were separated on 1% agarose
gels and visualized by ethidium bromide staining. PCR of gDNA was
also performed to detect the gapdh gene as an internal control for DNA
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quality, as described above (GAPDH forward primer, 5'-CTACTGGC
GCTGCCAAGGCTGT-3'; GAPDH reverse primer, 5'-GCCATGAGG
TCCACCACCCTGT-3").

First-round template DNA was also used for second-round real-time
PCR with the 7900HT real-time PCR system (Applied Biosystems). Sec-
ond-round real-time PCR was performed using the NWM SFV pol inner
forward Primer 3 and inner reverse Primer 4 at 95°C for 3 min, followed
by 40 cycles of 95°C for 30 s, 60°C for 1 min, and 72°C for 30 s. Amplifi-
cation was detected by using a TagMan 6-carboxyltetramethylrhodamine
(TAMRA) probe (SFVsqm positions 5613 to 5637; 5'-TGCATTCCGAT
CAAGGATCAGCATT-3").

Quantitative PCR was also performed on gDNA from whole blood of
squirrel monkeys, macaques, and humans to measure levels of viral and
cellular genes, by using the iTaq universal probes supermix (Bio-Rad).
Samples were analyzed using the 7900 real-time PCR system (Applied
Biosystems). The SFV gag primers used for Old World monkeys and hu-
man samples were the following: gagl759F, 5’ACGAACATCTGGTGC
GGG; gagl835R, 5'CTGCGTTTCCACCAGCTGA. The probe was
gagl789, 6-carboxyfluorescein (FAM)-AGGAAGAGGGAACCAAAACC
GAAACCA-TAMRA. The primers used for squirrel monkey samples
were the NWM SFV pol inner forward and inner reverse primers de-
scribed above for the second-round nested PCR. A c-myc cellular DNA
quantitative PCR (qPCR) was performed for all samples in each assay to
normalize for cell equivalents. The primers for c-myc were as follows:
c-mycF1, 5" GCCCCTCAACGTTAGCTTCA; c-mycR1, CGCATGAGAA
ATACGGCTGCA; probe, FAM-CAACAGGAACTATGACCTCGACTA
CGACTCG-TAMRA. For all qPCRs, the conditions were as follows: 95°C
for 3 min, 40 cycles of 95°C for 15 s, and 60°C for 1 min. The plasmid
pSFV-1 containing the gag gene from M. mulatta, the pSFVsqu3’ plasmid
described above, and Telo-RF DNA was used to generate standard curves
in assays for macaque, squirrel monkey, and human samples. Each assay
also included a nontemplate control and an SFV-negative control
(Telo-RF genomic DNA).

RESULTS

Identification of SFV-seropositive New World monkeys. Mon-
key plasma samples were analyzed for antibodies that reacted with
the major SFV structural protein, Gag. In all SFV, the Gag protein
migrates as a doublet at approximately 70 kDa. SFV isolated from
a spider monkey (SFVspm) was used to infect HT1080 (human
fibrosarcoma) cells to generate Gag antigen for use in Western
blot analyses. The SEVspm Gag protein in our studies migrated as
a doublet at 68/70 kDa. Plasma samples from four captive squirrel
monkeys with no known exposure to spider monkeys were tested
against uninfected and SFV-infected cell lysates. On Western
blots, plasma diluted 1:200 from each monkey detected the Gag
doublet in SFVspm-infected cells but not in cells infected with
SFVmac from M. mulatta or uninfected cell lysates (Fig. 1A).
Thus, SFVsqm antibodies cross-react with SFVspm Gag but not
Old World SFVmac Gag.

To determine whether the reverse is also true, plasma diluted
1:200 from an SFV-infected Bangladeshi macaque (MBG 35) was
tested against SFVspm Gag in infected cell lysates. The antibodies
from the infected macaque showed some cross-reactivity to
SFVspm Gag; however, it appeared to be weaker than the level of
reactivity seen with the SFVmac Gag (Fig. 1B) (8). Although the
level of cross-reactivity has not been formally quantitated, analy-
ses of the identical SFVspm-infected lysates with MBG 35 plasma
(Fig. 1B) showed less reactivity than was seen with the NWM
plasma at the same dilution (Fig. 1A).

