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Primate lentiviruses have narrow host ranges, due in part to their sensitivities to mammalian intracellular
antiviral factors such as APOBEC3G and TRIMS5a. Despite the protection provided by this innate immune
system, retroviruses are able to transfer between species where they can cause disease. This is true for sooty
mangabey simian immunodeficiency virus, which has transferred to humans as HIV-2 and to rhesus macaques
as SIVmac, where it causes AIDS. Here we examine the sensitivities of the closely related HIV-2 and SIVmac
to restriction by TRIMSa. We show that rhesus TRIMSa can restrict HIV-2 but not the closely related SIVmac.
SIVmac has not completely escaped TRIM5«, as shown by its sensitivity to distantly related TRIMS5a from the
New World squirrel monkey. Squirrel monkey TRIMS5« blocks SIVmac infection after DNA synthesis and is not
saturable with restriction-sensitive virus-like particles. We map the determinant for TRIM5« sensitivity to the
structure in the capsid protein that recruits CypA into HIV-1 virions. We also make an SIV, mutated at this

site, which bypasses restriction in all cells tested.

Retroviruses are not strictly species specific and are able to
jump, or zoonose, from one species to another. The recent
transfers of HIV-1 and HIV-2 into the human population and
the resultant AIDS pandemic underline the threat to human
health posed by such retroviral zoonotic transfers. It is there-
fore of interest to consider the molecular mechanisms of the
species barriers that protect against zoonotic retroviral infec-
tion and to identify the antiviral factors involved. Recently, two
classes of antiretroviral factors have been described as an in-
trinsic immune system (3). The first comprises members of the
Cem15/APOBEC3G family of deaminase enzymes (29). They
are packaged into sensitive virions and catalyze the deamina-
tion of the viral DNA, leading to degradation, mutation, and
loss of infectivity (18). This has led primate lentiviruses to
evolve vif, which recruits APOBEC3G to the proteasome in an
infected cell (10, 20, 30). A second distinct class of inhibitory
activities is exemplified by the TRIMS alleles of humans (Ref1)
and monkeys (Lvl) (2, 7, 11, 13, 16, 21, 24, 32, 34, 38).
TRIMSa blocks infection early after viral entry, before the
establishment of a provirus. Several TRIMS alleles, notably
those from human and Agm, are able to block infection by
both lentiviruses and gamma retroviruses. Rhesus macaque
Lv1l/TRIMSa and APOBEC3G both contribute to the inability
of HIV-1 to infect and cause disease in rhesus macaques, the
most valuable primate model for AIDS. Other antiviral activ-
ities such as ZAP (8) and Lv2 (28) suggest that innate or
intrinsic antiviral immune systems will be complex and diverse.

TRIMS is member of the tripartite motif-containing family
of proteins (25). The tripartite motif comprises a RING do-
main, encoding two atypical zinc fingers, one or two B-box
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domains, and a coiled-coil domain. The B-box and coiled-coil
domains mediate protein-protein interactions between TRIM
family members (25). Some TRIM proteins, including
TRIMS5a, additionally contain a B30.2 or SPRY domain. While
the longest splice variant, TRIMS5a, restricts retroviral infec-
tion, the shorter TRIMS5y acts as a dominant negative when
overexpressed and restores restricted infectivity (32). The
SPRY domain encodes antiviral specificity (26, 33, 39), and the
TRIMS59 RING domain has been shown to act as an E3 ligase
for autoubiquitination in vitro (37), suggesting that ubiquitina-
tion of incoming viral capsid might underlie the antiviral pro-
cess.

Here we characterize the differential restriction of two
closely related retroviruses, HIV-2 and SIVmac, by TRIMS«
alleles from Old World rhesus macaques and New World
squirrel monkeys. Both of these viruses are products of zoo-
nosis from sooty mangabeys. We show that squirrel monkey
TRIMSa is uniquely active after viral DNA synthesis and is
unsaturable with sensitive virus-like particles. We define the
viral TRIMSa-sensitive motif in the capsid protein, in the loop
equivalent to the HIV-1 cyclophilin A binding loop.

