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Abstract

In spite of the fact that the first isolates of HIV-1 became available more than 20 years ago, there is
still no robust animal model for HIV-1 replication and pathogenesis. This is largely due to the existence
of multiple genetic barriers to HIV-1 replication in most nonhuman primates, including a severe block
targeting the early, post-entry phase of the viral replication cycle. It is now known that a protein called
TRIM50. mediates this early restriction in nonhuman primate cells. Tissue culture experiments, to-
gether with genetic association studies involving multiple HIV/AIDS cohorts, indicate that the human
orthologue of TRIM50. does not have a significant impact on HIV-1 replication. However, most human
alleles encode a functional protein that can restrict at least one retrovirus unrelated to HIV-1 (N-
tropic murine leukemia virus), although one deleterious mutation (H43Y) is present at high frequen-
cy in human populations. Phylogenetic analyses of the TRIM5 locus reveal that prehistoric retroviral
epidemics, not unlike the current HIV/AIDS pandemic, played a significant role in the evolutionary
history of humans and their primate relatives. The discovery of TRIM5c.’s antiretroviral activity sparked
the imaginations of many laboratories, and considerable effort has now been channeled into charac-
terizing the protein and determining its possible mechanism(s) of action. It is hoped that research
on TRIM50. will contribute to the establishment of new and improved models for HIV replication and
AIDS pathogenesis, point the way towards novel therapeutic targets to stem the tide of the human
AIDS epidemic, provide an experimental window onto the early, post-entry stages of the retroviral
replication cycle, and even inspire the search for other cellular factors that modulate retroviral infec-
tion. (AIDS Reviews 2007;9:114-25)
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Although several laboratories would go on to charac-
terize the block in great detail (including, no doubt,
numerous unheralded attempts to clone the respon-
sible gene), it was not until 2004 that the primate TRIM5

b|omehd|ca13 community-in ;he m|d-ttlo-lste ,TQ?OE\;G{ gene was identified as the culprit. Within 36 months of
seareners became aware of a genetic barrer {0 Hiv- ial publication describing TRIM5a-mediated

. . , . he. initial
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lar biology, biochemistry, population-genetics, and
phylogenetic analysis.

The “Monkey Block”

While attempting to identify potential animal models
for HIV-1 infection and pathogenesis, HIV/AIDS re-
searchers discovered that the host-range of HIV-1 was
effectively limited to humans and apes3242527.59  |n
contrast, a related lentivirus (SIVmac) that had been
recently isolated from captive rhesus macaques, could
replicate in both human and monkey cells'"?. By the
early 1990s, it was found that recombinant viruses,
derived by combining portions of the SIVmac and HIV-1
genomes, would replicate in monkey cells so long as
the region encompassing the viral gag, pol and vif
genes was derived from the SIV parent3851.848 Thys,
the viral determinant(s) of restriction in monkey cells
were known to map to some or all of these genes, and
the block(s) were not related to the initial entry event
mediated by the viral envelope protein.

Hoffman, et al.® surveyed a large panel of mam-
malian cell lines for susceptibility to infection with
single-cycle versions of HIV-1 and SIVmac; these in-
cluded cells derived from humans, a variety of other
Old World primates (including apes and monkeys of
both African and Asian origin), and New World pri-
mates (Central and South American monkeys). The
viruses were pseudotyped with a promiscuous enve-
lope protein from an unrelated virus (VSV-G), thus
bypassing blocks related to cell-surface binding, fu-
sion and entry. This particular screen, therefore, spe-
cifically revealed the presence of barriers to the first
half of the retroviral replication cycle, a stage encom-
passing reverse-transcription, integration and expres-
sion. They found that single-cycle HIV-1 infection was
blocked in most Old World monkey (OWM)-derived cell
lines, while SIVmac infection was blocked in cell lines
originating from New World monkeys (NWM). Cells
from owl monkeys (Aotus, sp.) presented-a natable
exception to this pattern: e peasr onon&
World species, single-cycle HIV-1 infection was blocked
in owl monkey cell lines.

Subsequent studies demonstrated that the blocks in
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A similar experimental strategy led to the detection
of a block to infection of N-tropic murine leukemia virus
(N-MLV) in human cell lines, and this restriction was
dubbed Ref-1 (restriction factor-1)'°". Characterization
of Lv-1 and Ref-1 revealed similarities in the nature and
timing of the block imposed by the two loci, and were
consistent with the possibility that Ref-1 and Lv-1 might
be human and monkey versions of the same gene®.

