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Simian foamy viruses (SFV) are complex retroviruses that are ubiquitous in nonhuman primates (NHP) and are zoonotically
transmitted to humans, presumably through NHP saliva, by licking, biting, and other behaviors. We have studied SFV in free-
ranging rhesus macaques in Bangladesh. It has been previously shown that SFV in immunocompetent animals replicates to de-
tectable levels only in superficial epithelial cells of the oral mucosa, although latent proviruses are found in most, if not all, tis-
sues. In this study, we compare DNA sequences from latent SFV proviruses found in blood cells of 30 Bangladesh rhesus
macaques to RNA sequences of transcriptionally active SFV from buccal swabs obtained from the same animals. Viral strains,
defined by differences in SFV gag sequences, from buccal mucosal specimens overlapped with those from blood samples in 90%
of animals. Thus, latent proviruses in peripheral blood mononuclear cells (PBMC) are, to a great extent, representative of viruses
likely to be transmitted to other hosts. The level of SFV RNA in buccal swabs varied greatly between macaques, with increasing
amounts of viral RNA in older animals. Evidence of APOBEC3-induced mutations was found in gag sequences derived from the

blood and oral mucosa.

Foamy viruses (FV) are retroviruses with many properties dis-
tinct from those of orthoretroviruses. Notably, FV undergo
reverse transcription during viral assembly and/or budding, lead-
ing to production of infectious DNA-containing viruses (1). In
immunocompetent animals, FV replication is limited to superfi-
cial epithelial cells of the oral mucosa (permissive cells) (2, 3, 4).
However, latent proviruses are present in many, if not all, tissues,
including peripheral blood (3). Simian foamy viruses (SFV) are
ubiquitous in adult nonhuman primates (NHP), including rhesus
macaques (Macaca mulatta) in South Asia (5, 6). Transmission
among NHP appears to occur via subcutaneous introduction of
saliva through biting or other behaviors (7, 8). SFV can be zoo-
notically transmitted to humans in close contact with NHP, pre-
sumably through bites and scratches. Humans who are infected by
SFV, such as veterinarians, lab workers, or bush meat hunters in
Africa, have reported occupational contacts with NHP (9, 10). In
Asia, where free-ranging urban NHP and temple monkeys are
common, exposure to NHP occurs frequently in the course of
daily activities and can also lead to SFV infection (11, 12). Al-
though much remains to be learned about SFV transmission,
transfusion studies in monkeys (13, 14) have generated the follow-
ing picture. After introduction of SFV into a naive host, the first
signs of infection are antibody production and presence of provi-
ral DNA in peripheral blood mononuclear cells (PBMC). It takes
several months for viral transcription in the oral mucosa to be
detectable. Thus, initial infection does not involve replication in
permissive tissue of the new host. After acquisition of SFV via
saliva, PBMC become latently infected. Latently infected PBMC
migrate throughout the animal, and when an infected PBMC mi-
grates to oral mucosal tissue, cell-cell interactions or signal trans-
ductions lead to production of infectious FV. Subsequently, un-
infected PBMC migrate to the oral mucosa and become latently
infected. FV infection in natural hosts appears to persist for life
(15).
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As reported elsewhere (16), we have characterized latent pro-
viral DNA in PBMCs of a large number of free-ranging rhesus
macaques in Bangladesh. In these animals, we found a number of
different strains of SFV as defined by gag sequence clustering.
Among the urban animals, these strains largely mapped to differ-
ent geographic areas (16). A map of Bangladesh showing the areas
under study is found in reference 16. We are interested in deter-
mining which SFV strains are zoonotically transmitted and
whether efficiency of transcription as measured by RNA levels in
oral mucosal tissues influences transmission to macaques and hu-
mans. In our previous work (16), we focused on the sequences of
SFV genomes in PBMC, with the assumption that these are repre-
sentative of actively transcribed viruses, according to the above
model. However, there are no published data comparing tran-
scribed and latent viruses in individuals of any host species.

In the current study, we compare the gag sequences of actively
transcribing viruses in permissive cells of the oral mucosa to latent
proviruses in the blood of individual free-ranging macaques. The
level of viral RNA in buccal swab samples was quantified for a
subset of the animals. We found that latent proviruses are repre-
sentative of the actively transcribing viruses found in the oral mu-
cosa. Further, individual macaques differed in SFV RNA levels in
buccal swab samples, with age at the time of sampling being an
important factor. Some macaques had proviral DNA, but we

Received 17 July 2013 Accepted 9 October 2013

Published ahead of print 9 October 2013

Address correspondence to Maxine L. Linial, mlinial@fhcrc.org.

K.S.and X.W. contributed equally to this work.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.01989-13

December 2013 Volume 87 Number 24

Areigi pjouly - 181uad yaseasay 1aoued uosulydiny pald Agq £T0Z ‘Z Jaquiadag uo /610 wse’IAl/:dny woiy papeojumod


http://dx.doi.org/10.1128/JVI.01989-13
http://jvi.asm.org
http://jvi.asm.org/
http://jvi.asm.org/

could not detect SFV RNA in the buccal swabs. This was particu-
larly true for younger animals.

Hosts are known to synthesize proteins that can restrict retro-
viruses. Much work has been done on the APOBEC cytidine
deaminases, reviewed in reference 17. A number of groups have
shown that APOBEC3G deaminates cytidine in the HIV genome
and that HIV encodes a protein (Vif) to specifically counter
APOBEC3G (18). Recently, it has been shown that macaques syn-
thesize APOBEC3F and APOBEC3DE, but little APOBEC3G in
PBMC (19). In this report, we present evidence that some SFV in
naturally infected rhesus macaques exhibit hypermutations char-
acteristic of APOBECS3 activity. This is true for both transcription-
ally active viruses and latent proviruses.