MATERIALS AND METHODS

Abbreviations. SIV, simian immunodeficiency virus; SIVmac, SIV from ma-
caques; HIV-1, human immunodeficiency virus type 1; VLP, virus-like particles;
siRNA, small interfering RNA; CA, capsid; CypA, cyclophilin A; FACS, fluo-
rescence-activated cell sorting; GFP, green fluorescent protein; RFP, red fluo-
rescent protein; ELISA, enzyme-linked immunosorbent assay; RT, reverse tran-
scriptase; VSV-G, vesicular stomatitis virus glycoprotein; Agm, African green
monkey; MLV, murine leukemia virus.

Cell lines, viral vectors, infection assays, and quantitative PCR. Cell lines
TE671, 293T, FRhk4, CRFK, and pindak have been described previously (11,
16). VSV-G-pseudotyped SIVmac vectors (22) were prepared by FuGENE-6
transfection of 293T cells as described previously (2). HIV-2 vectors were pro-
duced as described above by use of the HIV-2 RODA gag-pol expression vector
pSVRONB (9) and an HIV-2 vector encoding GFP derived from
pSVRINBPurodH (9) by replacing the SV40 puro element with a cytomegalo-
virus immediate early promoter driving GFP expression from plasmid pCNCG
(2) at the Sall site. Infection assays were performed in six-well plates containing
10° cells per well. Infected cells expressing GFP were enumerated by fluores-
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FIG. 1. Titration of HIV-2 and SIVmac-GFP onto cells from cat,
rhesus macaque, squirrel monkey, and human. Threefold serial dilu-
tions of HIV-2 GFP (@) and SIVmac GFP (A) were titrated onto cells,
and GFP expression was measured 48 h later. Virus doses were mea-
sured by reverse transcriptase ELISA. Results are representative of
three repetitions.

cence-activated cell sorting (Becton Dickinson) 48 h after infection. Viral reverse
transcriptase activity was measured by reverse transcriptase ELISA (Cavidi Tech,
Uppsala, Sweden). TagMan quantitative PCR to measure viral DNA synthesis
was performed as previously described using primers/probe specific to GFP as
described previously (2).

Expression of TRIM5a in CRFK cells. mRNA was purified from rhesus
macaque FRhK4 cells and squirrel monkey pindak cells by using TRIzol reagent
(Invitrogen), and cDNA was synthesized by using SuperScript (Invitrogen). The
cDNA was used as a template for PCR using primers fwd 5'-CAGACGAATT
CCACCATGGCTTCTGGAATCCTG-3" and rev 5'-GGACGTTCGAAATAG
AAAGAAGGGAGACAGC-3'; EcoRI and Csp451 sites are underlined.
TRIMSa PCR products were cloned into the MLV expression vector CXCR, a
derivative of CNCG, between the EcoRI and the Csp45I sites such that it was
expressed under the control of the MLV long terminal repeat in infected cells
(16). This virus also encodes RFP (Clontech), also expressed in infected cells.
TRIMSa- and RFP-encoding vectors were prepared by 293T transfection using
NB-tropic Moloney MLV core and a VSV-G envelope as described previously
(16). CRFK cells were transduced with vector encoding TRIMS5« and RFP.
Single cell clones were isolated by limiting dilution and positive clones identified
by red fluorescence microscopy. Positive clones were infected with GFP-encod-
ing virus and, 48 h after that, assayed for green fluorescence by FACS as
previously described (16). Rhesus TRIMS5a sequence was verified by DNA se-
quencing. Squirrel monkey TRIMS5a was determined by sequencing three inde-
pendent clones. DNA analysis was performed with DNACowboy (Blue Tractor
Software, Malltracth, Wales, United Kingdom).

