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ABSTRACT

The retroviral restriction factors TRIM5a and TRIMCyp, encoded in the TRIM5 gene,
prevent cross-species transmission of retroviruses in primates. In macaques (genus Macaca),
TRIMCyp evolved through the retrotransposition of a cyclophilin A sequence into the TRIM5
gene. In this work, | examine the evolutionary origin and geographic distribution of TRIMCyp,
and | describe functional variability in both TRIM5a and TRIMCyp. | focus on M. sylvanus,
because of its status as an evolutionary outgroup, and on M. fascicularis, which is commonly
used as a model species for AIDS research. | show that TRIMCyp evolved approximately 5-6
million years ago in the common ancestor of the Asian macaques, after their divergence from M.
sylvanus, and that the genetic changes leading to TRIMCyp expression are variably distributed
in M. fascicularis populations. | demonstrate that multiple TRIM5a and TRIMCyp alleles, with
different antiviral specificities, are present in the M. sylvanus and M. fascicularis populations,
respectively. Finally, | show that coexpression of M. fascicularis TRIM5a and TRIMCyp does not
lead to the loss of restriction capability by either protein. The functional diversity of TRIM5a and
TRIMCyp restriction factors in macaques may have important consequences for their use as
HIV/AIDS models. This work helps to define some of the parameters that may affect retroviral

infection of nonhuman primate species.
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CHAPTER 1. Introduction

RETROVIRAL RESTRICTION FACTORS

The AIDS pandemic resulted from the cross-species transmission of a retrovirus from
chimpanzees to humans (Sharp and Hahn, 2011). Yet despite ongoing contact between
humans and nonhuman primates, we have acquired very few of the retroviruses that are
endemic in other primate species, and of these only HIV-1 is now pandemic in humans. Why
are successful cross-species retroviral transmission events rare? How do organisms protect
themselves from infection by retroviruses? One answer to these questions is found in retroviral
restriction factors, which are host proteins that act as dominant genetic factors to restrict
retroviral replication in certain species or cell types (Bieniasz, 2004; Goff, 2004; Neil and
Bieniasz, 2009; Strebel et al., 2009; Zheng and Peterlin, 2005). Restriction factors are typically
expressed constitutively in non-immune cell types and thus can act as an immediate defense
against viral attack, acting even before the induction of innate immunity. For this reason, they
have been described as comprising a third branch of the immune system known as intrinsic
immunity (Bieniasz, 2004). However, just as the innate and adaptive immune systems are
closely linked, restriction factors are intimately related to the innate immune system.

Understanding human restriction factors will help us to understand the selection
pressures that have operated on HIV-1 and led to its current pandemic status. Similarly,
understanding restriction factors in nonhuman primates and other model species will help us to

develop better animal models for AIDS and eventually to develop vaccines and therapies.
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Figure 1. Restriction factors in the retroviral life cycle. Schematic of

during the reverse events in the retroviral life cycle, showing the stages at which restriction
factors act. TRIM5a and TRIMCyp act at the uncoating step and may also
transcription step in prevent assembly by causing degradation of Gag protein. APOBEC3G is

packaged into the nascent viral particle (not shown) and causes
hypermutation during reverse transcription in target cells. Tetherin prevents
viral budding. SAMHD1 blocks viral replication at the reverse transcription
step, possibly by sequestering nucleotides.

target cells (Harris et

al., 2003; Sheehy et al.,
2002). Tetherin, also known as BST-2 or CD317, is a membrane-associated protein that is
thought to physically tether budding viral particles to the membrane of the producer cell, limiting
virion release (Neil et al., 2008). SAMHD1, which acts in myeloid cell types such as
macrophages and dendritic cells, degrades free nucleotides, limiting reverse transcription
(Goldstone et al., 2011; Hrecka et al., 2011; Laguette et al., 2011; Laguette and Benkirane,
2012; Powell et al., 2011).