Detection of SFV DNA in blood cells from New World mon-
keys. The sequences of SFVspm (GenBank EU010385), SFVsqm
(GenBank GU356394), and SFV from a marmoset (SFVmar;
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FIG 1 Reactivity of Old and New World monkey plasma to SFVspm and
SFVmac. Cell lysates were generated from uninfected HT1080 cells (UN), cells
infected with SFVmac (MAC), or cells infected with SFVspm (SPM). (A)
Western blot assays were performed using plasma (1:200) from four different
squirrel monkeys (SQM 28, 2120, 2809, and 4028) and an anti-GAPDH anti-
body (1:3,000). (B) Western blot assays were performed using plasma (1:200)
from a macaque known to be infected with SFVmac (MBG 35); an anti-
GAPDH antibody was also used.

GenBank GU356395) have been reported (37, 38). In order to
design PCR primers that had the potential to detect NWM SFV
from as many different species of monkeys as possible, a nucleo-
tide alignment of the three available NWM SFV was performed.
This alignment was used to design a set of nested PCR primers
specific to highly conserved sequences within the integrase region
of the pol gene (Fig. 2A). A plasmid containing the SFVsqm pol
gene, pCR4-SFVsqu3', was used to test the pol primer pairs and
optimize the conditions of our nested PCR assay. When plasmid
DNA was added to genomic DNA isolated from uninfected cells,
our assay was able to detect as little as one copy of the SEVsqm pol
gene (Fig. 2B, lanes 7 and 8). In the absence of genomic DNA, our
assay could reliably detect 5 copies of the SFVsqm pol gene per
PCR run (Fig. 2C, lane 4, and data not shown). We also found that
the NWM SFV primers were able to detect SFVsqm, SFVspm, and
SFVmar pol in genomic DNA from infected Cf2Th (fetal canine
thymus) cells (Fig. 2B, lanes 7 to 9).

A panel of samples collected from various NWM from both
captive and wild environments was used to determine whether
our primers were able to detect New World SFV viral DNA in
blood cells from diverse host species. Genomic DNA was extracted
from these whole-blood samples and analyzed using our nested
PCR protocol. SFV sequences were successfully amplified from all
NWM species tested (squirrel monkey, spider monkey, howler
monkey, and capuchin) (Fig. 2B, lanes 10 to 16). The PCR ampli-
cons from each reaction mixture were isolated, cloned, and se-
quenced to confirm the specificity of our primers. In each case,
sequences showed between 76 and 85% identity with previously
published NWM SFV sequences (data not shown). Additionally,
the New World SFV pol primers were tested by using a control
plasmid containing the pol gene from SFV-1, a molecular clone
derived from M. mulatta (33). While Old World SFV pol primers
amplified this sequence readily, the New World SFV pol primers
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FIG 2 Nested PCR detection of SFV DNA in New World monkey and human blood. (A) A set of nested PCR primers were designed to specifically amplify a
region of the SFV pol gene from NWM. Alignment of available New World SFV sequences from marmoset, spider, and squirrel monkeys allowed the design of
primers in highly conserved regions. The red, lowercase letters indicate nonconsensus nucleotides. The nested PCR protocol amplified a 978-bp DNA fragment
in the first round of PCR and a 403-bp DNA fragment in the second round. (B to E) Nested PCRs were performed, and second-round PCR products were
visualized using gel electrophoresis and ethidium bromide staining. (B) Sensitivity of the NWM Pol primers was assessed by using known amounts of the SFVspm
pol gene in the plasmid pSFVsqu3’ added to 200 ng of genomic DNA isolated from uninfected HT1080 cells. Samples included a DNA molecular size marker (lane
1), a no-DNA control (lane 2), and 10 (lanes 3 and 4), 5 (lanes 5 and 6), 1 (lanes 7 and 8), or no (lanes 9 and 10) copy equivalents of SFVsqu3’ mixed with 200
ng of HT1080 genomic DNA. (C) The ability of the NWM pol primers to detect SFV DNA extracted from infected cells in culture and from blood of New World
monkeys was examined. Samples included a DNA molecular size marker (lane 1); no-template control (lane 2); 10 (lane 3), 5 (lane 4), or 1 (lane 5) copy
equivalents of the plasmid pSFVsqu3'; 200 ng of genomic DNA extracted from uninfected (lane 6); SFVsqu-infected (lane 7); SFVspm-infected (lane 8) or
SFVmar-infected (lane 9) Cf2Th cells; 200 ng of genomic DNA extracted from the whole blood of captive squirrel monkeys 2120 (lane 10), 2809 (lane 11), and
4028 (lane 12) and wild monkeys from Costa Rica: Howler monkey AP170 (lane 13) and AP171 (lane 14), capuchin CC74 (lane 15), and squirrel monkey SO39
(lane 16). (D and E) The presence of New and Old World SFV DNA in the blood of antibody-positive APH individuals was determined. (D) Samples included
a DNA molecular size marker (lane 1), a no-template control (lane 2), or 10 (lane 3), 5 (lane 4), or 1 (lane 5) copy equivalents of the plasmid pSFVsqu3'. (E)
Additional samples for pSFV-1 included 200 ng of genomic DNA extracted from whole blood of APH 3 (lane 6), APH 10 (lane 7), APH 25 (lane 8), APH 48 (lane
9), APH 71 (lane 10), APH 75 (lane 11), APH 84 (lane 12), and APH 111 (lane 13). NWM SEV pol primers were used in panel D; previously described primers
specific to OW SFV pol (55) were used in panel E.