Disruption of TRIM5« expression with siRNA. Disruption of squirrel monkey
TRIMS5a expression by siRNA was performed by transfecting cells with siRNA
oligonucleotides (QIAGEN) using Oligofectamine (Invitrogen) as described
previously (16). The siRNA oligonucleotide sequence to squirrel monkey was
GUUGGAAGCUGACGUCAGA. siRNA to rhesus and human TRIMS5 was
delivered using a lentiviral vector based on pHR'SINcPPT-SGW (1), referred to
here as CSGW. CSGW was modified for siRNA expression as follows. The
human U6 promoter was amplified by PCR from the human cell line HBL-6 by
using primers forward 5'-GGGGCTGCAGAAGGTCGGGCAGGAAGAGGG
CCTATTTCCC-3' and reverse 5'-TATCGTATGCATGCATGCAAAAAATC
TAGAGAAGCGTCGACGGTGTTTCGTCCTTTCCACAAG-3'. It was cloned
into self-ligated pGEM-T-Easy (Promega) by use of PstI and Nsil sites. Synthetic
oligonucleotides 5'-TCGAATTCAGGATCCTGAGCTCGTGCA-3' and 5'-CG
AGCTCAGGATCCTGAATTCGATGCA-3" were then annealed and inserted
into the Nil site. The resulting plasmid was named pGEM-U6-LINKER. Syn-
thetic oligonucleotides 5'-CTTAGGGAGGTCAGGTTGAGTCTTCGGGCTC
AACTTGACCTCCCTGAGCTTTTT-3" and 5'-CTAGAAAAAGCTCAGGGA
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GGTCAAGTTGAGCCCGAAGACTCAACCTGACCTCCCTAAG-3', designed
according to the siRNA sequence described by Stremlau et al. (32), were annealed
and ligated to Sall-digested, mung bean nuclease blunt-ended, Xbal-digested
pGEM-UG-LINKER. The resulting plasmid contains an U6-shRNA siRNA cas-
sette, which was cloned into CSGW by use of EcoRI. This vector was packaged into
VSV-G-pseudotyped HIV-1 virus by transfection of 293T cells as described above.

Forty-eight h after siRNA transfection or infection with siRNA-encoding
vector, cells were infected with GFP-encoding retroviral vectors. Green-fluoresc-
ing, infected cells were enumerated by FACS (Becton Dickinson) 48 h after this.

Mutagenesis. Mutants of SIVmac packaging plasmid pSIV3+, G87A and
QQ89-90LPA, were made by using the QuikChange protocol (Stratagene). Oli-
gonucleotide sequences are available on request. SIV3+ containing HIV-2 res-
idues CA77 to -107 was made by PCR using HIV-2 packaging plasmid pPSVRINB
as a template and oligonucleotides fwd CAATGAGGAAGCTGCAGAATGG-
GATG and rev CTACTGTACTAGTTGTCCCTGCTATG containing the un-
derlined PstI and Spel sites. This fragment, cut Pstl and Spel, was used to
replace the corresponding fragment in pSIV3+. This mutagenesis effectively
alters SIVmac residues 78 to 98 into residue 77, and 99 to 107 are conserved (see
Fig. 5). All constructs were sequenced. Sequences were analyzed and primers
designed using DNACowboy (Blue Tractor Software, Malltraeth, Wales, United
Kingdom).

Nucleotide sequence accession number. Squirrel monkey TRIM5a has been
assigned GenBank accession number AY928202.

RESULTS

Human, rhesus macaque, and squirrel monkey cell lines are
differentially permissive to HIV-2 and SIVmac infection. We
sought cell lines that had different permissivities to the closely
related primate lentiviruses HIV-2 and SIVmac. We titrated
HIV-2 GFP and SIVmac GFP onto human (TE671), cat
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FIG. 2. TRIMS5-specific siRNA rescues infectivity of restricted vi-
rus in rhesus, squirrel monkey, and human cells. Rhesus macaque
FRhK4 cells, squirrel monkey pindak cells, or human TE671 cells were
left untreated (striped bars) or were mock treated (open bars) or
treated with siRNA to TRIMS (solid bars). Forty-eight h later, cells
were infected with equal doses (determined by RT ELISA) of HIV-2
GFP or SIVmac GFP as shown. Doses were chosen such that the
percentages of infected cells were between 0.5 and 2%. Errors are
standard errors of the mean of two independent infections by two
independent virus preparations. Viral titers, in infectious units per
nanogram of reverse transcriptase (Titer i.u./ng RT), were measured
by ELISA.
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(CRFK), rhesus macaque (FRhK4), and squirrel monkey (pin-
dak) cells. Viral doses were equalized by assaying reverse tran-
scriptase activity. While the titers of HIV-2 GFP and SIVmac
GFP are similar on cat cells, the titer of HIV-2 GFP on rhesus
cells and the titer of SIVmac GFP on squirrel monkey cells are
restricted by around 1 order of magnitude (Fig. 1). In addition,
the HIV-2 GFP titer is slightly reduced on human cells com-
pared to SIVmac GFP titer.