Primate lentiviruses have evolved proteins that specifically counteract APOBEC3G,
tetherin, and SAMHD1. The Vif protein targets APOBEC3G for proteasomal degradation. The
Vpx gene of HIV-2 and SIV strains counteracts the activity of SAMHD1. HIV-1 does not have a

Vpx gene, explaining its inefficient infection of myeloid cells. In most primate lentiviruses, the



Nef protein counteracts the activity of tetherin. However, human tetherin contains a deletion in
the Nef-binding region; thus, HIV-1 uses the Vpu gene to counteract tetherin, while the envelope
protein of HIV-2 has anti-tetherin properties (Jia et al., 2009; Le Tortorec and Neil, 2009; Lim et
al., 2010b; Sauter et al., 2009; Yang et al., 2010). The existence of these varied mechanisms to
counteract restriction factors suggests a long-term evolutionary arms race between viruses and
their host species. The restriction factors themselves have signatures of adaptive evolution,
suggesting their role in this arms race (Emerman and Malik, 2010).

One of the most interesting and best studied retroviral restriction factors is TRIM5a.
TRIM5a targets the retroviral capsid at an early post-entry step. TRIM5a restriction is not
counteracted using a specific accessory gene, as for the restriction factors described above.
Instead, mutations that change the sequence and conformation of the viral capsid can abrogate
TRIM5a binding. TRIM5a is highly variable both within and among primate species, and has

important consequences for the host specificity of primate lentiviruses.
ANTIRETROVIRAL ACTIVITY OF TRIM5a

More than a decade ago, researchers found that the replication of N-tropic murine
leukemia virus (N-MLV) is restricted in human cells, and named the putative restriction factor
leading to this activity Refl (Towers et al., 2000). Meanwhile, independent research
demonstrated a similar block to the replication of HIV-1 in nonhuman primate cells, which the
researchers called Lvl (Cowan et al., 2002). In both cases, the restriction occurs before reverse
transcription and is saturable by increasing amounts of viral capsid. Although these two
activities were described and named separately, they were subsequently traced to species-
specific alleles of the TRIM5a protein (Hatziioannou et al., 2004; Keckesova et al., 2004; Perron

et al., 2004; Yap et al., 2004).



TRIM5a is one of several splice variants expressed from the TRIM5 gene, which belongs
to the tripartite motif (TRIM) gene family (Reymond et al., 2001). TRIM proteins canonically
contain, in order, a RING domain, one or two B-Box domains, and a coiled coil domain; these
three domains are collectively known as the tripartite motif. The B-Box domain is unique to
TRIM proteins and can be considered the defining feature of the family (Reymond et al., 2001).

This conserved domain structure is followed by any of a number of C-terminal domains. TRIM5a

contains a B30.2/SPRY
TRIM5:x —{RING |—|B-Box Coiled Caoil |—| B30.2/SPRY ‘
domain, which is the most
. . Y RING B-B Coiled Coil
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Figure 2. Domain structure of TRIM5 proteins showing TRIM5a,
TRIM5y, TRIM5n, and macaque TRIMCyp.

(Sardiello et al., 2008).

TRIM5a binds to the capsid of susceptible retroviruses via its B30.2/SPRY domain, and
the sequence of this domain determines the viral specificity of a TRIM5a isolate (Ohkura et al.,
2006; Sawyer et al., 2005; Sebastian and Luban, 2005; Stremlau et al., 2006). Consistent with
its role in determining viral specificity, the B30.2/SPRY domain has evolved under positive
selection (Liu et al., 2005; Ortiz et al., 2006; Sawyer et al., 2005). In addition to extensive amino
acid changes in specific variable regions that likely bind directly to viral capsids, certain lineages
of both Old World and New World monkeys have undergone duplications in this region, leading
to expanded antiviral specificity (Nakayama et al., 2005; Sawyer et al., 2005; Song et al., 2005a;
Song et al., 2005b). In addition to positive selection, there is evidence for balancing selection on

Old World monkey TRIM5a. Several polymorphisms are shared across species, suggesting that



the maintenance of multiple alleles in a population may confer an evolutionary benefit (Newman
et al., 2006).

The three domains of the tripartite motif are also required for restriction activity. The
RING domain allows TRIM5a to act as an E3 ubiquitin ligase, and specifically to
autoubiquitinate (Diaz-Griffero et al., 2006; Yamauchi et al., 2008). However, it apparently does
not target viral capsids for degradation via polyubiquitination (Javanbakht et al., 2005; Stremlau
et al., 2006), and the function of the ubiquitination activity may depend on the specific host
species and viral strain being targeted (Kim et al., 2011; Lienlaf et al., 2011; Maegawa et al.,
2010). The ubiquitin ligase activity of TRIM5a may be more relevant to its other activities that
are independent of direct viral restriction (see below). The coiled coil domain mediates
dimerization, which is thought to be required for efficient capsid binding (Javanbakht et al.,
2006; Langelier et al., 2008). Some studies have found evidence of positive selection in the
coiled coil domain, suggesting that it may also play a role in restriction specificity (Maillard et al.,
2010; Sawyer et al., 2005). The B-Box domain mediates higher-order self-association, although
other regions of the protein also participate in this self-association (Li and Sodroski, 2008; Li et
al., 2011).