MATERIALS AND METHODS

Sample collection. The present study includes samples from 61 free-rang-
ing rhesus macaques (Macaca mulatta) in Bangladesh, from 5 geograph-
ically distinct sites. The sites are described in reference 16. Capture and
blood sample collection methods have been previously described (16).
Oral mucosal samples were collected as buccal swabs from the anesthe-
tized animals with a Whatman Sterile Omni Swab (Whatman, USA), a
single-use swab made of absorbent material specifically designed for the
collection of buccal cells. To ensure that the swabbing technique was
consistent between animals, only two researchers (L.J.-E. and G.A.E.)
were responsible for oral swab collections from the study animals. Re-
searchers would swab the inside of one of the animal’s cheeks 10 times
using an up and down motion and then draw the swab across the surface
of the animal’s tongue and repeat the swabbing on the other cheek. The
head of the swab was then ejected into a 1.8-ml Sarsdtedt vial containing 1
ml of RLT buffer (Qiagen, USA) and stored on cold packs until transfer to
—80°C. All animal handling and sampling procedures have been reviewed
and approved by the University of Washington’s Institutional Animal
Care and Use Committee (4233-01).

Isolation and cloning of gag DNA from whole blood. Total genomic
DNA was extracted from the whole blood of macaques using the QIAamp
DNA blood minikit (Qiagen, USA) according to the manufacturer’s pro-
tocol. The DNA extracted from 10 .l of whole blood was used for PCR
amplification of a gag fragment as described in our previous paper (16).
First-round primers G1 (+), 5’ AGGATGGTGGGGACCAGCTA, and G2
(=), 5° CAGGAAGAGGTACTCGGGG, were used under these condi-
tions: denaturation at 95°C for 3 min, followed by two cycles of 95°C for
30 s, 38°C for 1 min, and 72°C for 1 min, followed by 25 cycles of 95°C for
30 s, 52°C for 1 min, and 72°C for 1 min. Water was used as a negative
control. A 2-pl volume of the first-round PCR product was used as the
template for the second-round PCR. Second-round primers were G3 (+),
5'CAACCTAGATGGAGAGCTGAAGG, and G4 (—), 5"GGGGACAAAC
TACGGCTGGG. The reaction mixtures were denatured 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 1
min. The expected size of the gag PCR product is 1,235 bp after a two-
round PCR. The purified fragments were ligated into the TOPO-TA clon-
ing vector (Invitrogen, USA), and Escherichia coli TOP10 competent cells
were transformed (Invitrogen, USA). Multiple colonies were individually
selected from each DNA sample, and plasmid DNA was purified and
sequenced. An average of 6 clones were analyzed per macaque. Sequenc-
ing was carried out, using M13 forward and reverse primers as well as
internal forward and reverse primers, by GeneWiz Inc. (Seattle, WA,
USA) or the sequencing facilities at the University of Washington.

Isolation of RNA from buccal swabs. Frozen buccal swab samples in
500 .l of RLT buffer (Qiagen, USA) were thawed at 37°C for 15 min with
40 U of the RNaseOUT RNase inhibitor (Invitrogen, USA) and 1 U of
RNase-free DNase I (Promega, USA) immediately prior to RNA extrac-
tion. Total RNA was extracted according to the standard protocol using
the RNeasy minikit (Qiagen, USA). RNA was treated again with 40 U of
RNaseOUT and 1 U of RNase-free DNase I at 37°C for 1 h. Samples were
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then incubated at 65°C for 15 min to inactivate enzymes. RNA was stored
at —20°C for subsequent use. The final volume of RNA from each buccal
swab sample was 50 .l

RT-PCR of buccal swab RNA. Reverse transcription-PCR (RT-PCR)
was performed to clone partial gag sequences (1,235 bp) from buccal swab
RNA. First-strand cDNA was synthesized using the Thermoscript RT-
PCR system (Invitrogen, USA) or the Maxima H Minus First Strand
cDNA synthesis kit (Thermo Scientific, USA) according to the manufac-
turers’ protocols using the oligo(dT),s primer. The RT reactions were
inactivated at 85°C for 5 min. The resulting cDNAs were used as the
template for two-round PCR as described above for whole-blood FV DNA
amplification. PCR products were cloned and sequenced as described
above for whole-blood genomic DNA. The gag sequences from 61 ma-
caque buccal swabs from an average of 6 clones were analyzed.

Quantitation of FV RNA. Quantitative RT-PCR (qRT-PCR) was per-
formed using 10 pl of each RNA sample, using the TagMan One-Step
RT-PCR Master Mix Reagent kit and analyzed using the ABI 7900 Real
Time PCR system (Applied Biosystems, USA) according to the manufac-
turer’s instructions. Primers and probes were designed to detect an 80-
nucleotide highly conserved region near the C terminus of the gag gene as
described previously (3). The primers used were gagl759F, 5’ ACGAACA
TCTGGTGCGGG, and gagl835R, 5'CTGCGTTTCCACCAGCTGA. The
probe was gagl789 6-carboxyfluorescein (FAM)-AGGAAGAGGGAACC
AAAACCGAAACCA-6 carboxyltetramethylrhodamine (TAMRA). The
quantitative RT-PCR (qRT-PCR) conditions were as follows: 48°C for 30
min, 95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min.
Nonamplification (reaction with no enzyme mix) and nontemplate con-
trols (reaction with water as the template) were included to rule out the
possibility of plasmid contamination.