TRIMS-specific siRNA rescues infectivity of restricted virus
in rhesus and squirrel monkey cells. To examine the role of
TRIMS5a in the species-specific infectivities of HIV-2 and SIV-
mac on rhesus macaque and squirrel monkey cells, we used
siRNA. Reducing TRIMS5a expression restores the infectivity
of restricted HIV-2 GFP in rhesus cells but does not affect the
titer of unrestricted SIVmac GFP. Furthermore, the introduc-
tion of TRIMS5a siRNA into squirrel monkey cells significantly
restores the infectivity of restricted SIVmac GFP and slightly
increases the infectivity of HIV-2 GFP. These data indicate
that the restriction factor TRIMSa is essential for the reduced
infectivity of HIV-2 GFP in cells from rhesus macaque and for
the reduced infectivity of SIVmac GFP in squirrel monkey
cells. The weak restriction of HIV-2 in human cells is also
partially abrogated by a reduction of TRIMS expression.

Expression of human, rhesus, or squirrel monkey TRIM5«
in permissive feline cells renders them nonpermissive for re-
stricted retrovirus. To confirm the role of TRIM5a« in restric-
tion of HIV-2 and SIVmac GFP, we cloned the rhesus ma-
caque and squirrel monkey TRIMS5a genes from rhesus
FRhK4 cells and squirrel monkey pindak cells by using PCR
(see Fig. 3A). The TRIMSa sequence from rhesus FRhK4 cells
is identical to the previously described rhesus TRIMS5a se-
quence obtained from rhesus primary cells. The squirrel mon-
key sequence is closely related to that of rhesus TRIMSa but
has significant differences in the C-terminal SPRY domain (see
Fig. 3A) (32). We note that the region of squirrel monkey
TRIMS5a homologous to that containing residue R332 in hu-
man T5a, recently shown to control the inverse restriction of
HIV-1 by human and rhesus TRIMS5as (39), is absent in the
squirrel monkey sequence. There is also an insertion of nine
residues in the squirrel monkey SPRY domain. The fact that
the SPRY domain largely controls human, rhesus, and Agm
TRIMSa antiviral specificity suggests that these differences are
likely to be important to the antiviral specificity of squirrel
monkey TRIM5« (31, 39).

We derived feline CRFK cell lines stably expressing rhesus
and squirrel monkey TRIMSa as described previously (16).
CRFK cells expressing human TRIMSa have been described
previously (16). We titrated HIV-2 GFP and SIVmac GFP on
unmodified and TRIM5a-expressing CRFK cells (see Fig. 3B).
Unmodified cells are equally permissive to both viruses,
whereas expression of human TRIMSa renders them able to
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weakly restrict SIVmac and more strongly restrict HIV-2. The
expression of rhesus TRIMSa reduces the titer of HIV-2 GFP
by around 100-fold and that of SIVmac GFP by around five-
fold. The expression of squirrel monkey TRIMSa reduces the
titer of SIVmac GFP by around 100-fold but has no effect on
the titer of HIV-2 GFP. These observations are consistent with
the notion that the human, rhesus macaque, and squirrel mon-
key TRIMSa alleles are responsible for the differences in
HIV-2 and SIVmac titers on cell lines derived from these
species. The stronger restriction of HIV-2 compared to endog-
enous TRIMSa expression in human cells (compare Fig. 1 and
2 to Fig. 3) and the additional restriction of STVmac by human
TRIMS5a is likely to be due to TRIMS overexpression. Over-
expression of restriction factors has previously been described
as leading to restriction of previously insensitive virus (4, 16).

