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Foamy virus evolution closely parallels that of the host species, indicating virus-host coadaptation. We
studied simian foamy viruses (SFVs) from common marmosets, spider monkeys, and squirrel monkeys, New
World monkey (NWM) species that share geographic ranges. The TRIM5« protein from each of these NWM
species inhibited the replication of at least one of the SFVs associated with the other two species but did not
affect the replication of its own SFV. Thus, TRIMSa has potentially shaped the evolution of SFVs in NWM
hosts. Conversely, SFVs may have influenced the evolution of TRIMS variants in New World primates.

The phylogeny of foamy viruses (FVs), or spumaretrovi-
ruses, generally mirrors that of the host species, suggesting
coadaptation of virus and host (18). Simian foamy viruses
(SFVs) have been isolated from different nonhuman primates
(NHPs) (8).

Mammals have evolved proteins, such as TRIM5a, that me-
diate innate immunity against retroviruses (16). TRIM5a pro-
teins vary in a species-specific manner that can influence the
potency of inhibition of infection by particular retroviruses (10,
15, 22, 23). Lineage-specific positive selection has operated on
TRIMS in Old World and New World primates (12, 14). The
existence of extant and endogenous retroviruses in Old World
primates implicates past retroviral infections in the selective
process (14). However, the infectious agents responsible for
the selection of TRIMS variants in New World monkeys
(NWMs) have not been identified. Here we examine the rela-
tionship between the SFVs and the TRIMSa proteins of
NWMs.

While culturing peripheral blood mononuclear cells (PBMCs)
from common marmosets (Callithrix jacchus), we detected re-
verse transcriptase (RT) activity in the supernatant, indicating
the presence of a retrovirus in these cell cultures. This retro-
virus replicated at a low level and was transmissible to other
common marmoset PBMCs and to canine Cf2Th cells. Infec-
tion of Cf2Th cells resulted in extensive cytopathic effects
(syncytia) and rapid demise of the cultures. In contrast, this
retrovirus did not induce many syncytia in marmoset PBMCs,
and virus production was sustained for several weeks. The RT
of the marmoset retrovirus exhibited higher activity in the
presence of Mn*" than in that of Mg?" (data not shown).

Electron microscopy of ultrathin sections of Cf2Th cells
infected with the common marmoset retrovirus revealed the
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presence of 100- to 110-nm viral particles with 10- to 15-nm
envelope spikes and a 55- to 60-nm capsid (Fig. 1A and B). In
addition to budding and extracellular particles, we observed
naked capsid-like structures in intracellular compartments
(Fig. 1C); these were not seen in uninfected control cells. The
observed virus ultrastructure was typical of that of FVs (3),
suggesting that this marmoset retrovirus could be a foamy
virus.

To clone the proviral DNA of the marmoset retrovirus and
confirm its identity as a FV, we designed primers that target
genomic regions that are well conserved in different SFVs (see
Fig. S1A in the supplemental material). Using these primers,
we amplified by PCR, cloned, and sequenced a few fragments
from the DNA of the infected common marmoset PBMCs.
Sequence analysis indicated that the proviral DNA belonged to
anew SFV and exhibited 60 to 70% identity with that of spider
monkey FV (SFVspm), the only sequenced NWM FV (20).
We used these partial sequences to design new primers to
amplify the full provirus of this common marmoset FV
(SFVmar). Three PCR fragments containing the long terminal
repeats (LTRs) and the 5’ and 3’ halves of SFVmar were
cloned and sequenced.