To generate standards for the qRT-PCR, the gag PCR target sequence
was subcloned from a TOPO-TA vector (Life Technologies) into the
PNEB vector (New England BioLabs, USA) containing a T7 promoter. In
vitro transcription was performed using the Riboprobe in Vitro Transcription
System (Promega) according to standard protocols. The amount of RNA
was determined by spectrophotometry. Tenfold dilutions (ranging from
107 to 10° copies) of the viral RNA were used to generate a standard curve
for each assay. RT-PCR for 18S rRNA was performed using a commer-
cially available primer-probe set (Applied Biosystems, USA). An 18S stan-
dard curve was generated by adding 10-fold dilutions of Telo-RF cell total
RNA (ranging from 10° to 10 cell equivalents) to the reaction mixtures.
Telo-RF cells are macaque fibroblast cells (described in reference 20).
Buccal swab FV RNA and 18S rRNA were tested in duplicate.

Quantitation of FV DNA from blood. DNA was isolated as above, and
qPCR was performed using iTaq Universal Probes Supermix (Bio-Rad,
USA) and analyzed using the ABI 7900 Real Time PCR system (Applied
Biosystems, USA). The same primers and probes used for qRT-PCR were
used here to detect gag. The qPCR conditions were as follows: 95°C for 3
min and 40 cycles of 95°C for 15 s and 60°C for 1 min.

The same plasmid DNA containing the gag PCR target sequence used
above was used for the qPCR to generate standards. Tenfold serial dilu-
tions of the plasmid DNA (ranging from 10° to 10" copies) were used to
generate a standard curve in every individual assay. We were able to detect
one copy of the gag plasmid in our qPCR assay. Each assay also included a
nontemplate control and an SFV-negative control (Telo-RF genomic
DNA). A c-myc cellular DNA qPCR was done for each sample in each
assay to normalize for cell equivalent. The primers for c-myc were as
follows: c-mycF1, 5 GCCCCTCAACGTTAGCTTCA; c-mycR1, CGCAT
GAGAAATACGGCTGCA; probe, FAM-CAACAGGAACTATGACCTC
GACTACGACTCG-TAMRA. All assays included a c-myc standard curve
generated using 10-fold dilutions of Telo-RF DNA (ranging from 10° to
10" cell equivalents). All samples tested were in duplicate.

Bioinformatics analysis: hypermutation detection. Paired blood and
buccal swab sample FV sequences were aligned using MUSCLE v3.8.31
(21) together with additional proviral blood sequences as previously de-
scribed (16).
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We noted sequences that had G to A mutations, possibly indicative of
APOBECS3 activity, and analyzed these sequences using methodologies
described in another work (F. A. Matsen, C. T. Small, K. Soliven, G. A.
Engel, M. M. Feeroz, X. Wang, K. L. Craig, M. K. Hasan, M. Emerman,
M. L. Linial, L. Jones-Engel), submitted for publication. This analysis
identified sequences, and sites within these sequences, suspected of hyper-
mutation. Sites suspected of hypermutation were removed from the se-
quence alignment, producing a putatively hypermutation-free sequence
alignment. This alignment was used for the remainder of the analyses in
this study, in order to avoid conflation of hypermutation and genuine
phylogenetic signal.

Bioinformatics analysis: strain classification. As in Feeroz et al. (16),
representative sequences from the parental strains (dhamrai, dokhola,
charmaguria, and karamjal) were used as genotype representatives for
cBrother v2.0 (22) analyses. From each cluster in the strain analysis, a
representative sequence was evaluated for recombinant relationships to
the parental strains. Two independent cBrother runs of 1.1 million gen-
erations were run for each cluster’s representative sequence, with the ini-
tial 10% discarded as burn-in and sampling every 1,000 generations. Con-
vergence was assessed using the Gelman-Rubin diagnostic included with
the cBrother distribution. Before being run through this analysis, the same
parental strain genotype representatives used in reference 16 were aligned
with the hypermutation-free strain representatives from these strain clus-
ters using MUSCLE’s profile alignment functionality. Portions of evalu-
ated sequences that were found to be descendant from a particular paren-
tal strain at a posterior probability of 90% or higher for at least 200
contiguous base pairs were identified as bearing a recombinant relation-
ship to that parental strain.

Phylogenetic analysis of intrahost diversity. Phylogenetic trees were
constructed from sequences obtained from several of the animals. For
each of these animals, the corresponding sequences were selected from the
global hypermutation-free sequence alignment. Trees were constructed
from these selections using PhyML 3.0 (23) using an HKY85 (24) model
and rendered using Archeopteryx (25).

Statistical analysis. Buccal swab SFV RNA copy numbers were com-
pared using a Wilcoxon signed-rank test. Samples for which neither 18S
rRNA nor SFV copy number could be established were left out of the
analysis. Samples for which 18S rRNA but no SFV RNA was found were
treated as zero copy number per cell equivalent but excluded from the
computation of medians. The Wilcoxon test was evaluated using the R
(26) function “wilcox.test.”

The significance of observed congruence between strain classifications
was analyzed using a simulation method. In each of the simulations per-
formed, blood strain assignments were held fixed, while the buccal assign-
ments were shuffled between animals. If an animal had more than one
strain in its buccal sample, those strains were reassigned together as a unit
in this shuffling. The congruency score for a set of animals was defined as
the sum total of the number of strains shared between blood and buccal
assignments for each animal. The simulations represent the distribution
of strain assignments in the absence of correlation between strains found
in buccal and blood samples from an animal. Thus, if the actual observed
strain classifications for a given set of animals had a significantly higher
congruency score than the score of the simulations, we can conclude that
the strain level classifications in blood sequences are a good reflection of
what is found to be transcriptionally active in the oral mucosa. Indeed, the
fraction of simulations that have a higher score than the actual observed
classifications can be taken as the P value of the hypothesis that strains
observed in buccal samples are correlated with the strains observed in
blood. Two such simulation experiments were performed, with one mil-
lion simulations each, one for the entire set of animals and one for the
subset of animals from locations other than Charmaguria and Dhamrai.
This subset was chosen to exclude the possibility of the perfect strain
congruence observed in Charmaguria and Dhamrai inflating the signifi-
cance of these results. The P values reported from these experiments are
multiplied by two for Bonferroni’s correction.
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Nucleotide sequence accession numbers. The sequences newly deter-
mined in this study have been deposited in GenBank under accession num-
bers KF684969 through KF685045 and KF685335 through KF685646.