Restriction by squirrel monkey TRIMS is after DNA syn-
thesis and is not saturable with sensitive virus-like particles.
All examples of TRIMS5-mediated innate immunity to retrovi-
ral infection so far described are mediated early after viral
entry, before significant reverse transcription has occurred (2,
7,11, 13, 16, 21, 24, 32, 34, 38). In order to test whether this is
the case for the restriction of HIV-2 by rhesus TRIMS5a and
for that of SIVmac by squirrel monkey TRIM5a, we measured
the amount of viral DNA 6 hours after infection by equivalent
doses of HIV-2 and SIVmac GFP by using quantitative Taq-
Man PCR. CRFK cells were equivalently infected by equal
doses of HIV-2 and SIVmac (Fig. 1), but SIVmac DNA syn-
thesis was slightly higher (Fig. 4A). HIV-2 DNA synthesis was
reduced by 100-fold in rhesus monkey cells in comparison to
that of SIVmac. The differences in DNA synthesis between
HIV-2 and SIVmac correlate with the differences in the ob-
served titers (Fig. 1). Surprisingly, levels of DNA synthesis by
HIV-2 and SIVmac are very close 6 h after the infection of
squirrel monkey cells (Fig. 4A). We therefore performed a
time course experiment, measuring viral DNA at fixed points
after the infection of rhesus macaque (Fig. 4B) and squirrel
monkey (Fig. 4C) cells by HIV-2 GFP and SIVmac GFP.
These data show that the amount of unrestricted SIVmac
DNA is always higher than that of restricted HIV-2 DNA in
rhesus cells at each time point, indicating that the block to
HIV-2 infection is at or before DNA synthesis. Conversely,
after the infection of squirrel monkey cells, both restricted
SIVmac and unrestricted HIV-2 GFP synthesize similar
amounts of DNA, with a single exception at the earliest time
point at 1 hour, at which the restricted SITVmac makes more
DNA than the unrestricted virus, HIV-2. These data indicate
that squirrel monkey TRIMSa blocks SIVmac infectivity with-
out significantly affecting DNA synthesis. We then tested
whether the later block to infection mediated by squirrel mon-
key TRIMSa was conserved in feline CRFK cells expressing
squirrel monkey TRIMSa. We compared DNA synthesis by

FIG. 3. Expression of rhesus, squirrel monkey, or human TRIMSa in permissive feline cells renders them nonpermissive for restricted
retrovirus. (A) Human (Hu), rhesus (Rh), and squirrel monkey (SM) TRIM5a sequences are aligned. (B) Cat cells were left untransduced as a
control or were transduced with retroviral vector encoding rhesus macaque TRIMS5a, squirrel monkey TRIMS«, or human TRIMSa, and
TRIMSa-positive clones were isolated by limiting dilution. Serial dilutions of HIV-2 GFP (@) or SIVmac GFP (A) were then titrated onto the
TRIMS5a-positive cells and the percent infected cells determined by FACS. Viral doses were measured by RT ELISA. Results are representative

of three repetitions.
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FIG. 4. Restriction by squirrel monkey TRIMS5« is after DNA syn-
thesis and is not saturable with restriction-sensitive virus-like particles.
(A) Cells from species indicated, i.e., cat CRFK, rhesus FRhK4, squir-
rel (Sq.) monkey pindak, or cat CRFK expressing squirrel monkey
TRIMSa (CRFK PDKTS), were infected with equal doses of SIVmac
GFP (open bars) and HIV-2 (solid bars) determined by RT ELISA. Six
h postinfection, total DNA was purified and 100 ng subjected to quan-
titative PCR for the GFP target. This experiment was repeated as
described above, except that infections were performed on (B) rhesus
macaque FRhK4 cells or (C) squirrel monkey pindak cells, and DNA
was purified from parallel samples at the time points indicated. Errors
are standard errors of the mean of two independent infections per-
formed in parallel, and data are representative of two repetitions using
independent virus preparations. (D) A fixed dose of HIV-2 GFP (filled
symbols) or SIVmac GFP (open symbols) was used to infect rhesus
macaque FRhK4 cells in the presence or absence of a serial dilution of
HIV-1 VLP. SIVmac GFP was used to infect squirrel monkey pindak
cells in the presence or absence of a serial dilution of SIVmac VLP.
The n-fold increase in viral titer in the presence of the VLP is plotted
as a function of VLP dose as measured by RT ELISA. The fixed doses
of GFP-encoding viruses were chosen to infect between 0.5 and 2% of
the target cells.
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HIV-2 GFP and that by SIVmac GFP 6 h after infection. The
result indicates that the timing of squirrel monkey TRIMSa
restriction is conserved when the TRIMSa is exogenously ex-
pressed in feline cells (Fig. 4A).