A key piece of the puzzle fell into place with the
discovery that a protein called TRIM5a, was somehow
responsible for the block. TRIM5a. was identified during
a screen for cDNA clones that would protect human
cells from HIV-1 infection®. For this screen, a cDNA
library was derived from HIV-resistant, rhesus macaque
lung fibroblasts and introduced into an HIV-sensitive,
human cell line (HelLa). The transduced cells were then
challenged with VSV-pseudotyped, single-cycle HIV-1,
and resistant cells were pooled and subjected to fur-
ther rounds of selection. Resistant clones that emerged
from this screen were found to harbor cDNA encoding
the rhesus orthologue of TRIM5a. Introduction of rhesus
TRIM5a. into permissive cell lines resulted in restriction
of HIV-1 but not SIVmac or an SIV/HIV chimera con-
taining the capsid domain of SIV. Additionally, siRNA-
mediated knockdown of endogenous TRIM5a expres-
sion in rhesus cells relieved the early, post-entry block
to HIV-1 infection. In short order, work done in a number
of laboratories quickly confirmed that Ref-1 and Lv-1
were indeed the human and monkey orthologues of
TR|M5(X36,47,76,93,109_

Around the same time, Sayah, et al.?? succeeded in
tracking down the cause of the unusual block to HIV-1
infection in owl monkey cells. They also traced restric-
tion to the TRIM5 locus; however, the owl monkey ver-
sion of the gene encoded a TRIM5-cyclophilin A fusion
protein (TRIMCyp). This same group, and others, had
already documented that HIV-1 capsid (CA) binds to
cellular cyclophilin A (CypA), and that CypA normally
acts as a positive cofactor for HIV-1 replication in human

|ls10-13.19.20.22.235899  This interaction is disrupted by
Bjﬂﬁ@tw@@ dm;éyutb@s cyclosporin A (CsA) and,
as it turns out, restriction by the TRIMCyp fusion protein
y[tiéatment with CsA. Thus, it seemed
likely that the CypA domain served to target TRIMCyp

most cases were due tqﬂﬂethr@s@rtceth@d@gp@? \/Wlwwgp\@pﬁﬂﬁgé nd supported the notion

inhibitory factors, and that restriction could tran-

that the Clterminal 2/SPRY domain of TRIMb5o

siently overcome by pre-incubation of targgfef@a\éitgb L@ﬁ)rnsgﬁséiinilar targeting function. For a detailed review
an excess of restriction-sensitive virions>1°%3 B S t very of TRIMCyp and the complex relation-

the block was initially defined as a genetic barrier to

ship between HIV-1 replication, CypA binding and
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Table 1.
Source of TRIM50. HIV-1 N-MLV SIVmac References
Hominids Human + i 4 36,65,72,81,91, 93,96,109
Chimpanzee + S+ - 93, 68
Gorilla* ++ +++ 4 68
Orangutan + St ? 93, 68
Old World monkeys Rhesus macaque 4+ +++ + 36,65,72,81,91, 93,96,109
Pigtailed macaque*® +++ +++ - 68
AGM(pyg)* Ht +Ht + 9
AGM(tan) +t ot et 68,9193
AGM(CV-1 line)* +++ +++ +++ 36
Sooty mangabey +++ +++ - 65,68
New World monkeys Spider monkey* +++ +++ + %
Tamarin (red-chested)* + + o+ 9%
Tamarin (cotton top)* +++ +++ 4+ 68
Tamarin (emperor)* +++ 4+ FH+ 68
Squirrel monkey - _ it 93,91

—: no restriction; +: weak restriction; ++: moderate restriction;+++: strong restriction; AGM -African green monkey; ?: not reported.

*result is based on one study.

The TRIM family of proteins

TRIMba. is one member of a large family of related
proteins involved in various cellular functions. All mem-
bers of the TRIM family of proteins contain three dis-
crete domains, including an N-terminal RING domain
followed by one or two B-boxes and a coiled-coil re-
gion, which are collectively called the RBCC motif.
Large differences between TRIM family members oc-
cur mainly at the C-terminus, which can be comprised
of a variety of unrelated protein domains thought to be
involved in protein-protein jnteractions®”:"7.

While over 68 different TRIM f@awtn@i
been identified in primates, mice and other species,
very little is known about their phig
RBCC family proteins have been shown to form higher

bzhiﬁa@u@&@&

to inhibit different viruses by a variety of proposed
mechanisms®”. Of these, TRIM5a has generated great
interest among HIV/AIDS researchers since it is known
to impose a major block to lentiviral infection of Old
World monkeys (Table 1)36:47.96.109,

TRIM50o.