failed to amplify it (data not shown). Taken together, these results
show that the New World SFV pol primers are sensitive, specific to
NWM, and can amplify sequences from a broad range of NWM
species.

Identification of primatologists seropositive for New World
SFV. In September 2009, blood samples were collected from 116
attendees at the meeting of the American Society of Primatologists
(20). Study participants reported contacts with multiple NHP spe-
cies, including Old and New World NHP, in the context of careers
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that spanned decades and work that took place on multiple con-
tinents and in multiple contexts (field research, laboratory work,
zoos). Of the 116 primatologists studied, 12 interacted exclusively
with NWM, 47 interacted exclusively with OW NHP, and 57 in-
teracted with both Old and New World NHP. This unique cohort
had a particularly high level of reported exposure to NWM, which
allowed us to investigate transmission of NWM SFV to humans.
The plasma samples from the 116 primatologists and control
plasmas from a nonexposed human and a Bangladeshi human
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FIG 3 Reactivity of sera from humans occupationally exposed to SFVspm and SFVmac. Cell lysates were generated from uninfected HT1080 cells (UN), cells
infected with SFVmac (MAC), or cells infected with SFVspm (SPM). Western blot assays were performed using plasma (1:20) collected from primatologists
(APH) with documented exposures to NWM; an anti-GAPDH antibody (1:3,000) was also used. Representative Western blots are shown for the 8 of the 116 APH
samples that were seropositive (APH 3, 10, 25, 48, 71, 75, 84, and 111) in addition to a Western blot showing results with plasma (1:20) from an individual with
no known exposures to nonhuman primates (NHS) and an individual from Bangladesh known to be infected with SFVmac only (BGH 63).

infected with SFVmac (NHS and BGH63, respectively) were first
screened by Western blotting for seroreactivity to New World SFV
by using lysates from either Telo-RF (rhesus monkey fibroblast)
or HT1080 cells that were either uninfected or infected with
SFVspm. After repeated Western blot analyses, eight individuals
were confirmed seroreactive to SFVspm Gag, showing the charac-
teristic doublet seen with the macaque and squirrel monkey
plasma (Fig. 3). Although the human plasma samples showed a
higher overall background signal than seen with the monkey
plasma, the Gag doublet was still visible. The eight NWM SFV-
seropositive samples were also analyzed for seroreactivity to SFV
from M. mulatta, and none of them was reactive (Fig. 3). This
represents the first report of any humans seropositive for NWM
SFV, with prevalence rates of 6.9% in this cohort and 11.6% for
individuals with exposure to NWM.

In order to further characterize the types of exposures that the
seropositive primatologists had had to NWM, the questionnaire
data are reviewed and summarized in Table 1. All 8 of the NWM
SFV-seropositive individuals reported some contact with NWM.
However, only 4 of the 8 reported direct bites, scratches, or needle
sticks involving NWM species. The remaining 4 individuals re-
ported contact with NHP body fluids but not parenteral exposure,
suggesting parenteral contact may not be necessary for zoonotic
transmission. While all 8 seropositive primatologists had antibod-

TABLE 1 Summary of seropositive primatologist nonhuman primate
exposures

NWM bite/scratch/needle Other NWM OWM
Subject ID stick contact” contact”
APH 3 + - +
APH 10 + - —
APH 25 - + +
APH 48 + +
APH 71 - + +
APH 75 + - -
APH 84 + - -
APH 111 - + -

“ Includes handling NW monkeys or contact with their urine/feces.
b For the purposes of this table, “OWM?” includes Old World monkeys and apes.
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ies that reacted with SFVspm, only 2 of the 8 reported contact with
spider monkeys. Seropositive individuals reported contact with 7
additional NWM genera. This result suggests that antibodies to
different NWM SFV may be cross-reactive and is consistent with
our observation that plasma from infected squirrel monkeys re-
acted with antigen from a spider monkey (Fig. 1). Despite 4 of the
8 seropositive primatologists reporting contact with 6 different
OW genera, including Macaca, none of them was seroreactive to
SFVmac Gag.