All TRIMS-mediated restrictions of retroviral infection
found thus far have been shown to be saturable by exposure of
cells to restriction-sensitive VLP (2, 7, 21, 35). We imagine that
the VLP enter the cells, titrate the available TRIMS, and
render the cells permissive to restricted virus. Saturation of
TRIMS5a in rhesus FRhK4 cells with HIV-1 VLP increases the
titer of restricted HIV-2 GFP by more than 20 times (Fig. 4D).
Unrestricted SIVmac titer remains unaffected. However, re-
striction of SIVmac GFP in squirrel monkey cells is not satu-
rated with VLP. At high doses of SIVmac VLP, we were
unable to rescue infectivity by more than around threefold
(Fig. 4D). This is despite the fact that the highest VLP dose of
~40 ng RT represents a multiplicity of infection of at least 5 on
these cells and will infect all of the cells, according to the data
shown in Fig. 1. This implies that the inability of the VLP to
saturate is not explained by an insufficient amount of VLP in
these experiments.

Mutational analysis reveals that TRIMS5« sensitivity deter-
minants lie in the capsid region equivalent to the cyclophilin A
binding loop of HIV-1. In order to map the region of the capsid
responsible for the differential sensitivity of the closely related
HIV-2 and SIVmac to TRIMSa restriction, we performed a
mutational analysis. We reasoned that swapping sections of
capsid between closely related viruses would be tolerated with-
out a loss in fitness that could be misinterpreted as sensitivity
to restriction. We replaced a section of the SIV capsid with the
equivalent region from the HIV-2 capsid. HIV-2 residues
CA78 to CA98 replaced residues CA78 to CA97 in SIVmac
(Fig. 5A). This includes the region equivalent to the CypA
binding loop of the HIV-1 capsid. The titer of the resulting
SIVmac-based SIV H2L was determined on human TE671,
rhesus FRhK4, and squirrel monkey pindak cells (Fig. 5B).
Sensitivity to human, rhesus, and squirrel monkey TRIMSa
was determined by this part of the capsid, and the transfer of
CA78 to 98 from HIV-2 to SIVmac transferred HIV-2’s sen-
sitivity to human and rhesus TRIMS5as and its insensitivity to
squirrel monkey TRIMS5a.

In order to further map the TRIMSa-sensitive motif, we
mutated SIVmac CA residues 89 to 90, QQ, to LPA, the
equivalent residues in HIV-2 (Fig. 5A), and titrated this virus
on rhesus, squirrel monkey, and human cell lines (Fig. 5B).
Interestingly, this mutation had no effect on the titer on rhesus
cells but restored infectivity for squirrel monkey cells. These
data indicate that sensitivity to TRIMS5a is controlled by resi-
dues in this exposed loop and that the sensitivity to human and
rhesus TRIMSa can be separated from the sensitivity to squir-
rel monkey TRIMSa. We also compared the titer of wild-type
SIVmac and SIVmac QQ-LPA on CRFK cells (Fig. 5B). The
titers of the wild type and the mutant virus are the same on
three unrestrictive cell types, i.e., rhesus, human, and feline,
indicating that this mutant has not become nonspecifically high
titer.

An inspection of the HIV-2 CA sequence (Fig. 5A) and
comparison with the equivalent region of HIV-1 revealed a
glycine-proline motif at CA87 to -88 in HIV-2. The recruit-
ment of CypA into the HIV-1 capsid by such a G-P motif has
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FIG. 5. Mutational analysis reveals that TRIMSa sensitivity deter-
minants lie in the capsid region equivalent to the cyclophilin A binding
loop of HIV-1. (A) Partial capsid sequences of HIV-1, HIV-2, SIV-
mac, and SIVmac mutants. CA residue numbers are marked, mutated
residues are in bold, and alignment symbols refer to SIVmac and
HIV-2. The G-P motif responsible for recruiting CypA into HIV-1
cores is underlined. (B) Titers of SIVmac, HIV-2, SIVmac encoding
HIV-2 CA residues 78 to 98 (SIV H2L), and SIVmac containing
HIV-2 residues 89 to 91 (SIVmac QQ LPA) were determined on
human TE671 cells, rhesus macaque FRhK4 cells, and squirrel monkey
pindak cells. Errors are standard errors of the mean from two inde-
pendent experiments performed with two independent virus prepara-
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been implicated in HIV-1’s sensitivity to TRIMS5a restriction
(15, 17, 36). We therefore mutated CA A87G in the STVmac
capsid to create the G-P motif found in HIV-2. We also mu-
tated HIV-2 G87A to destroy the motif in HIV-2. Generating
a G-P motif in SIVmac had no significant effect on the titer of
SIVmac in human, rhesus macaque, or squirrel monkey cells
(data not shown). However, destroying the G-P motif in HIV-2
reduced the titer of HIV-2 G87A in a species-specific way (Fig.
5C). HIV-2 G87A titer is almost equal to that of the wild-type
virus in human and is reduced by three times in feline cells.
However, it is specifically and strongly reduced in squirrel
monkey cells. This does not appear to be due to an acquired
sensitivity to squirrel monkey TRIMS5a, as evidenced by similar
titers of mutant and wild-type virus in feline CRFK cells and
feline CRFK cells expressing squirrel monkey TRIM5a (Fig.
5C). Furthermore, reduction of TRIMS expression in squirrel
monkey cells with siRNA does not significantly increase the
titer of HIV-2 G87A (data not shown). The reduction in titer
in squirrel monkey cells is accompanied by an atypical nonlin-
ear titration curve. These observations suggest that HIV-2
G87A has acquired either sensitivity to another antiviral factor
or a reduced ability to interact with required factors specifically
in squirrel monkey cells. The titers of these mutants are not
influenced by cyclosporine A treatment, indicating an indepen-
dence from cyclophilin A (data not shown). We also note that
cyclosporine A treatment had no effect on the infectivity of
either HIV-2 or SIVmac in human cells in spreading infection
assays (5).