To study the evolutionary relationship of SFVmar to other
foamy viruses, we constructed a phylogenetic tree, using the
Gag, Pol, or Env amino acid sequences of different FVs. To
add to this phylogenetic tree, the provirus of SFVsqu (a FV of
the squirrel monkey, a NWM) (4) was amplified from infected
Cf2Th cells and sequenced. The phylogenetic tree for Gag is
shown in Fig. 1D. SFVmar was, as expected, most closely
related to other NWM FVs (SFVspm and SFVsqu). Progres-
sively more distant relatedness to the FVs of Old World pri-
mates and to the nonprimate FVs (feline foamy virus [FFV],
bovine foamy virus [BFV], and equine foamy virus [EFV]) was
observed. Thus, as expected (13, 18), FV phylogeny parallels
that of the host species. Similar results were obtained when the
Pol and Env sequences were analyzed (data not shown). Com-
parisons of nucleotide and amino acid sequence similarities
among FVs (see Table S1 in the supplemental material) indi-
cated that SFVmar is a new FV.

Our initial common marmoset PBMC culture was a pool of
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FIG. 1. Morphological and phylogenetic characterization of the common marmoset retrovirus. (A and B) Extracellular particles and particles
budding from the plasma membrane of Cf2Th cells infected with the common marmoset retrovirus are shown. (C) Naked capsids in an intracellular
compartment of the Cf2Th cells infected with the common marmoset retrovirus are shown. For panels A to C, thin-sectioned samples were
examined with a Tecnai G? Spirit BioTWIN transmission electron microscope. (D) Phylogenetic analysis of the Gag amino acid sequences from
the indicated FVs was conducted with MEGA version 4 software (19). The phylogenetic tree was built using the unweighted pair group method
(UPGMA) with 1,000 bootstrap repetitions. The percentage of the replicate trees in which the associated taxa clustered together in the bootstrap
test is shown next to each branch. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to
infer the phylogenetic tree. The evolutionary distances are represented in units of amino acid substitutions per site. PFV, prototype primate foamy
virus; SFVcepz, simian foamy virus of chimpanzees; SFVora, simian foamy virus of orangutans; SFVmac, simian foamy virus of rhesus macaques.

PBMC:s from different common marmosets. To investigate the
frequency of SFVmar infection, the PBMCs of five common
marmosets were individually cultured. We detected RT activity
only in the supernatant of PBMCs cultured from marmoset
number 2 (Fig. 2A). Genomic DNA from the cultured PBMCs
of marmoset number 2 was analyzed by PCR, using primers
that specifically target the SFVmar pol gene (see Fig. S1C in
the supplemental material). We detected a specific band of
about 2.3 kb (the expected size of the PCR product) in the
DNA derived from the PBMCs of monkey number 2 as well as
from our initial pool of PBMCs (Fig. 2B). A specific 2.3-kb
band was also amplified from the buccal swab DNAs of mar-
moset number 2 and marmoset number 4 (Fig. 2C). Appar-
ently, marmoset number 2, and perhaps marmoset number 4,
are infected with SFVmar.

To analyze the immunoreactivity of the plasma from these
common marmosets with SFVmar proteins, we metabolically
radiolabeled virus-infected cells with [**S]methionine and
[*°S]cysteine. Cell lysates and the detergent-lysed virion pro-

teins were precipitated with plasma from each of the five mar-
mosets studied. Plasma from monkeys number 2 and number 4
precipitated several proteins with molecular weights expected
for SFVmar products; these proteins were not precipitated
from uninfected cells (Fig. 2D). Thus, at least two of the five
monkeys tested were seropositive for antibodies directed
against SFVmar proteins.