New World SFV DNA is undetectable in seropositive prima-
tologists. Genomic DNA extracted from whole-blood samples of
the 8 seropositive humans was analyzed by nested PCR with our
NWM-specific pol primers and OWM-specific pol primers in or-
der to confirm SFV infection and determine viral sequences. All
PCR experiments included a negative control (no genomic DNA)
and a positive control (SFVsqu or SFVmac plasmid at 10, 5, or 1
copies per reaction mixture). None of the samples was positive for
OWM SFV DNA (Fig. 2E), consistent with the observed lack of
seroreactivity of these individuals to SFVmac (Fig. 3). Surpris-
ingly, after screening between 5.5 X 10° and 5.1 X 10° nucleated
blood cells/person, none of the samples was found to be positive
for NWM SEV by PCR (Fig. 2D). Given that our PCR assay is
sensitive, our controls performed as expected, and the quality of
the extracted DNA was verified by PCR amplification of the cel-
lular gapdh gene (data not shown), these results suggest that, un-
like most Old World SFV-seropositive individuals (39), New
World SEFV-seropositive individuals have undetectable levels of
SFV DNA in their blood.

Old World and New World monkeys have similar amounts
of SFV DNA in blood cells. Given the absence of detectable per-
sistent SFV infection in primatologists exposed to NWM, we
wanted to compare the levels of viral DNA present in monkeys
infected with New World SFV to the levels in monkeys and hu-
mans infected with SFVmac. We did not have the necessary buccal
swab samples to compare levels of replicating SFV found in the
oral mucosa. We did have access to whole-blood samples for both
the NWM SFV- and OWM SFV-seropositive humans and mon-
keys, which allowed us to measure and compare the levels of viral
DNA in blood cells. Real-time PCR was performed with the
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TABLE 2 Quantitation of FV DNA in SFV-infected monkeys and
humans

FV DNA
(no. of copies/

DNA source cell equivalent)
Old World monkeys
MBG 205 6.0 X 10°*
MBG 228 9.0 X 10°*
MBG 232 7.6 X 107>
MBG 241 9.0 X 10 *
New World monkeys
SQM 2120 22X 107?
SQM 4028 1.6 X 1074
Human infected with Old World SFV
BGH 31 9.1 X107
Humans seropositive for New World SFV
APH 3 <1 X10°°
APH 10 <1X10°°
APH 25 <1X10°°
APH 48 <1 X10°°
APH 71 <1X10°°
APH 75 <1X10°°
APH 84 <1 X10°°
APH 111 <1X10°°

genomic DNA from blood cells of either infected humans or mon-
keys and with primers specific to either NWM SFV or SFVmac.
Four macaques from Bangladesh (MBG) were analyzed using
primers specific to the Old World SFV gag gene and their data
were normalized to results for the cellular c-myc gene. We found a
range of 7.6 X 107> t0 9.0 X 10~ * FV DNA copies/cell equivalent
(Table 2). Similar analyses of two captive squirrel monkeys, based
on primers specific to the New World SFV pol gene and c-myr,
revealed 2.2 X 1077 and 1.6 X 10~* FV DNA copies/cell equiva-
lent. This indicated that the level of SFV DNA in the blood of
infected New World monkeys is similar to or higher than levels
seen in Old World monkeys, based on this limited sampling.

SEV infections have been frequently detected by nested PCR in
a group of humans exposed to macaques in Bangladesh (39). For
example, our previous work monitoring zoonotic transmission of
SFV from macaques to humans in Bangladesh found that approx-
imately 61% of seropositive humans are also PCR positive (8).
Quantitative real-time PCR analysis of genomic DNA extracted

Uninfected SFVsqm

New World SFV Infection

from a human known to be infected with SFVmac (BGH 31)
found that the FV DNA copy number was 9.1 X 107> per cell
equivalent, approximately 5 times lower than that seen in the in-
fected macaques (Table 2). In contrast, the seropositive prima-
tologists (APH) did not have detectable levels of NWM SFV DNA
when analyzed by quantitative PCR, consistent with our earlier
nested PCR findings.