TRIM5q. is the longest of four splice variants of the
TRIM5 gene and falls into the subset of TRIM family
proteins with a C-terminal B30.2/SPRY domain. While
IM5 itubiquitously arPéj constitutively expressed, no

|@e¥ﬂumayct fhas been attributed to this

protein””. However, its similarity to a large family of

du@eda(])r F}I’Q@E{I@QW@@ implicated in diverse cellular

processes leaves open the possibility that TRIMS may

order complexes that deleW@fHFeﬁlH@ﬁQﬂgﬁ V\ﬂaﬁpggﬁegsn i @591% ﬁwidentiﬂed, functions.

ments’’. Dysregulation and mutations of ot

family members have been linked to a variegﬁoméo- Lgm;%ﬁo
logical conditions, including genetic disea np [

cogenesis. Additionally, some primate TRIM proteins

a susceptible retrovirus, TRIMb5a. is
inder viral infection post-entry but prior ta inte-
iral DNA into the host genome’=S'8" (Fig. 1).
Recent studies using proteasome inhibitors suggest that
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Figure 1. Post-entry restriction of retroviral infection by TRIM5o.. After being released into the cytoplasm of a target cell, retroviral cores
are recognized by trimers of TRIM5o.. TRIM5o. binding to capsid is thought to mediate premature disassembly of capsid by an as yet un-
determined mechanism. TRIM5c. acts prior to complete reverse transcription of viral RNA% and may also affect trafficking of the pre-integra-

tion complex™4.

prior to nuclear import, although this function may not be
required for restriction*'%. n vitro studies suggest that
this block may occur at the level of uncoating of the viral
capsid (Fig. 1), with accelerated uncoating and/or deg-
radation of capsid being possible consequences of
TRIM5a association'97. Demonstration of direct binding
of TRIM5a. to capsid has proven difficult; however, there
is compelling evidence that TRIM5a in cellular lysates
can associate with detergent-stripped N-MLV virions®
and also to recombinant HIV-1-derived CA-NC cores?.
This interaction is proposed to lead to virion destabiliza-
tion and disassembly by an unknown mechagisrgjv”vw.

Several unique features @leﬁﬁ(ﬁ/@’ Yt

have made it the subject of intense interest and inves-

tigation as the determinant of sfjge s{@dc{ij'@@e@tri@r

tion of primate lentiviruses. While this domain is cer-

at
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Found at the N-terminus of all TRIM family proteins,
the RING domain has a zinc-binding motif often found
in proteins with E3 ubiquitin ligase activity. Proteins
with this domain can mediate auto-ubiquitination or
transfer of ubiquitin to heterologous proteins®!. TRIM50
is itself ubiquitinated, a modification that contributes to
its rapid turnover by the proteasome'® %, Deletion of
the RING domain as well point mutations affecting
residues known to be critical for ubiquitin ligase activ-
ity modestly increase protein stability’®%. These
changes diminish the ability of rhesus TRIM5a: to in-

ibit HIV infection, although they do not abolish it com-
Bil@ﬁﬂ@aﬁ&tim ayhb@NG domain prevents poly-
ubiquitination of TRIM5a:, suggesting that this domain
biquitination'®. Surprisingly, de-

letion of the RING domain or disruption of conserved

tainly crucial for TRlMWiﬁ@twtsfh@lﬁﬁ)@z V\@mnj@é? efgt 'rm;rf)no- and di-ubiquitination

have carefully and painstakingly shown

implying that while the RING domain may

RING, B-box, and coiled-coil domains of Tgfﬁ!\/t‘[ﬁzérep Jltgj;ité in poly-ubiquitination of self, other ubiquitin
also necessary for optimal retroviral restriction?4 8472310 Lj?@ talso modify TRIM5a.. Recently, mono- and

Taken together, these studies suggest that the RBCC

di-ubiquitination of proteins has been shown to influ-
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tion'®. The persistence of mono- and di-ubiquitinated
forms of TRIM5a. raises the possibility that this modifica-
tion influences protein function.

The B-box-2 domain follows the RING domain and is
a critical component of the RBCC motif. While structures
resembling the RING, coiled-coil and various C-terminal
domains of TRIM family proteins are also found in
other proteins, the B-box domain is found exclusively
within this family®” 77, TRIM family members can have either
two consecutive B-box domains (B1 followed by B2),
which differ in size and sequence, or a single B-box. Of
the two types of B-boxes, a B-box-2 is found in all TRIM
containing a single B-box domain®'%, Despite its high
degree of conservation, the exact function of the B-box
is unknown. Like the RING domain, the B-box is known
to bind zinc®%°, B-box domains of other TRIM family
members have been implicated in binding components
of cell-signaling pathways®'88, The B-box is essential
for retroviral restriction by rhesus TRIM5a., as deletion
or disruption of this domain completely abolishes HIV-1
restriction#454.72.9,