RESULTS

The overall goal of the work described here is to determine
whether SFV proviral DNA sequences in blood of free-ranging
macaques are indicative of viruses producing RNA in buccal
swabs. In order to be sure that buccal swab sequences are from
transcribed RNA and not latent proviruses, we attempted to quan-
titate the SFV RNA levels in oral samples. In samples in which
RNA levels were detectable and quantitated, we could be sure that
oral sequences arose from RNA and not the much rarer proviral
DNAs. Although we could obtain clones from blood and buccal
swabs of 61 animals and we could obtain quantitative RNA levels
in only 43 animals, in many cases the animals in these two groups
did not completely overlap. Only 30 animals yielded both quanti-
tative RNA levels and paired buccal and blood sequences.

Comparison of SFV sequences of latent proviruses in PBMC
and transcriptionally active viruses in buccal swabs. In this
study, we have compared SFV gag sequences in blood and buccal
swabs obtained from the same animals. Buccal swab sequences are
primarily from SFV that are transcriptionally active and presum-
ably reflect replicating viruses that can be transmitted through
saliva. For each macaque from which we were able to obtain SFV
sequences from blood cells, we attempted to sequence the same
1,125-nucleotide portion of gag from buccal swab RNA. In order
to confirm that buccal sequences are from RNA, we measured the
level of SFV RNA in the oral mucosal tissues.

Paired blood and buccal partial gag clones from a total of 61
animals from five different regions were sequenced (Table 1).
However, buccal swab SFV RNA was only confirmed by gRT-PCR
for 30 of these macaques. Unfortunately, there was not enough
RNA to determine FV copy number for the remaining 31 samples.
It is likely that the SFV buccal swab-derived sequences are from
RNA in all cases because we treat the RNA preps with DNase
before amplification and cloning. However, since we cannot de-
finitively rule out amplification of latent proviral DNA from con-
taminating blood cells, we have limited our conclusions to the
results from the 30 animals with known SFV RNA levels in buccal
swabs. Using quantitative PCR and RT-PCR, we determined that
in these animals there are at least 5,000 copies of SFV RNA per 10*
cells compared to 8 copies of latent proviral DNA per 10* cells
(data not shown), so it is highly likely that buccal swab clones
obtained are from SFV RNA. For both blood and buccal samples,
we sequenced an average of 6 clones, with a range of 2 to 15 clones
per sample. The relatively small number of clones sequenced
per sample could preclude identification of all strains that were
present.

As previously reported (16), we found multiple strains of SFV
in macaque blood samples. For the most part, the SFV strains
cosegregated with the macaque populations and were named ac-
cording to the geographical region in which they were predomi-
nantly found. A detailed phylogenetic analysis of these strains is
reported in Feeroz et al. (16). The core strains, based on the gag
sequences, are representative of the viruses that tightly cluster in
each region and are named charmaguria (CM), dhamrai (DM),
bormil (BM1), bormi2 (BM2), and dokhola (DK). In this study,
at least one-third of the macaques were infected with more than
one strain, and two animals had evidence of infection with 4
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TABLE 1 Comparison of strains in PBMC and buccal swab samples from five sites

Simian Foamy Virus in Rhesus Macaques

Strain” (no. of clones) in:

Location and ID of SFV* macaques PBMCs Buccal swabs FV RNA
Charmaguria (n = 10) and Dhamrai (n = 18)
MBG54, 61, 67 CM (5, 6, 5) CM (3, 3, 4) Yes
MBG184, 186, 188, 226, 228, 232 DM (6, 6, 6, 8, 6, 4) DM (5,9,7,5,6,6) Yes
MBG6,175,177,180,182,183,185,187, 229-331, 233 DM DM No
MBG55, 57, 58, 59, 60, 65, 68 CM CM No
Bormi (n = 13)
MBG202, 208, 214 BMI (6, 6,7) BMI (6, 4, 3) Yes
MBG204, 205 BM2 (6, 7) BM2 (3, 4) Yes
MBG206 BM1 (8) BM1 (6), BM2 (1) Yes
MBG212 BM1 (5) DK (6) Yes
MBG234 BM1 (3), BM2 (2), NCS (1) BM2 (6) Yes
MBG237 BM2 (4) BM1 (5) Yes
MBG239 BM1 (4) BM1 (1), DK(1), BM2 (4) Yes
MBGS5 BM1 (4), BM2 (3) BM1 (2) Yes
MBG238 BM1 (2), DK (1), BM2 (1), NCS (2) BM1 Yes
MBG236 DM, DK DM, DK No
Narayanganj (n = 10)
MBG269 DM (6) DM (5), NCS (1) Yes
MBG270, 271 DM (6, 6) DM (6, 6) Yes
MBG109 DM NCS No
MBG189, 196, 197 DM DM No
MBG193 NCS DM No
MBG108 BM2, NCS DM No
MBG192 DM, NCS DM No
Dokhola (n = 10)
MBG164 DM (4), BM2 (1), NCS (1) DM (3) Yes
MBG241 DK (5), NCS (1) DK (6) Yes
MBG243 DK (1), DM (5) DK (3) Yes
MBG244 DK (4), BM2 (1), NCS (1) DK (2), DM (4) Yes
MBG246 DK (5), BM2 (1) DK (5), BM2 (1) Yes
MBG247 DK (5) DM (4) Yes
MBG157 DK DM, DK No
MBG159 DK, DM DM No
MBG240 DK DK No
MBG242 DM, DK DK No

“ Strain abbreviations: CM, charmaguria; DM, dhamrai; DK, dokhola; BM1 and BM2, bormil and bormi2, respectively; NCS, noncore strains.

strains (Table 1). Of the 30 macaques with confirmed SFV RNA,
17 (57%) had perfect strain congruence in clones derived from
buccal and blood samples. In 10 of the 30 macaques (33%), there
was some but not perfect congruence between strains observed in
buccal and blood samples (at least one strain in common). Only 3
animals (10%) had buccal and blood samples in which there was
no overlap in strains. Of the 31 animals for which we could not
confirm the presence of SFV buccal swab RNA, 24 had perfect
congruence between buccal and blood strains.