Generation of a New World SFV-specific indicator cell line.
Information about NWM SFV replication is limited to a single
published study, which describes replication of these viruses in
Cf2Th cells (38). Given the lack of detectable viral DNA in the
seropositive primatologists, we wanted to determine if New
World SFV has the ability to replicate efficiently in human cells. In
order to quantitate NWM SFV, we created an indicator cell line
called NFAB (New World monkey FAB), based on the previously
described FAB and SFAB cells used for assays of PFV and SFVmac,
respectively (6, 21). NFAB cells contain a copy of the 3-Gal gene
containing a nuclear localization signal, driven by the SFVsqm
LTR. Foamy viruses encode the LTR transcriptional activator pro-
tein Tas, which is expressed from an internal promoter and is
absolutely required for viral transcription (40). Infection of NFAB
cells results in expression of Tas and activation of the LTR pro-
moter which drives the expression of both viral genes and the
B-Gal reporter gene. Individually infected cells can be visualized
and counted by staining the cells with 5-bromo-4-chloro-3-indo-
lyl-B-p-galactopyranoside (X-Gal). Creation of the NFAB cells is
described in detail in Materials and Methods.

Infection of the NFAB cells with SFVsqm transactivated 3-Gal
expression and produced an intense blue staining of the infected
cells in our assay, while no (3-Gal activity was observed in unin-
fected NFAB cells (Fig. 4). We also tested the ability of SFVspm
and SFVmar to transactivate the B-Gal gene in NFAB cells.
SFVspm-infected cells showed blue staining that was slightly less
intense than the color seen in the SFVsqm-infected NFAB cells
(Fig. 4). However, SFVmar-infected NFAB cells showed very weak
blue staining that was variable in intensity. These observations
suggest that the SFVsqm LTR is compatible with its own Tas pro-
tein as well as the SFVspm Tas, but it is less compatible with the
SFVmar Tas. Therefore, NFAB cells can be used to detect these
three NWM SFV, but they can only be used to reliably determine
titers for SFVsqm and SFVspm virus stocks. We have not tested
SFV from any other NWM species.

Specificity of FAB, SFAB, and NFAB indicator cells. The spec-
ificities of NFAB, FAB, and SFAB indicator cell lines for both New
World (SFVsqm, SFVspm, and SFVmar) and Old World SFV

SFVspm SFYmar

FIG 4 Visualization of New World SFV-infected NFAB cells. The newly described NFAB indicator cells were infected with SFVsqm, SFVspm, SFVmar, or
medium containing no virus. At 48 h postinfection, cells were fixed, incubated in X-Gal staining solution, and visualized at 200X magnification with an inverted

microscope.
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TABLE 3 Selective activation of 3-Gal in FAB indicator cell lines by Old
and New World SFV

B-Gal activity” in indicator cell line

Virus FAB SFAB NFAB
None - - -
PFV-1 + 4+ - —
SFVmac - +++ -
SFVsqm - - +++
SFVspm - - ++
SFVmar - - +/—

“*, the number of + signs indicates the intensity of the staining visualized.

(PFV, a lab-adapted human isolate from a chimpanzee, and
SFVmag, a lab-adapted virus from M. mulatta) were examined.
PFV and SFVmac were only able to transactivate the reporter gene
being driven by their homologous LTRs in FAB and SFAB cells,
respectively (Table 3). Similarly, the three NWM SFV exclusively
transactivated the reporter gene driven by the SFVsqm LTR in
NFAB cells but did not activate 3-Gal expression in FAB or SFAB
cells (Table 3). Thus, Old World monkey, Old World ape, and
New World monkey Tas proteins only activate their respective
LTRs.