The final domain comprising the canonical RBCC
motif is the coiled-coil. This region is comprised of
multiple a-helices involved in protein-protein interac-
tions that mainly result in homo-multimers, but may
mediate interaction with heterologous proteins®'67.77,
Like many TRIM family members, overexpression of
TRIM5a results in the formation of higher order struc-
tures, known as cytoplasmic bodies, although these
structures are dispensable for restriction”77:°1. TRIM5a.
mutants lacking the coiled-coil domain fail to restrict
viral infection*72. In vitro cross-linking studies demon-
strate that TRIM5a has a propensity for trimer formation
that requires the coiled-coil domain alone*>®, It is be-
lieved that trimer formation orients the B30.2/SPRY
domain for optimal target recognition*®757. However,
ability to trimerize is not sufficient to mediate retroviral
restriction by rhesus TRIMb5a,, as a construct in which
the coiled-coil was replaced with a heterologous tri-
meric coiled-coil failed to inhipit HIV-1 infectjon despite
efficient trimer formation a @a@a Mm@ﬁtﬁ‘*éf

These results also imply that in addition to multimer

AU

interspecies variability in the B30.2/SPRY domains of Old
World and New World monkeys®481929  Variation in
amino acid sequence in the B30.2/SPRY domains be-
tween different primate species accounts for much of the
observed differential restriction of the various retrovi-
ruses tested (Table 1)3656:64.68.7281.93.96.9 FEfforts to whittle
down the sequence determinants for restriction specific-
ity within the B30.2/SPRY domain by both genetic and
molecular means have identified specific regions and even
single amino acids that alter restriction activity when
substitut or deleted. For example, substitution of R332 of
human TRIM5o. with a negatively-charged or non-
charged amino acid is sufficient to allow restriction of
HIV-1 without altering its ability to restrict N-MLV55110,
However, these and other studies also reinforce the no-
tion that the entire B30.2/SPRY domain and surrounding
regions are required for optimal retroviral restriction ac-
tivity and specificity36:556468.72.80.110,

Several studies have shown quite convincingly that
the B30.2/SPRY domain of TRIM5a. is responsible for
target recognition and that this target is a conforma-
tional ligand on the viral capsid#%5.71.74758283.97 |n ef-
fect, the B30.2/SPRY domain is the pattern recognition
molecule that identifies, engages and ultimately leads
to destruction of susceptible virions by an unknown
mechanism mediated by the RBCC domains. Based
on comparisons with the molecular structures of SPRY-
related domains from other proteins, the core of the
TRIM5a. B30.2/SPRY is thought to consist of two -sheets
sandwiched together to form a central hydrophobic
core3360.68.103 The residues forming this core are con-
served among B30.2/SPRY domains from various pro-
teins and are important for structural integrity of the
scaffold336068.103 | oops of variable length and contain-
ing non-conserved residues protrude out from the core
structure to form a binding surface®1%, |t is the orga-
nization of these loops that is thought to determine the
characteristic variability and species specificity of li-
gand binding for TRIM50881031%8 " The regions of vari-

ility among TRIM5a. B30.2/SPRY domains for different
@J@H@ho@ﬁ@%n se protruding loops®23.103,

Trimerization of TRIM5o. may allow proper alignment of

formation, the coiled-coil domaiﬁ@(@f@{@lmd@id)r@lr ph@r’[@@@@fﬁ@% facilitate efficient binding to a

attributes important for TRIM5a. antiviral activity. The

existence and significanwfﬁﬁmem@ngm Q\tfg V\{\Lﬂte N hpsq [m leSlLO n

remains to be explored and could provide ins
the mechanism of TRIM5a-mediated retroéﬁal tﬁeélc
tion and regulation of TRIM family proteins+in g

The specificity and interspecies variability of viral re-
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symmetrical structural ligand on the viral capsid25362,

ural ory of the primate
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Figure 2. The TRIMS5 locus and TRIM5o.. A: schematic of human chromosomal region 11p15.4, depicting the cluster of TRIM loci containing
TRIM5, TRIM22, TRIM34 and TRIM6. All four encode TRIM proteins with a B30.2/SPRY motif. A similar arrangement is found in the chim-
panzee and rhesus macaque genomes (rhesus chr. 14) B: the TRIM5 gene. The coding sequence for the alpha isoform is spread across 7
exons, beginning with the RING domain in exon 2 and ending with the SPRY domain in exon 8. The lollipop structures indicate the ap-
proximate sites of five frequent nonsynonymous polymorphisms found in humans. The vertical, dashed line indicates the CypA integration
site in owl monkey TRIM5. C: Cartoon depicting the TRIM5o. protein. The RING, B-box and coiled-coil domains constitute the canonical RBCC
“tripartite motif” found in all TRIM proteins (although some family members have two consecutive B-boxes). Lollipops above the protein in-
dicate location of human nonsynonymous polymorphisms. For comparison, sites of frequent, nonsynonymous changes in sooty mangabeys
(black flags) and rhesus macaques (black wedges) are indicated below the protein. D: schematic of the TRIMcyp fusion protein expressed
in owl monkey cells. Because of a CypA sequence insertion between exons 7 and 8, owl monkeys express a fusion protein consisting of the