The degree of congruence between strains observed in blood
and buccal samples varied between sampling locations. In Char-
maguria and Dhamrai, each of which exhibits a distinct local
strain (Table 1), perfect strain congruence was observed in all
animals. In the remaining populations (Bormi, Narayanganj, and
Dokhola), a greater variety of viral strains and, in some cases,
recombinant viruses annotated as noncore strain (NCS) were ob-
served. There was less congruence between strains identified in
buccal and blood samples in Bormi, Narayanganj, and Dokhola
(Table 1).

December 2013 Volume 87 Number 24

Previously, we identified two viral strains from Bormi ma-
caques, referred to here and in our previous work (16) as bormil
(BM1) and bormi2 (BM2). Both viruses were also found in buccal
swabs (Table 1). Three macaques had only BM1 in both tissues,
and two had only BM2 in both tissues. None of the 12 Bormi
animals with quantifiable SFV RNA had both strains in both tis-
sues. The remaining animals had a combination of one or both
strains in the blood and buccal swab samples. Only two animals
had complete discordance between blood and buccal strains.

The DM viral strain was dominant in latent proviruses in
Narayanganj macaques (Table 1). BM2, DK, and NCS, some of
which were found to be recombinant with the core strains, were
also present. We have performed controls to rule out PCR-gener-
ated recombination as the source of these strains, indicating that
these recombinants arose naturally in macaques (16). We have
confirmed the presence of SFV RNA in 3 buccal swabs from
Narayanganj macaques. Two of these animals had congruent
blood and buccal swab sequences. These three animals all had DM
in both blood and buccal swabs, but one also had additional NCS
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viral sequences. The NCS sequence in the blood is different from
the NCS sequence in the buccal swab. It is worth noting that many
Narayanganj animals had an NCS (Table 1).

In Dokhola animals, the situation is complex (Table 1). No two
animals had the same blood/buccal viral strain profile, and perfect
congruence between blood and buccal SFV strains was observed in
only one animal. However, most animals did have the DK strain in
both blood and buccal samples. The DM strain was also often
observed in buccal samples.

Congruence in strain classification between buccal and blood
sequences was significantly greater than would be expected by
chance (P < 1 X 107°), as demonstrated through simulations in
which buccal strain assignments were shuffled among the animals.
These shuffled assignments were found to be significantly lower in
congruence than what was observed in the actual data. When
Dhamrai and Charmaguria animals were removed from this anal-
ysis, significance was maintained, indicating that the high level of
perfect strain congruence observed in Dhamrai and Charmaguria
animals was not the only driver of significance (P = 3 X 107°).

Conservation of the Gag Late domain in SFV strains. Each gag
sequence was translated. The portion of gag chosen for amplifica-
tion contains very few amino acids that are highly conserved in
SFV from different species (reviewed in reference 27). This allows
us to detect amino acid changes that might not interfere with viral
replication and thus maximizes our ability to detect strain varia-
tion. The only known functional motif in this sequenced region of
gagis PSAP. PSAP is the late domain, necessary for completion of
nucleocapsid assembly and interaction with envelope glycopro-
teins in tissue culture cells (28, 29). We examined the predicted
amino acid sequences from animals for which we had evidence of
buccal swab SFV RNA. In 27 of these 30 animals, PSAP was con-
served in all blood and buccal swab SFV clones. We saw PSAP
mutated in the buccal swab sequences of only 2 animals. One
animal had 1 of 6 clones with the sequence PGAP, and another
animal had 1 of 5 clones with the sequence PNAP. These changes
could be due to PCR-generated mutations. The third animal had 3
of 5 clones with the PSAP domain mutated to SSAP in the blood.
The overall conservation of the PSAP motif in transcriptionally
active virus is consistent with the importance of this domain in
viral transmission and replication.

Levels of proviral SFV DNA in blood samples and SFV RNA
in buccal swabs. We quantitated the level of proviral DNA in
PBMC from 6 of the rhesus macaques (2 from Bormi, 2 from
Dhamrai, 1 from Narayanganj, and 1 from Dhokola). The gPCR
used can detect as little as one copy of gag plasmid DNA (data not
shown). No PCR result was detected using uninfected Telo-RF cell
DNA. Thus, this assay is both sensitive and specific. There was a
wide spread in the cellular copy number, ranging from 7.6 X 10>
to 1.1 X 1072 copies per cell. Four of the animals had values
around 8 X 10™% with a median SFV proviral copy number of
8.3 X 10~ * copies per cell (data not shown). We looked for RNA in
blood samples. RT-PCR after DNase treatment failed to detect any
SFV RNA (data not shown). We next examined SFV RNA levels in
oral mucosal samples by quantitative RT-PCR (qRT-PCR). Our
qRT-PCR assay employs primers and a probe to a small conserved
region of gag and detects both genomic RNA and gag mRNA. The
lower limit of detection of FV RNA was found to be about 100
RNA copies of FV per 10 pl of extracted RNA.

The 18S rRNA levels were not uniform in the buccal swab
samples, although the same sampling protocol was used for each
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TABLE 2 Summary of SFV RNA copy number analyses from MBG
buccal swabs

No. of samples: Copy no.’