The TRIMSa proteins of two NWMs (tamarins and marmo-
sets) can inhibit infection by FVs of Old World primates (21).
We asked whether TRIMSa proteins from different species,
especially from NWMs, were able to restrict SFVs from
NWMs. Equivalent amounts of SFVmar, SFVsqu, and
SFVspm were incubated with Cf2Th cells expressing TRIMSa
proteins from different species. Figure 3 shows the amount of
virus produced from these cells 3 or 4 days after incubation
with the virus, relative to that produced from control cells
containing the empty control vector. We observed that in cells
expressing the TRIMSa protein (SpmTRIMSa) from the spi-
der monkey, a NWM, the level of SFVmar replication was only
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FIG. 2. Detection of SFVmar in different common marmosets. (A) RT activity in the culture supernatant is shown as a function of time after
isolation and activation (in 1 pg/ml phytohemagglutinin [PHA-P] for 3 days) of the PBMCs from five common marmosets (number 1 to number
5). (B) The SFVmar Pol region was PCR amplified from DNA isolated from PBMCs prepared from the original pool of blood from eight common
marmosets (pool) and from the blood of five individual common marmosets in the original pool (numbers 1 to 5). The PCR primers used for the
amplification are SFVmar3440-F and SFVmar5754-R (see Fig. S1C in the supplemental material). The arrow indicates the expected authentic PCR
product. (C) Buccal swabs from the five individual marmosets (number 1 to number 5) were used to prepare DNA, which was PCR amplified with
the same primers as described for panel B. As a control, DNA isolated from the pooled PBMCs from eight common marmosets (pool) was used.
M, 1-kb DNA ladder (New England Biolabs). (D) Cf2Th cells infected with SFVmar were radiolabeled with [**S]methionine-[**S]cysteine for 16 h.
Radiolabeled SFVmar proteins from cell lysates and medium were immunoprecipitated with plasma from marmosets number 1 to number 5. The
molecular weight markers are shown on the left of each gel, and the calculated molecular mass of each specific band (in kilodaltons) is shown on

the right of the gels. —, uninfected cells; +, infected cells.

16% of that in the control cells (Fig. 3A). SFVmar infection
was not apparently inhibited by TRIMSa from common mar-
mosets, tamarins, and squirrel monkeys, other NWMs. African
green monkey (AGMpyg and AGMtan) TRIMSa proteins, but
not that of the rhesus monkey, another Old World monkey
(OWM), modestly inhibited SFVmar replication.

The replication of SFVsqu was greatly diminished by spider
monkey TRIMSa (12% of that of the control) (Fig. 3B).
SFVsqu replication was also inhibited by marmoset TRIMSa
(12% of that of the control) and human TRIMS5a (23% of that
of the control).

The inhibition of SFVspm replication by TRIMS5a proteins
was not as strong as that seen for SFVmar and SFVsqu; how-
ever, we observed a reduction in SFVspm replication in cells
expressing squirrel monkey TRIMSa (36% of that of the con-
trol) and modest reductions in cells expressing AGM and mar-
moset TRIMS5a proteins (Fig. 3C). Our results indicate that
the replication of particular SFVs indigenous to the New
World is inhibited by specific TRIMSa proteins from NWMs.

Until now the only foamy virus cloned from a NWM was
SFVspm (20); however, the presence of FVs in other NWMs,
such as common marmosets, capuchins, and squirrel monkeys,
has been described (3, 4, 7). Here we describe the cloning and
characterization of a FV from common marmosets (SFVmar).
This new FV is, as expected, phylogenetically closer to the
SFVs of spider and squirrel monkeys (two NWM species) than
to other characterized FVs from Old World primates. Al-
though our sample is small, the observed incidence of infec-
tion/seropositivity suggests that exposure to SFV is frequent in
common marmosets, at least in captivity.