RBCC domain of TRIM5 fused to cyclophilin A.

able that the gene originally arose via duplication of
another B30.2/SPRY-encoding TRIM gene. TRIMS is
located on chromosome 11 (human numbering) in a
cluster that also includes TRIM6, TRIM22 and TRIM34,
all of which encode B30.2/SPRY domains (Fig. 2).
These four genes group together in a phylogenetic tree
incorporating multiple, B30.2/SPRY-type TRIM loci®38,
consistent with a common origin and/or a history of
concerted evolution.

TRIM5 has suffered a variety of molecular alterations
at different times and in different places during primate

evolution, and the gene displays a fﬂigh degree of
sequence divergence b epEHFi QJE%J&epU

Changes include deletions, insertions and extensive
nucleotide substitutions, as WelT@p6®
duplications of short stretches of sequence within the

shob eeral pfo

constructed from aligned orthologous TRIM5a. se-
quences generally recapitulate the well-established
phylogeny of primates, particularly internal nodes sep-
arating the major divisions (apes, Old World monkeys
and New World monkeys)8568.6981,.92

Sawyer, et al.8! detected the footprints of intensive
positive selection operating on primate TRIMba, particu-
larly in a small cluster of codons within the B30.2/SPRY
domain of hominids (humans and the related great
apes). They were then able to back up phylogenetic
prediction by proving that this patch of sequence func-
iTed ats.a key determi)rEint of differential target-spec-

it A ik@]a—m@é/e Griments®17. This fits nicely

with an evolutionary scenario wherein amino-acid vari-

r@tt@[lm proteins derived from different

lineages reflects a differential history of positive selec-

B30.2/SPRY domain56v65vﬁwtﬁﬁbmteﬁmbm@]s V\}n[aptt;éeﬁu @W%S@Oﬁst infections with patho-

bear the distinctive hallmarks of positive select
the greatest level of amino-acid variation f
B30.2/SPRY domain®6981.92  Sequence

variation in this domain is particularly concentrated in

with  genic retroviruses. The pattern is reminiscent of major

in th Lﬂﬁ,ﬁ Tlibility complex (MHC) loci, in which co-
dctlti%tfp gﬁ% strong positive selection map to the pep-

tide-binding regions*4!. In the case of TRIM5a,, selec-
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domain is the probable interface with incoming viral
capsids. Experimental mapping of specificity determi-
nants by other groups were also consistent with the
Sawyer, et al. predictions”%11%, Importantly, the signal
for positive selection is widespread among both Old
and New World primate lineages, suggesting that
TRIM5a has a rich history of countering viral assaults
on the ancestors of modern species. It is also indirect
testimony to the fact that episodic retroviral epidemics,
in some ways analogous to the modern AIDS epidem-
ic, have been part and parcel of primate evolution for
tens of millions of years.

Polymorphism

To date, extensive investigation of within-species
variation (polymorphism) in TRIM5 has only been re-
ported for humans®24380.94 and for two species of Old
World monkey®®. Reports of human TRIM5 polymor-
phism were based on sequence data collected from
HIV/AIDS cohorts and from human genomic DNA di-
versity collections, as well as human SNP databases.
Altogether, TRIM5 genotype data from more than a
thousand individual human samples have been report-
ed, and a handful of common polymorphisms have
been described (Fig. 2). Sawyer, et al.8 amplified and
sequenced the TRIM5 locus from a human diversity
panel consisting of genomic DNA samples from 37
geographically and ethnically distinct individuals; the
analysis included the entire coding sequence as well
as five out of the six intervening introns. Twenty SNP
were identified, including six nonsynonymous chang-
es with minor allele frequencies greater than 5%. These
were located in the RING domain (H43Y), the B-box-2
domain (V112F), in or near the predicted coiled-coil
region (R136Q, R238W, G249D), and in the B30.2/SPRY
domain (H419Y). Five of these (H43Y, V112F, R136Q,
G249D and H419Y) were also found by others during
screening of genomic DNA samples from multiple HIV/
AIDS cohorts®?4394 Thus far, the 238W vari as only
been reported among Brj&@y@@f
number of less common alleles have also been de-
scribed, including addition@pﬁ@@m
SNP%% and multiple SNP in untranslated regulatory
regions and introns*3:8%. 94 out the