TRIM5a dimers are thought to assemble into a hexagonal lattice that overlays the lattice
structure of the viral capsid (Ganser-Pornillos et al., 2011). This interaction leads to disruption of
the viral capsid and to premature uncoating (Black and Aiken, 2010; Zhao et al., 2011).
TRIM5a-mediated restriction typically occurs before reverse transcription. However, in the
presence of proteasome inhibitors, reverse transcription products accumulate but restriction
activity is maintained. This suggests that TRIM5a restriction is a two-step process, with both
proteasome-dependent and independent stages (Anderson et al., 2006; Wu et al., 2006). In the

presence of proteasome inhibitors, TRIM5a apparently sequesters viral capsids into cytoplasmic



bodies, suggesting that this sequestration is an intermediate in a pathway that ultimately leads
to proteasomal degradation of the capsid (Campbell et al., 2008).

TRIM5 expression is upregulated by interferon signaling, connecting it with the innate
immune system (Asaoka et al., 2005; Sakuma et al., 2007a; Carthagena et al., 2008). TRIM5 is
subject to alternative splicing, and multiple isoforms are found in all species that have been
examined. Although TRIM5a is the most abundant TRIM5 isoform in human cell lines, it only
constitutes approximately 50% of TRIM5 cDNA derived from these cell lines (Battivelli et al.,
2011a). Other isoforms, such as TRIM5y, 9, 1, and k lack the B30.2/SPRY domain and thus the
capsid-binding activity and restriction capability of TRIM5a (See Figure 2) (Reymond et al.,
2001; Stremlau et al., 2004). In some in vitro experiments, these other isoforms have a
dominant negative effect on TRIM5a antiviral activity (Battivelli et al., 2011a; Maegawa et al.,
2008; Stremlau et al., 2004). However, their function in vivo is not well understood.

In addition to the early restriction of retroviruses by TRIM5a, some researchers have
described an additional restriction capability at a late stage of retroviral replication. Specifically,
they found that the Gag polyprotein of HIV-1 is degraded in the presence of rhesus macaque
TRIM5a (Ohmine et al., 2011; Sakuma et al., 2007b). Another group found a similar, albeit
weaker, effect of human TRIM5a on HIV-1 (Zhang et al., 2010) However, this potential activity
has been controversial, and its relevance to in vivo infection and disease is unclear (Zhang et
al., 2008).

Although most studies on TRIM5 have focused on its specific antiretroviral activity, an
additional function in immune signaling has recently been described. TRIM30a, which is one of
several murine homologs of TRIM5a, was found to negatively regulate NF-kB activation
downstream of toll-like receptor (TLR) signaling (Shi et al., 2008; Tareen et al., 2009). Shi et al.
found that murine TRIM30a negatively regulates TLR signaling by targeting TAB2 and TAB3

proteins for proteasomal degradation. These proteins are part of a complex that acts



downstream of TLR signaling to activate NF-kB. Given that TRIM30a is induced by TLR
agonists, the authors speculate that it is a key component of a negative feedback loop to reduce
innate immune activation (Shi et al., 2008).

Expression of human TRIM5a, but not rhesus macaque TRIM5a, also reduced TAB2
protein levels. However, human and rhesus macaque TRIM5a resulted in the activation of NF-
KB-driven transcription, rather than the downregulation seen with murine TRIM30a (Tareen et
al., 2009). This seemingly paradoxical effect was explained when another group found that
human TRIM5a independently promotes activation of NF-kB, as well as AP-1, another innate
immune transcription factor, through the production of free K63-linked ubiquitin chains. These
ubiquitin chains bind to TAB2/TAB3, leading to activation of downstream signaling (Pertel et al.,
2011). This signaling activity of TRIM5a occurred during retroviral infection, leading the authors
to conclude that TRIMSa acts as a pattern-recognition receptor for retroviral capsids. However,
TRIMSy, which lacks the B30.2/SPRY domain, was also competent for signaling (Tareen et al.,
2009), and TRIM5a had signaling activity after interferon treatment in the absence of retroviral
capsids (Pertel et al., 2011). Thus, TRIM5 proteins function in innate immune signaling in both
retroviral capsid-dependent and independent ways.