DISCUSSION

The recent descriptions of TRIMSa as an important medi-
ator of retroviral permissivity in primates has enabled us to
examine the TRIMS5a sensitivities of closely related zoonotic
retroviruses that have been able to transfer between primates.
We find that, not surprisingly, rhesus TRIM5a is unable to
restrict infection by SIVmac, which causes an AIDS-like dis-
ease in infected rhesus macaques (19). This virus has not com-
pletely escaped TRIMSa sensitivity, however, as shown by its
restriction by a distantly related TRIMSa protein from squirrel
monkeys. This observation explains the low titer of SIVmac on
squirrel monkey cells (14). HIV-2, however, which is very
closely related to SIVmac, is strongly restricted by rhesus
TRIMS5a, suggesting that these two viruses may have been
under different selection pressures in their transfer to humans
and rhesus monkeys, respectively. HIV-2 restriction in rhesus
cells is likely to explain the difficulty of infecting rhesus ma-
caques with this virus. The successful infection of rhesus ma-

tions. Virus doses to determine titer infected between 1 and 15% of
target cells. Also shown are titrations of SIVmac GFP (filled symbols)
and SIVmac QQ-LPA (open symbols) on feline CRFK cells. (C) Serial
dilutions of wild-type HIV-2 GFP (filled symbols) and HIV-2 G87A
(open symbols) GFP were titrated onto human TE671 cells, squirrel
monkey pindak cells, feline CRFK cells, and feline CRFK cells ex-
pressing squirrel monkey TRIMS. Viral doses were determined by RT
ELISA. Plots are representative of two independent experiments per-
formed with two independent viral preparations. Viral titers, in infec-
tious units per nanogram of reverse transcriptase (Titer i.u./ng RT),
were measured by ELISA.
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caques has been achieved, but only after the selection of par-
ticular animals based on the ability of SIVmac to replicate in
their peripheral blood lymphocytes (6). Overexpression of
TRIMS«, shown in Fig. 3, reveals that TRIMS antiviral spec-
ificity broadens when TRIMS is overexpressed. Similar obser-
vations have been described for the murine restriction factor
Fvl (4). These experiments reveal significant antiviral activity
when TRIMSa protein levels are high within a cell, suggesting
that differences in TRIMSa expression levels may account for
differing abilities of individuals or cells within an individual to
replicate a particular virus. HIV-2 is weakly restricted by hu-
man TRIMSa, particularly when overexpressed, and we spec-
ulate that TRIM5« might contribute to the lower pathogenic-
ity of HIV-2 than of HIV-1, a virus that is clearly not restricted
by human TRIMS5a.