Below With

detection  copy
Location Tested  level® numbers  Mean Median
Bormi 23 3 20 1.85E+05  8.14E+04
Dharmai 9 3 6 2.30E+04  1.58E+04
Narayanganj 6 1 5 1.02E+05  8.32E+04
Charmaguria 10 5 5 321E+04 9.28E+03
Dokhola 10 3 7 3.68E+05 1.54E+05
Total 58 15 43 1.65E+05  6.64E+04

@ Samples with <100 FV RNA copies, the lower limit of detection.
b Buccal swab RNA samples were in 50 ul, and 10 vl was tested for FV copy number.

animal. Intrinsic differences in oral anatomy, recent food intake,
and hydration could influence the composition of the samples.
Alternatively, it is possible that in buccal swab-derived cells, SFV
replication can lead to increased cell death and thereby decrease
the level of 18S rRNA. Since there were large differences in 18S
rRNA levels between samples (4 orders of magnitude), we are
reporting the SFV RNA copy number per 10 pl of RNA extracted
rather than normalizing to 18S rRNA, which would have yielded a
copy number per cell equivalent. We report SFV RNA levels for
every buccal swab sample for which we have evidence for either
18S rRNA or SFV RNA (Table 2). We determined FV copy num-
ber for 58 animals. These included the 30 samples for which we
have PBMC and buccal swab sequence pairing as mentioned
above. It is worth noting that the remaining 28 samples for which
we determined FV copy numbers are different from the initial 61
animals for which we performed sequence comparison. Of the 58
samples, 23 were from Bormi and 35 from the other four sites. SFV
RNA was not detected in 3 samples from Bormi and 12 samples
from the other 4 sites, and these negative samples were not in-
cluded in determining the median FV RNA levels. At each site, the
SFV RNA levels varied greatly between individual animals (Fig. 1),
ranging from 7 X 10° to 1.7 X 10° per 10 ul of RNA extracted.
Such variation has been previously reported for laboratory ma-
caques (3).

We examined whether macaques in different locations in this
study had different SFV RNA levels. This is of interest because
each macaque population differs in associated viral strain(s) (Ta-
ble 1). When we looked at zoonotic infections in the different
regions under study, there was a trend toward more infected hu-
mans in Bormi (12). We wondered whether Bormi monkeys in
particular had higher levels of SFV RNA than monkeys in the
other areas. The median FV RNA level in buccal swabs from
Bormi macaques (8 X 10*) was similar to that of the non-Bormi
macaques (6 X 10*) (Fig. 1). There is a trend toward higher levels
of SFV RNA in Bormi macaques, but the difference is not signifi-
cant (P = 0.068).

We detected only one of the two bormi strains in buccal swabs
from 8 Bormi animals with quantifiable SFV RNA levels in buccal
swabs. Additionally, three monkeys had both BM1 and BM2 in the
buccal swab. Results of qRT-PCR showed no apparent difference
in buccal swab viral RNA levels between samples from monkeys
infected with either BM1 or BM2 or in the 3 animals with both
strains (data not shown). Therefore, we have no evidence for dif-
ferences in transcriptional activity between BM1 and BM2.
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FIG 1 SFV RNA copy numbers from buccal swabs grouped according to location. FV RNA was quantified as discussed in Materials and Methods. The median
values for Bormi and non-Bormi samples were calculated and are shown below the x axis. Samples with FV RNA below the level of detection are not shown.

We found 16 free-ranging macaques that were PCR positive for
proviruses in PBMC for which we could not detect FV RNA. Work
from others has shown that it takes months to detect RNA in the
oral mucosa after infection defined by antibody status and pres-
ence of DNA in blood (13, 14). Data from our study also show that
RNA levels increase with age (Wilcoxon P = 4.3 X 10~ *, compar-
ing adult copy number to nonadult copy number), with very little

or no SFV RNA detectable in animals less than 15 months of age
(Fig. 2). From one macaque, we had buccal swab samples from 2
time points that yielded quantitative RNA levels. For this animal,
we found 2.0 X 10° RNA copies at the first time point and 4.7 X
10° copies 3 years later. While the difference is not large, it is
consistent with an increased level of SFV RNA with age. Ten of the
15 provirus-positive, FV RNA-negative animals are older juve-
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FIG 2 RNA levels in buccal swabs in different age groups. Ages were estimated by dental eruption patterns. Older juveniles (16 months to 3 years old), subadults
(3 to 5 years old), and adults (older than 5 years). SFV RNA copy numbers are shown for 10 pl of extracted buccal swab RNA as described in Materials and

Methods.
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niles or subadults and may have been sampled within months of
initial infection. According to the FV infection model, we might
expect very low levels of replicating virus early after infection. This
leaves 4 adult females and 1 adult male that are PBMC SFV DNA
positive and buccal swab SFV RNA negative. We do not know why
this is the case.

APOBEC3-generated hypermutation. We examined the SFV
sequences in blood and buccal swabs to determine whether there
are changes that could be attributable to APOBEC3 enzymes. It is
known that different APOBEC proteins exhibit specific dinucle-
otide specificities (30). We took advantage of this by considering
whether the underlying probability of observing G-to-A mutation
in a context associated with known APOBECS3 activity is statisti-
cally higher than the probability of observing such mutations in
control contexts. A Bayesian method, as described in another
work (Matsen et al., submitted), was used to make estimates, with
uncertainty, of the ratio of the probability of a G-to-A mutation in
an APOBECS3 context of interest to that in a control context, here
called the relative probability ratio. From these estimates, we em-
ployed two metrics in the data analyses. The Q05 value represents
a lower limit on the relative probability ratio (with 95% confi-
dence). The maximum a posteriori (MAP) value represents the
most likely relative probability ratio given the data. Higher Q05
values correspond to stronger evidence of genuine hypermuta-
tion; sequences with Q05 values greater than 1.0 were considered
hypermutated. MAP values indicate the strength of hypermuta-
tion.