TRIM5a is present in most mammals, although it has not been extensively studied in
species other than primates. Rabbits and hares, like primates, have a single TRIM5 gene
encoding a functional TRIM5a (Fletcher et al., 2010; Sawyer et al., 2007; Schaller et al., 2007a).
The TRIMS5 gene has been independently disrupted in both feline and canine lineages, and
these species do not encode a functional TRIM5a (McEwan et al., 2009). In contrast, the TRIM5
locus has been expanded in rodents and cattle, with at least eight paralogs in mice, three in
rats, and five in cattle (Sawyer et al., 2007; Si et al., 2006; Tareen et al., 2009; Ylinen et al.,
2006). The multiple TRIM5 paralogs in rodent species may also have expanded functional

abilities (Shi et al., 2008; Tareen and Emerman, 2011; Taylor et al., 2011).



The TRIMS gene is under positive selection in primate lineages, suggesting that it has
evolved under pressure to restrict viral replication (Liu et al., 2005; Ortiz et al., 2006; Sawyer et
al., 2005). Although it is difficult to determine the specific viruses that TRIM5a might have
evolved to control, the foamy viruses are possible candidates. These viruses belong to the
Spumaviridae, a distinct and unusual family of retroviruses found in most nonhuman primates
(Yap et al., 2008). Among three species of New World monkeys with overlapping geographic
ranges, the TRIM5a protein from each species restricted the replication of foamy viruses
endogenous to at least one of the other species. None of the species had a TRIM5a protein that
was able to restrict its own foamy virus. Thus, TRIM5a restriction may contribute to the species
specificity of foamy viruses (Pacheco et al., 2010). Other similar ecological interactions likely

drive the evolution of TRIM5 in various species.
HUMAN TRIM5a AND HIV INFECTION

Human TRIM5aq, unlike that of many nonhuman primates, has limited restriction activity
against HIV-1 infection. Rather, it has potent activity against gammaretroviruses such as MLV.
Thus, the specificity of human TRIM5a may have contributed to the emergence of HIV-1 and the
AIDS pandemic. The lack of HIV-1 restriction by human TRIM5a can be traced to a single amino
acid substitution. Human TRIM5a contains an arginine residue at position 332 in the
B30.2/SPRY domain, whereas macaque TRIM5a has a proline at this residue. Substitution of
the proline residue in the human gene allows it to restrict HIV-1 (Li et al., 2006; Stremlau et al.,
2005; Yap et al., 2005).

It is not clear what ancestral selective pressures drove the evolution of human TRIM5a
to its current form. Might an ancient epidemic gammaretrovirus have selected for the current
specificity of human TRIM5a? Reconstruction of an endogenous gammaretrovirus found in
chimpanzees but not in humans suggests that human TRIM5a may have evolved to restrict this

virus (Kaiser et al., 2007). However, a different reconstruction of the same ancestral virus was



insensitive to human TRIM5a (Perez-Caballero et al., 2008). These findings remain
controversial, and the past evolutionary pressures on human TRIM5a may never be known in
detail.

The relevance of human TRIM5a to HIV-1 infection in the context of pandemic AIDS is
unclear (Stremlau et al., 2005). There are several polymorphisms in the human TRIM5 gene
that may affect retroviral replication, as discussed below. However, no entirely consistent
pattern has emerged from the several studies on the effects of human TRIM5a on HIV-1
infection, and those studies that have found effects often find them in only one of several
outcome measures. Thus, any effect of human TRIM5a on HIV-1 infection is apparently small
and is not clear-cut.

Two rare polymorphisms in human populations apparently lead to a truncated TRIM5a
protein. The deletion of a nucleotide leads to a frameshift at the C-terminal end of the RING
domain in some Japanese individuals, while a nonsense mutation found in the Baka pygmies of
Cameroon leads to a truncation early in the B30.2/SPRY domain (Nakajima et al., 2009;
Torimiro et al., 2009). Both of these mutations would be expected to lead to a TRIM5a protein
that is nonfunctional for direct antiviral activity, although the form with the nonsense mutation
may still be competent for signaling.