Remarkably, nonsynonymous po yrnorphrs ave
not been reported in the variable regions of
TRIMb5a. B30.2/SPRY domain. It has been
that the overall low-level of polymorphism in the 3’ half

of the gen yid
perhaps i |n F t@

% WU

aato®r PRHTGasN

If true, by wiping out variation in the human B30.2/SPRY
domain, this prehistoric episode may have contributed
to the magnitude of the current AIDS pandemic. Fur-
ther insight into the recent history of human TRIM5a
should be gained possibly by comparing variation in
humans and chimpanzees, particularly by including
intron sequences, which generally evolve in neutral
fashion, in the analysis. Currently, a few chimpanzee
TRIM5 sequences are available in the public data-
bases, but to our knowledge extensive sampling of
individual chimpanzees has not been reported.

Immortalized human B-cell lines (BLCL) from indi-
viduals heterozygous or homozygous for 43Y dem-
onstrated significantly reduced capacity to restrict
N-tropic MLV, and recombinant, human TRIM5a. vec-
tors incorporating the H-to-Y change at position 43 are
similarly defective in tissue-culture based as-
says®24380 The major allele (H43) does not appre-
ciably restrict HIV-1, so additional effects of the H43Y
mutation on HIV-1 infection may not always be appar-
ent. For example, Speelmon, et al.®* did not detect a
significant difference in susceptibility to single-cycle
HIV-1 infection of CD4+ T-cells from 43H/H versus
43Y/Y individuals. While TRIM5a. does not appear to
have a significant impact on HIV-1 infection of humans,
it is noteworthy that the defective 43Y allele is present
at high frequency in human populations and could
therefore play a role in susceptibility to other retroviral
pathogens®. Emerman?®' has also pointed out that the
frequency of 43Y'in human populations argues against
TRIM5 encoding an essential cellular function separate
from viral restriction.

Another common polymorphism in humans occurs at
residue 136 in the coiled-coil domain (R136Q). At least
one study reported that introduction of a glutamine at
position 136 of human TRIM5a. by site-directed muta-
genesis resulted in slightly more effective restriction of
HIV-143, although a different study failed to detect a
difference®. A possible protective effect of the 136Q
E)II le has also been reported (see below).

ﬁ@ %t&&ma)y i@@es have uncovered little-or-
no effect of TRIMS genotype on disease progression in
Is, and have only hinted at pos-
sible correlations between TRIM5 polymorphism and

Or \\Jig g?éiﬁq e \SS‘@rﬁtron&“”“ The first such

study, repo ed by peelmon, et al.?, compared allele

between HIV-1-infected and HIV-1-exposed,
Trgﬂiéegj Ljs’@l‘g@éj individuals in a cohort consisting predom-

inantly of men with European-American ancestry. A sig-
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study, although no statistically significant correlation be-
tween individual SNP and susceptibility was revealed.

More recently, Javanbakht, et al.*® reported a very
thorough analysis combining new TRIM5 SNP discov-
ery and association studies involving multiple HIV/AIDS
cohorts. Proportional hazards regression found no sig-
nificant associations between individual TRIM5 poly-
morphisms and three different definitions of AIDS/pro-
gression. In this study, a possible protective effect was
detected for one haplotype, and unlinked alleles of four
SNP were also weakly associated with increased or
decreased risk of infection in African Americans but
not in European Americans. A potentially protective
allele (SNP 136Q) identified in this study*® was also
present in a haplotype associated with increased risk
in the Speelmon, et al.% study. Curiously, this discrep-
ancy also extended to in vitro restriction assays: while
the Javanbakht, et al. study found that recombinant
TRIM5a. with a Q at position 136 was modestly better
than wild-type at restricting single-cycle HIV-1in HelLa
cells, the Speelmon et al. study found no difference in
susceptibility of primary CD4+ T-cells from 136Q/Q
and 136R/R patients to single-cycle HIV-1 infection.

It is noteworthy that these studies did not converge
on the same answer, that the reported associations
were modest at best, and that some specific observa-
tions did not maintain significance after correction for
multiple tests and/or false discovery3243%_The lack of
concordance could be related to obvious differences
between the studies: in addition to different approach-
es to data analysis, the cohorts analyzed in each study
differed in size and composition, and different mea-
sures of AIDS/progression were used. Finally, it may
be that some or all of the reported results represent
random, chance associations, in which case they
should not hold up if larger, more extensive surveys
are conducted.