New World SFV replicate in human cell lines. Given the lack
of detectable provirus in the blood of the NWM-seropositive pri-
matologists, we next asked whether NWM SFV can replicate in
human cell lines. In addition to the HT1080 and BHK cell lines,
the growth of NWM SFV, SFVmac, and PFV was compared in five
different human cell lines, at a multiplicity of infection of 0.02,
based on titers obtained from our BHK-21-derived indicator cells
The cell lines tested were LNCaP (human prostate adenocarci-
noma), AGS (human stomach adenocarcinoma), C33A (human
cervical epithelial), LoVo (human colon adenocarcinoma), and
MDA-MB-231 (human breast adenocarcinoma). Supernatants
were collected 5 days postinfection, and titers were determined by
using the appropriate FAB cells. Unexpectedly, we found that
while PFV and SFVmac were able to replicate in HT1080 cells,
they were each only able to replicate to detectable levels in one of
the additional human cell lines; PFV replicated in MDA cells and
SFVmac replicated in AGS cells (Table 4). SEVspm showed the
broadest tropism, with replication in 3 of the 6 human cell lines
tested, while SFVsqm showed replication in 1 of the 6. For each
virus, the highest titers were observed in the BHK and HT'1080 cell
lines. These results demonstrated that SFV from different NWM
species do have the ability to replicate in some, but not all, human
cell lines and suggest that the absence of detectable persistent in-
fection after zoonotic transmission of NWM SFV, as measured by
antibody production, is not caused by a general block to replica-
tion in human cells.

DISCUSSION

SFV can be zoonotically transmitted to humans (reviewed in ref-
erence 7), but prior to this study, all reported human infections
were from Old World monkey and ape SFV. The presumed route
of transmission is from infectious virions or infected cells in NHP
saliva to human blood (10, 41). It is not well understood how SFV
establishes infection after transmission, but a current model in-
volves SFV entering blood cells where a latent infection is estab-
lished. These infected blood cells can then transit throughout the
body, ultimately reaching the oral mucosa, where viral replication

988 jvi.asm.org

TABLE 4 NWM SFV replication in human cell lines

Viral titer in indicated cell line

Virus BHK HT1080 MDA AGS C33A LN LoVo
PFV 25X 10° 3.7 X 10° 6.6 X 10> <1 <1 <1 <1
MAC 1.4 X 10° 2.6 X 10* <1 2.0 X 10> <1 <1 <1
SPM 1.6 X 10° 2.2 X 10* 1.7 X 10° <1 8.0 X 10" <1 <I
SQM 2.6 X 10° 52X 10> <1 <1 <1 <1 <l

is known to occur in natural hosts. During this process, it is likely
that antibodies are generated against SFV, but it is not clear if viral
replication is required for immune recognition and antibody pro-
duction. Here we have described the first humans with seroreac-
tivity to New World SFV. One-half of the NWM SFV-seropositive
individuals (4/8) did not report exposures to NWM involving a
break in their skin. Previous studies monitoring exposures and
transmission of Old World SFV also described infected individu-
als with no reported direct parenteral exposure to Old World spe-
cies (6, 12). Reliable recollection of historical parenteral exposures
can be a complicating factor, particularly for the APH cohort,
which had had decades of contact with NHP (20). However, all of
our NWM SFV-infected humans reported at least some contact
with NWM and/or their feces or urine. As in previous studies with
Old World SFV, the portal of entry is not clear for these cases (2).

Despite the detection of New World SFV-seropositive individ-
uals in our study, we could find no evidence of viral DNA in
human blood. While it is thought that latent infections are estab-
lished in the blood, it remains possible that NWM SFV in humans
may persist in cells other than blood cells. This is in contrast to
most previously characterized OW SFV infections, which did
show established latent infections in the blood, and our findings
suggest that zoonotic transmission of New World SFV may be
restricted or limited by some mechanism yet to be defined.

One possible mechanism of New World SFV restriction in hu-
mans could involve the host retroviral restriction factor
TRIM5-a. A previous study looking at the ability of TRIM5-a to
block the replication of NWM SFV found that the TRIM5-a pro-
tein from the same host species as the virus did not block replica-
tion of that virus (38). However, the TRIM5-a proteins from
other primate species were able to block the replication of NWM
SFV to varying extents. In this study, human TRIM5-a was found
to significantly reduce SFVsqm replication in Cf2Th canine cells
but had little effect on SFVmar or SFVspm replication. Another
study found that TRIM5-a proteins from a variety of NWM spe-
cies inhibit replication of SFV from Old World NHP (42). Clearly,
there is precedence for the idea of TRIMS5 host restriction factors
preventing replication, and possibly transmission, of retroviruses
between different NWM species and between Old and New
World NHP species. Although we don’t know the levels of viral
replication in NWM or the human host, it is possible that a host
restriction factor, such as human TRIM5-o, blocks NWM SFV
replication in the context of zoonotic transmission. It will be in-
teresting to determine whether TRIM5-« is expressed in the hu-
man cell lines that did not support NWM SFEV replication.