The cloning and sequencing of the squirrel monkey TRIMSa
allele reveals that it is closely related to human and rhesus
macaque TRIMSa and, unlike the owl monkey TRIM-Cyp
protein (23, 27), has an intact SPRY domain. Measurement of
viral DNA synthesis after infection reveals that squirrel mon-
key TRIMS5a-restricted virus, SIVmac, is able to synthesize as
much DNA as the unrestricted virus is, even when TRIMS5a« is
exogenously expressed in feline cells. This is reminiscent of
restriction by the murine gag-like restriction factor Fvl and
shows for the first time that strong restriction, after DNA
synthesis, is not unique to the gag-like Fv1 protein. In contrast
to Fvl restriction, restriction by squirrel monkey TRIMSa is
not readily saturable with sensitive VLP even at multiplicities
of infection that saturate restriction in rhesus macaque cells.
Although a previous report has demonstrated a partial satura-
tion of SIVmac restriction in squirrel monkey cells, these au-
thors also concluded that partial rescue of restricted infectivity
with very high doses of VLP was unique to these cells (7). It
therefore remains unclear whether squirrel monkey TRIMSa
has an atypical, unsaturable, post-reverse transcription mech-
anism of restriction or whether such differences are caused by
subtle changes in factors such as intracellular localization.

In the case of TRIMSas from rhesus macaque, squirrel mon-
key, and owl monkey, and probably for other TRIMS5as, it
appears that a major site of interaction between TRIMS and
retroviral capsid is at the exposed loop responsible for pack-
aging CypA into HIV-1 virions. Neither HIV-2 nor SIV recruit
CypA into their cores, and drugs that block CA-CypA inter-
actions do not affect the titers of these viruses (5). Transferring
a region, equivalent to the HIV-1 CypA binding sequence, of
the HIV-2 CA gene to SIVmac is able to confer the specific
restriction sensitivity or insensitivity of HIV-2 to SIVmac. Fur-
thermore, small changes within this exposed loop can render
SIVmac insensitive to TRIMS5a. Currently available retroviral
capsid crystal structures, including HIV-1, equine infectious
anemia virus, and human T-cell leukemia virus, all include an
exposed loop similar to the HIV-1 CypA binding structure.
Such conservation might suggest that this structure is required
for a host-virus interaction unrelated to CypA and conse-
quently is an attractive target for TRIMS5a. This idea might be
supported by the specific loss of titer of HIV-2 G87A in squir-
rel monkey cells as well as its nonlinear titration curve. Such
observations could be explained by the G87A mutation alter-
ing the ability of the capsid to interact with both positive and
negative factors.

J. VIROL.

The effectiveness of an antiviral factor will depend on the
ease with which a virus can escape its activity through muta-
tion. We have shown that small changes in SIVmac CA can
render the virus insensitive to restriction by rhesus and squirrel
monkey TRIMSa. Single amino acid changes also mediate the
escape of MLV-N from both human and Agm TRIMSa as well
as the escape of HIV-1 from restriction by owl monkey TRIM-
cyp (23, 27, 34, 36). Conversely, point mutations in human and
rhesus TRIMSa broaden antiviral specificity to block viruses
insensitive to the wild-type proteins (33, 39). While these ex-
periments may suggest that virus can easily escape TRIMS, the
effectiveness of innate immunity will depend on several classes
of antiviral pathways acting simultaneously and perhaps in
concert with the adaptive immune system, for example, with
the antiviral activity of cytotoxic T cells reactive against gag
(15). We therefore suspect that it may be more difficult for a
virus to escape TRIMSa activity through changing CA se-
quence than CA mutagenesis experiments in vitro might sug-
gest. Moreover, recent work has provided phylogenetic evi-
dence that TRIMS5a is positively selected, suggesting that virus
and TRIMS5a might evolve rapidly in competition, an effect
referred to as the Red Queen effect, where simultaneous rapid
evolution retains the status quo (26).

An HIV-1 mutant completely insensitive to rhesus macaque
TRIMS5a would improve animal models of AIDS, allowing the
use of HIV-1 rather than a virus based predominantly on
SIVmac. Such a virus has remained elusive despite a number of
mutational analyses (12, 15). A rhesus-tropic HIV-1 would
have to be modified to encode a vif protein active against
rhesus APOBEC3G, but this is feasible. Our observations sug-
gest that an HIV-1 insensitive to rhesus TRIMS5a might be
attainable and further efforts to make such a virus are worth-
while. Furthermore, a better understanding of host-virus inter-
actions is likely to be valuable in the generation of more-
effective vectors for gene delivery and for the identification of
targets for antiviral therapeutics.
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