Newman, et al.%% characterized polymorphic variation
in a small number of unrelated Asian macaques (rhe-

Interestingly, some polymorphisms were shared by
the two species of monkeys, suggesting that the an-
cestral alleles coexisted in a common progenitor of
rhesus macaques and sooty mangabeys, and have
persisted together in both lineages until the present
day - a span of at least eight million years. Among the
polymorphisms shared by rhesus macaques and sooty
mangabeys was a P/Q polymorphism at position 334 in
the B30.2/SPRY domain®85, Residue 334 (332 in hu-
man TRIMba) is also variable between species (typi-
cally a P, Q, or R) and is known to influence target-
specificity. The presence of ancient, shared
polymorphism runs contrary to the expectations of ran-
dom genetic drift, and raises the possibility that bal-
ancing selection has also played a role in the evolution
of TRIMba, at least in these species.

TRIM5CypA

For several years, researchers were puzzled by the
observation that owl monkey cell lines restrict HIV-1
infection, and moreover, by the finding that this restric-
tion could be ameliorated by treatment of the cells with
the CypA binding protein CsA'%. This observation was
initially confusing, because CypA was known to be a
positive-acting cofactor for HIV-1 replication in human
cells, and treatment of human cell lines with CsA nor-
mally delayed HIV-1 replication'0-12222358.99 |ndepen-
dently of the original discovery of TRIM5a-mediated
restriction, Sayah, et al.#? cloned a cDNA encoding a
TRIM5-CypA fusion protein from owl monkeys. The fu-
sion protein was also identified in a screen for TRIM5-
related transcripts in owl monkey cells®. The predicted
protein encoded the RBCC motif of TRIM5a., but con-
tained a CypA domain in place of the B30.2/SPRY
domain. Inspection of the owl monkey locus revealed
that the fusion was generated by retrotranspositional
insertion of a CypA open reading frame between exon
7 and exon 8 of TRIMS (exon 8 encodes the B30.2/SPRY

sus macaques, M. mulatta) and African mo ]k\ EEEH?OO E)c]mam (Fig. 2). The e(btence of this protein provided
mangabeys, C. atys). The p&t@n@@gtﬁ@ zéu ég&)’ét@&amay A sensitive restriction of HIV-1

similar in both species, with frequent changes clus-
tered in a 50-residue stretch of fife 45@@{@[@(@
and in the variable portion of the B30.2/SPRY domain.

This s in striking contrasf (¢t U@“Phé‘ T}‘m‘fzf

where none of the reported polymorphisms lie

in ova monkey cells, and indirectly provided insight into
@t@@ na een structure and function of
RIM5a its ecause TRIM family members can be

\/\fFPﬂ\@ﬁdﬁ@qugQ @ﬁnature of the polypeptide

comprising' the C-terminal domain, the existence of

the variable regions of the B30.2/SPRY donBLE ﬂ%@z Mgﬁ r ggests that retrotranspositional insertion is
and a search of the current human SN ep ﬁ m by which some novel TRIM protein fam-

(dbSNP) reveals numerous, low frequency SNP

ily members may arise'®.
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including multiple species from the genus Aotus (owl
monkeys), for the presence of the TRIMCyp variant.
They found that the retrotransposed CypA insertion is
unique to species of the Aotus genus, and that TRIMC-
yp orthologues cluster with an owl monkey CypA se-
quence in a phylogenetic tree incorporating CypA
sequences from multiple primate lineages. These re-
sults are consistent with a single retrotransposition
event having occurred in a common ancestor of all
extant Aotus species sometime between 4.5-million
and 22-million years ago’®. Although there are cur-
rently no data to support (or reject) the hypothesis, it
is tempting to imagine that the TRIMCyp allele was
selected, and ultimately driven to fixation in the owl
monkey lineage, by virtue of its ability to restrict some
unknown (and possibly extinct) retroviral pathogen.

A bovine TRIM with antiretroviral activity

Recently, two groups reported characterization of a
TRIM-family protein from cows with the capacity to
restrict multiple retroviruses®'". Both studies were
based on previous reports that a bovine cell line ex-
pressed a post-entry block to replication of multiple
retroviruses®4279.191 ‘and in both cases a bioinformatics
approach led to the identification of expressed se-
quence tags (EST) predicted to encode a TRIM protein
with a B30.2/SPRY domain. Inhibiting expression of the
putative factor by siRNA alleviated restriction of infec-
tion by multiple retroviruses® ", In tissue-culture
based assays, the bovine protein restricted infection
by HIV-1, HIV-2, SIVmac, FIV (feline immunodeficiency
virus) and N-MLV. Based on sequence alignments and
phylogenetic analysis, Si, et al.®® have proposed that
antiretroviral activity of this bovine TRIM and TRIM5ao.
represent a compelling case for convergent evolution,
although it is formally possible that antiretroviral activ-
ity first appeared in an ancestral TRIM that gave rise
to bath genes. Final resolution of the phylogenetic re-

lationship between these No genes ﬁ/i” f gége de-
tailed comparison of the | (A @@frr s@£t l’:51r<pu

mosomal contexts, including flanking sequences and
introns.