The hypermutation signal observed among buccal swab SFV
RNA sequences from the 30 macaques with quantifiable RNA lev-
els was generally low. In buccal swabs, only 5 of the 30 animals had
sequences that we identified as hypermutation positive, and all
were in a GG context. However, 3 of these animals exhibited only
marginal evidence of hypermutation (QO05 values near 1). One of
the remaining two animals had a sequence with a MAP value of
2.75, while the other animal had 4 positive sequences and MAP
values as high as 5.15. None of these buccal swab sequences had
stop codons when translated. In contrast, sequences obtained
from blood samples showed evidence of hypermutation in GA,
GG, GR (GG and GA), and GM (GA and GC) contexts. Ten of the
30 animals with buccal/blood sample pairings had blood se-
quences evaluated as hypermutated. The context in which se-
quences were most frequently found to be positive was GG. How-
ever, the strength of the hypermutation signal was highest in GA
and GM contexts. MAP values from positive sequences ranged
from 1.0 to 6.76, with a median value of 2.12 and a standard
deviation of 1.5. Stop codons were observed in several of the more
hypermutated blood sequences.

We examined whether animals with high levels of hypermuta-
tion in their latent proviral sequences have low levels of active
replication in the oral mucosa. This would be consistent with the
FV infection model wherein latent proviral sequences are repre-
sentative of what is replicating in the oral mucosa, and hypermu-
tated viruses are less likely to be replication competent. However,
our data do not support this prediction. Indeed, there is no inverse
correlation between hypermutation and levels of SFV RNA (Fig. 3).

Sequence similarity between latent proviruses and transcrip-
tionally active viruses. To better understand the relationship be-
tween latent proviruses in blood and transcriptionally active vi-
ruses in the buccal swabs, we performed phylogenetic analysis of
the SFV clones from animals infected with only a single SFV strain.
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In the 15 animals examined, we observed 3 patterns. In some, the
buccal and blood SFV clones clustered together. In others, there
was separation between buccal and blood clones. Finally, in some
animals there were intermediate patterns with some clones from
buccal and blood clustering together and others separately. In all
animals infected with CM (3 animals), we found interspersion of
blood and buccal sequences (Fig. 4A). At the other extreme, we
examined 7 macaques with DM, and 6 of them showed two clus-
ters, one from blood and one from buccal swab (Fig. 4B). Al-
though the blood and buccal sequences segregate into distinct
clades, the overall sequence identity was 98.5% between buccal
and blood viruses, so the branch lengths are very short. Of the 6
core strains studied, DM is the most diverse strain. Some animals
showed intermediate clustering patterns. An example is shown for
an animal with BM1 (Fig. 4C). Because deep sequencing was not
performed, it is not possible to know how each of these trees based
on about 10 clones reflects the complexity in the animal. For con-
trast, a phylogenetic tree was also constructed for an animal in
which a different strain was observed in each compartment (Fig.
4D). As expected, the branch lengths are longer.

We also analyzed the phylogenetics of individual strains in all
monkey blood and buccal samples from animals in which the
same virus was in blood and buccal samples. Figure 5 shows the
phylogenetic tree for bormil for all animals that had bormil in
both buccal and blood. We chose BM1 because the strain diversity
is representative of all strains except DM, which is the most di-
verse. For the most part, the BM1 sequences in each animal clus-
tered well, although in a few cases, they were a bit more diverse in
the two compartments. Overall, the data support the findings for
the individual animals, shown in Fig. 4A to C, indicating that
viruses in individual animals tend to cluster more than viruses in
blood samples or buccal swabs of different animals. A similar level
of intrastrain diversity was seen in blood and in buccal samples.
These data are consistent with the model that latent SFV in blood
is the progenitor of transcriptionally active SFV in oral tissue,
which in turn can lead to new proviral sequences in blood.

DISCUSSION

Simian foamy viruses (SFV) are often cytopathic when studied in
tissue culture cell lines such as fibroblasts and epithelium-derived
cells in which they are able to replicate. In rhesus macaques in vivo,
latent proviruses are found in most, if not all, tissues. Detectable
transcription has been documented only in the oral mucosa in
immunocompetent animals (2, 3), where the infected cells are
terminally differentiating epithelial cells (4). It is not known
whether SFV replication in vivo perturbs the cells in which it rep-
licates, and there is no tissue culture system for superficial oral
mucosal epithelial cells. However, since essentially all adult mem-
bers of free-ranging host populations are infected, SFV should be
considered part of the natural microbiome. It is not possible to
know whether there are consequences of SFV replication in the
normal host since there are not uninfected free-ranging adult an-
imals for comparison.

All published studies including sequence analysis of SFV in vivo
have been limited to latent proviral DNA in peripheral blood (5,
16, 31) or viral RNA in fecal samples (32, 33). The source of this
fecal RNA, indicative of viral replication, is not known. There are
no previous reports describing the sequences of transcriptionally
active SFV isolated from oral mucosal samples from free-ranging
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animals, and it is the virus replicating in this compartment that
will likely be transmitted to other animals and/or humans.