A role for host factors of the APOBEC3 family of cytidine
deaminases in the restriction of New World SFV in humans is
another intriguing possibility. Much work has shown that
APOBECS3 activities lead to mutations in the genomes of ortho-
retroviruses (reviewed in reference 43). While an initial study
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found no effect of the nonstructural SFV protein Bet on APO-
BEC3 (44), subsequent studies demonstrated that Bet can coun-
teract APOBEC3 activity, similar to lentiviral Vif (45, 46, 47, 48).
Recent work analyzing the SFV sequences from macaques and
infected humans found evidence of hypermutation in both, al-
though much stronger in humans, and suggested that APOBEC3
may be important within the human host to limit Old World SFV
replication (F. A. Matsen IV, C. T. Small, K. Soliven, G. A. Engel,
M. M. Feeroz, X. Wang, K. L. Craig, M. Kamrul Hasan, M. Emer-
man, M. L. Linial, and L. Jones-Engel, submitted for publication).
However, another recent study found that viral genetic changes
did not necessarily account for FV restriction in humans (49).
It remains possible that human APOBECS3 activity against New
World SFV is particularly potent, or that New World SFV are
unable to counteract human APOBECS3 activity, creating an inter-
species barrier to establishment of persistent latent infections in
humans.

Virus-host cospeciation appears to be a common characteristic
of SFV evolution (50). An endogenous SFV has been reported in
the prosimian aye-aye genome (51), suggesting an ancient evolu-
tion of FV in simian species for at least 85 million years. Recent
work comparing sequences of NWM SFV from 14 different genera
supported the coevolution of NWM SFV and their hosts and esti-
mated that NWM SFV are at least 15 million years old (19). SFV
from OW monkeys and apes are known to infect humans, but
these species are more closely related to humans than NWM spe-
cies. Given the strong coevolutionary history of SFV with their
hosts, it is possible that humans are too divergent from NWM
species to support the replication of SFV from these animals. A
study examining zoonotic transmission of feline foamy virus
(FFV) in a cohort of exposed veterinarians found no evidence of
zoonotic infection (52), despite the ability of FFV to replicate in
human cell lines. However, unlike FFV, we found serological evi-
dence of NWM SFV infection in humans in the absence of detect-
able levels of viral DNA in the blood. It remains to be determined
if NWM SFV infections in humans are cleared prior to the estab-
lishment of latent proviruses or whether these viruses establish
latency in cells other than blood cells.

Our initial characterization of NWM SFV replication in an
established human fibrosarcoma cell line found the typical foamy
virus replication, leading to CPE with formation of syncytia. This
is similar to what is seen for Old World SFV in human cells and
suggests that the lack of New World SFV latent infection in hu-
mans is not caused by an intrinsic inability of these viruses to
infect human cells. Interestingly, when we tested several other
human cell lines we found that all FV tested showed varying abil-
ities to replicate, and in some instances they were unable to repli-
cate at all. Given that the proteoglycan heparin sulfate is known to
be an important factor for FV attachment and entry, it is pre-
sumed that almost all human cells are permissive for FV entry
(53). Our results provide indirect evidence that there are likely
host factors involved in either supporting or inhibiting FV repli-
cation in humans.

In conclusion, we have established several assays specific to
NWM SFEV that identify seroreactivity, detect viral DNA, and
quantitate replication of these viruses. By using these tools, a
group of primatologists with documented exposure histories were
analyzed for infection with NWM SFV. We have described the first
evidence for transmission of New World SFV to humans and
demonstrated that these individuals were antibody positive for
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SFVspm and negative for SFVmac. Despite being seropositive
for SFVspm, none of the individuals had detectable levels of
NWM SFEV viral DNA in the blood. This differs from infections
with Old World NHP SFV, which have been shown to frequently
cause persistent latent infections in humans. Similar levels of viral
DNA were present in the blood of both Old World and New
World infected monkeys. It would be of interest to measure the
level of SFV RNA in buccal swabs of NWM, to see if there is as
much presumptive viral replication as in OW (macaque) NHP
buccal swabs (54). It remains to be seen if the human immune
system is able to specifically restrict NWM SFV in certain cell

types.
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