Conclusions without the prior

There are now several examples in thiélef&OLﬁlit-
erature demonstrating restriction of the same re usp

by cells derived from different primate species. More-

reproduced or péoio 6o pri

in heterologous cell lines. Similarly, the recently de-
scribed bovine TRIM restricts a variety of retroviruses
even when expressed in canine or feline cells® ",
These observations imply that cofactors involved in
TRIM5a-mediated restriction, if they exist, should be
fairly well conserved (at least among mammals). How-
ever, most published results are based on overexpres-
sion of TRIM5¢a, which could obscure the effects of
cellular context or the presence of cofactors with sub-
tle and/or regulatory roles in restriction (for example,
see discussion in reference’). Thus far, published re-
ports have also not ruled out the possibility of down-
stream consequences of the TRIM50-CA interaction,
such as recruitment of additional factors, trafficking of
the TRIM5a-CA complex, or signaling to other compo-
nents of innate or adaptive immunity.

The human TRIM5a protein is not a globally defective
protein, as it potently restricts N-MLV and, when over-
expressed, has some discernable activity against HIV-1.
This opens the door for possible therapeutic interven-
tion if small molecules can be identified that function
to enhance human TRIM5a activity against HIV-1. Un-
like traditional antiviral screens, which seek to identify
inhibitors of viral replication, candidate molecules in
this case are expected to provide what is essentially a
gain-of-function. While such a strategy is atypical, it is
not without precedent®,

Currently, there are no feasible animal model sys-
tems that permit full replication of HIV-1 and which
mimic persistent HIV-1 infection in human AIDS pa-
tients. Identifying the genetic barriers to HIV replication
has implications for developing such models. For ex-
ample, understanding the nature of the barriers pro-
vides a strategy for surmounting those blocks through
the construction of resistant HIV-1 clones. At least two
groups have recently reported progress along these
lines, using similar strategies based on construction of
recombinant SIV/HIV-1 clones and limited adaptation
in cultured monkey cells®”46. Given the high degree of
interspecies variation in TRIM5 sequence and specific-
bﬁ&@“@@smﬁyok@netic and phenotypic poly-
morphism within species, additional opportunities may
the underlying population-ge-
netics of restriction. For example, it may be possible

i i | iccviariants of TRIM5 in nonhuman
V\P‘F_Iﬁ@fﬂﬁggﬁ j d?%‘ﬁ

primates t be permissive for HIV-1 infection.

Tbr- ' small but intriguing literature describing
u jféﬁ,e?bortive infection of pig-tail macaques, in-

cluding evidence for adaptive immune responses, after
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lele of pig-tail macaque TRIM5a and the HIV-1 capsid
could explain such observations. This would be con-
sistent with the timing of TRIM5a-mediated restriction,
which blocks the early stage of the replication cycle.
A defective TRIM5o. would permit infection of pig-tail
macaque cells, which would then produce virus and
induce adaptive immune responses, but spreading in-
fection would still be constrained by the presence of
additional, downstream restrictions, such as that im-
posed by APOBEC3GS23", Variation in pig-tail macaque
TRIM5a has been observed®®.

Retroviruses are widespread in nature, and the sheer
abundance of endogenous proviruses in vertebrate ge-
nomes is indisputable proof that retroviruses have been
colonizing animal hosts for hundreds of millions of years®.
Under such circumstances, the convergence of the com-
pletely unrelated Fv-1 and TRIM5 proteins on the early
post-entry step of retroviral replication is perhaps not all
that surprising. That such loci were first identified in
mice and humans simply reflects the priorities of bio-
medical research, and it is quite possible that similar
adaptations arose many times during the course of
metazoan evolution and await discovery. In this regard,
it is also worth noting that TRIM5o. experiments reported
to date have focused overwhelmingly on lentiviruses
(HIV-1, HIV-2, various SIV, EIAV, FIV) and a single gam-
maretrovirus (MLV) (Table 1). There are very few reports
in which representatives of other retroviral genera have
been tested for susceptibility to TRIM5a-mediated re-
striction®085, Thus, it is not clear that TRIM5a. restricts
other retroviruses, let alone members of other virus
families. It is also possible, perhaps even likely, that
unique restriction mechanisms exist in nature that spe-
cifically target members of other retroviral genera.
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