Here we show that the replication of SFVs indigenous to the
New World is inhibited by NWM TRIMS5a variants. The ob-
served patterns of New World SFV sensitivity and resistance to
NWM TRIMS5a proteins provide insights into the coevolution
of FVs and their primate hosts. Although cross-species trans-
mission of FVs does occur, phylogenetic studies have revealed
ancient cospeciation of simian FVs and their hosts (13, 18).
Thus, in the majority of cases, FVs adapt to one or a small
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FIG. 3. Restriction of NWM SFV infection by TRIMS5a and TRIMCyp proteins. Cf2Th cells stably expressing TRIMCyp from owl monkeys
or comparable levels of TRIM5a proteins from different primate species or transduced with the empty control vector were infected with SFVmar
(A), SFVsqu (B), or SFVspm (C). Cell supernatants were collected 3 or 4 days later and analyzed for RT activity. Values represent the RT level
of each virus at 3 to 4 days postinfection relative to that seen in the cells containing the empty vector. Values are the means derived from 5 to 11
different experiments, each performed in duplicate. Error bars represent the standard deviation. Significant reductions in virus replication,
determined by using the Bonferroni ¢ test (2) and indicated by a P value of 0.0056, are marked by asterisks. CJTRIMSa (Callithrix jacchus TRIMS5a)
cDNA was prepared using the following primers: CjTrim-F, 5'-GGGAATTCATGGCTTCCAGAATCCTGGT-3', and CjTrim-R, 5'-GGAGCG
GCCGCATCAAGAGCTTGGTGA-3'. In the process of producing the cDNA, an N-terminal hemagglutinin (HA) epitope tag was added to the
encoded CjTRIMS5a protein to facilitate detection. Hu, human; Rh, rhesus monkey; AGMpyg, African green monkey (Chlorocebus pygerythrus);
AGMtan, African green monkey (Chlorocebus tantalus); Spm, spider monkey; Cj, Callithrix jacchus (common marmoset); Squ, squirrel monkey;

Tam, tamarin.

number of host species. Although spider monkeys, squirrel
monkeys, and common marmosets retain TRIMSa proteins
that are able to restrict some New World SFVs, these TRIMSa
proteins exhibited no antiviral activity against the SFVs indig-
enous to the species (Fig. 4A). In successfully adapting to a
new host species, each SFV has apparently evolved to mini-
mize the detrimental impact of the particular TRIMSa protein
encountered. Such escape from TRIMSa restriction may in-
volve changes in the capsid, the binding target for TRIM5a (5,
6,9, 11, 17).

Spider monkey
TRIM50.

G r-~

SFVspm

SFVsqu SFVmar I
/
. TRIMS50.

Common marmoset

Throughout primate evolution, the capsid-interacting
B30.2(SPRY) domain of TRIMSa has been subjected to strong
positive selection (12, 14). Even after the separation of NWMs
from Old World primates, NWM TRIMS5a proteins continued
to diversify. A striking example is the length expansion of the
B30.2(SPRY) V3 variable loop in the NWM TRIM5a proteins
(14). Of note, a sequence triplication that occurred in the
spider monkey lineage created a TRIMSa protein with the
longest known V3 loop (96 residues); this feature may contrib-
ute to the strong level of restriction of SFVmar and SFVsqu by

FIG. 4. TRIMSa restriction patterns and habitats of New World monkeys. (A) The ability of the TRIMSa proteins from three NWMs to inhibit
infection with SFVs from these monkey species is depicted by red lines; a weaker level of restriction is depicted by a broken line. The figure is based
upon the data shown in Fig. 3. Note that none of the TRIM5a proteins from these monkeys inhibits the replication of the SFV indigenous to the
species. (B) The ranges of the three NWMs shown in panel A are shaded as follows: orange, spider monkeys; gray, squirrel monkeys; and yellow,

marmosets. Note the large areas of overlap of these ranges.
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spider monkey TRIMSa. If past or current retroviral infections
drove TRIMS5 evolution in NWMs, the possible identity of the
retroviruses has been unclear. Although the TRIMSa proteins
of some NWM species can restrict infections with different
retroviruses, like simian immunodeficiency virus (SIV),
N-tropic murine leukemia virus (N-MLV), Mason-Pfizer mon-
key virus (MPMYV), and Old World primate FVs (1, 15, 21),
NWMs are not known to be exposed to these viruses. Our
results hint that FVs may have influenced TRIMS5a diversifi-
cation in NWM species. Marmosets, squirrel monkeys, and
spider monkeys occupy overlapping geographic ranges in
South America (Fig. 4B), making likely the possibility that
exposure to the SFVs of these other species occurred at some
point in time. Any detrimental effects of heterologous SFV
infection could have selected for more potently restricting
TRIMS5a variants.

Nucleotide sequence accession numbers. The complete se-
quences of SFVmar and SFVsqu have been deposited in
GenBank under accession numbers GU356395 and GU356394,
respectively.
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