In this study, we report for the first time the sequences of tran-
scriptionally active SFV in free-ranging macaques. We first quan-
titated levels of SFV RNA in buccal swab samples obtained from
macaques in different areas of Bangladesh. We measured the total
SFV RNA copy number but did not measure the contribution of
different viral strains to the SFV RNA level. The variation in SFV
levels was very large, up to 4 orders of magnitude between ma-
caques. Although the same methodology was used to obtain the
buccal swab samples from each monkey, the contribution made
by cells and saliva to each sample could differ greatly. As discussed
in Results, SFV RNA levels were higher in adults than in subadults
and juveniles (Fig. 2). It is interesting that Bormi was the site with
the largest number of cases of zoonotic transmission of SFV (12).
However, we did not find a significant correlation with higher FV
RNA levels from buccal samples from Bormi monkeys. Ulti-
mately, to understand whether viral strains replicate to different
levels, isolation of individual strains and infection of tissue culture
cells will be required. During the current study, we were able to
isolate infectious virus from several of the buccal swab samples
that had been stored in tissue culture media. Thus far, we have
isolated the DM and BM2 viruses.

For our SFV genetic analyses, we have used a portion of the gag
gene that is highly divergent in SFV isolated from different non-
human primate species. Other groups examining SFV infection in
animals have studied a portion of the pol gene, encoding integrase,
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which is highly conserved (34). Analysis of this nonconserved gag
region has allowed us to identify a number of strains latent in
blood cells in rhesus macaques. In the current study, we have
compared SFV sequences obtained from buccal swabs and blood
samples from the same animal. In 90% of the animals, there was at
least some overlap in the strain classifications of blood and buccal
samples. In more than one-half of the cases (57%), there was com-
plete strain congruence between the two compartments. As we
have examined only about 6 viral clones per tissue sample, we have
a somewhat limited view of the relative contribution of viral
strains and variants to overall transcription. In the future, deep
sequencing could provide a more comprehensive view of the dif-
ferences between latent proviruses and viruses that are capable of
replication in permissive cells.

Here, we show that all the strains detected as latent proviruses
in blood cells are capable of transcription in the oral mucosal
tissues. RNA from the dhamrai (DM) strain is found in the buccal
swabs of monkeys from many locations. It is not clear whether this
is a result of human-assisted translocation of SFV-infected mon-
keys or the movement of animals and their viruses when forest
cover facilitated natural migration.

In our previous studies on latent proviruses, we found that
individual animals are frequently infected with more than one
strain (16). In some animals, particularly those from Dokhola, we
detected more than one transcriptionally active strain. Infection
by multiple strains could allow for recombination and the gener-
ation of new variants (16, 35). In the case of lentiviruses, recom-
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FIG 4 Phylogenetic trees of viruses from 4 animals, representing the different levels of diversity observed within animals. Triangles correspond to sequences from
buccal swab samples and circles to sequences from blood samples. Animals MBG61 (A), and MBG226 (B), and MBG214 (C) each had a single strain (charma-
guria, dhamrai, and bormil, respectively) in the two compartments. In animal MBG247 (D), dokhola is observed in blood samples and dhamrai in buccal swab

samples.

bination between nonpathogenic primate viruses led to the emer-
gence of strains that were more easily transmissible to humans
(36). We have previously shown that some SFV strains currently
infecting Bangladeshi macaques and humans are established re-
combinants, for example bormi2 (12, 16). In this study, we con-
firmed that these recombinant noncore strains are present in ma-
caque buccal swabs.

We analyzed changes in the conserved PSAP late domain in gag
genes cloned from individual macaques. We found latent provi-
ruses with mutations that lead to predicted amino acid changes in
the PSAP motif, such as SSAP. However, very few clones derived
from RNA in buccal swabs showed mutations in PSAP. This is
consistent with the requirement of the PSAP domain for viral
replication in vivo, as previously shown in tissue culture cells (28,
29; reviewed in reference 27).

Hosts have developed innate immunity to counteract viral in-
fections. Viruses in turn have evolved ways to counteract such
host factors. Although the host has enzymes designed to inactivate
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genomes of pathogens, instances in which genetic modifications
could benefit a virus could arise. One important group of enzymes
that can modify viral genomes is the APOBEC3 family of cytidine
deaminases.Using novel methods for detection of hypermutation
(Matsen et al., submitted), we have shown that APOBEC3 en-
zymes are active in vivo in macaque hosts. In HIV, APOBEC3G has
been shown to mutate G to A at GG dinucleotides in single-
stranded DNA (ssDNA) (37). HIV-1 encodes a protein (Vif) that
protects the virus from APOBEC3G hypermutation (18). SFV
have been shown in vitro to be susceptible to APOBEC3G muta-
tion (38, 39), but there was little published evidence of this in the
natural host prior to this study. It is unclear whether the SFV
accessory protein Bet can counter APOBEC3G activity (38, 40,
41), although evidence is increasing that Bet is important in
protecting FV from restriction by APOBEC (42, 43). Recently,
APOBECS3 proteins from rhesus macaque PBMC have been char-
acterized (19). In macaques, different APOBEC3 activities have
been shown to mutate G to A in GM (M being the degenerate
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TUPAC code for A or C). We have reported evidence of human
APOBEC3G hypermutation in Bangladeshi humans who were
zoonotically infected (Matsen et al., submitted). Since these par-
ticular mutation patterns are not observed in either buccal swab or
blood samples from rhesus macaque SFV with the same intensity
or frequency, it is most likely that the mutations arose after zoo-
notic infection of humans.

Overall, our work in natural monkey populations highlights
the diversity of SFV strains. Many factors can contribute to the
formation of viral strains. We found viral strains that cosegregate
with monkey populations localized to different geographic areas.
The genetic differences between strains could be the result of viral
recombination or reverse transcriptase errors and also of host fac-
tors such as the APOBEC enzymes. Details are given here and in
other publications from our group (12, 16; Matsen et al., submit-
ted). Any of these factors could lead to the emergence of SFV with
new biological properties, including pathogenic consequences for
the natural hosts or zoonotically infected humans. Thus far, for-
tunately, no pathology associated with SFV has been found, but
given the number of zoonotic cases and potential for genetic
change, this virus merits continued surveillance.
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