There are several more common TRIM5 polymorphisms in various human populations.
The H43Y polymorphism, found in the RING domain, has received a considerable amount of
attention. This variant is most common in indigenous Central and South American populations
but has been found in every cohort examined (Sawyer et al., 2006). The Y43 allele had impaired
in vitro restriction activity against both HIV-1 and N-MLV in experiments conducted in canine or
feline cell lines (Javanbakht et al., 2006; Sawyer et al., 2006). However, the change in HIV-1
restriction was not observed in independent experiments performed in HelLa cells, a human T

cell line, or primary human CD4" T cells (Goldschmidt et al., 2006; Nakayama et al., 2007,
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Speelmon et al., 2006). Interpretation of these findings is challenging due to the already limited
restriction activity of human TRIM5a against HIV-1, which may explain the inconsistent results.
Consistent with a detrimental effect on HIV-1 restriction, Y43 was associated with accelerated
disease progression in a European cohort (van Manen et al., 2008). However, Y43 had no effect
on various outcome measures in other studies (Nakayama et al., 2007; Price et al., 2010;
Speelmon et al., 2006). In Chinese injecting drug users, Y43 was found more commonly in
seronegative individuals relative to infected patients, possibly indicating a protective effect (Liu
et al., 2011). Similar results were found in an Indian cohort, in which Y43 was more common in
HIV-1 uninfected individuals than in infected individuals (Nakajima et al., 2009). This trend was
also observed in Japanese patients, although it did not reach statistical significance in the
Japanese cohort (Nakajima et al., 2009). Thus, the apparent detrimental effect of the H43Y
polymorphism on restriction in vitro is not borne out by in vivo studies, and this allele may in fact
be protective.

The R136Q polymorphism has also been extensively examined. This polymorphism
improved restriction activity against HIV-1 in one in vitro study, but had no effect in two others
(Goldschmidt et al., 2006; Javanbakht et al., 2006; Speelmon et al., 2006). In one
epidemiological study, the Q136 allele was more common among HIV-1-infected subjects
relative to exposed seronegative individuals, suggesting a detrimental effect (Speelmon et al.,
2006). However, the opposite was seen in two other studies (Javanbakht et al., 2006; Price et
al., 2010). An additional study found that individuals homozygous or heterozygous for the Q136
allele maintained low viral loads for a longer time after the development of CXCR4-using HIV-1
variants, suggesting a possible protective effect for this TRIM5a allele late in infection (van
Manen et al., 2008).

Several other polymorphisms have been associated with HIV-1 acquisition or disease

progression in single studies, which have not been confirmed by other researchers.
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Goldschmidt et al. found a modest association of G249D and H419Y variants with slower
disease progression in a European cohort (Goldschmidt et al., 2006). Nakajima et al. found that
G110R was associated with reduced susceptibility to HIV-1 infection, although in vitro it slightly
decreased the ability of chimeric TRIM5a constructs to restrict both HIV-1 and HIV-2 (Nakajima
et al., 2009). Javanbakht et al. found two noncoding single nucleotide polymorphisms (SNPs) in
the 5" untranslated region (UTR) that were elevated in uninfected individuals; they speculate
that these polymorphisms may affect gene regulation or splicing (Javanbakht et al., 2006).
TRIM5a may have other effects on HIV-1 infection and disease that are not allele-
specific. One study found that viral mutations that conferred escape from cytotoxic T lymphocyte
responses also increased the sensitivity of these viral variants to human TRIM5a, suggesting
that TRIM5a acts as a constraint on immune escape (Battivelli et al., 2011b). Another study
found that HIV-1 infected individuals had lower levels of TRIM5a mRNA in their peripheral blood
mononuclear cells before infection than did individuals who did not seroconvert (Sewram et al.,
2009). In a third study, putative TRIM5a escape mutants were found in a minority of patients
late in HIV-1 infection. These patients had a slower disease progression than those who did not
develop these putative escape mutations, suggesting that TRIM5a may have slowed their
disease progression until the virus successfully escaped it (Kootstra et al., 2007). Finally, HIV-2
patients infected with TRIM5a-sensitive virus variants had lower viral loads than those with
TRIM5a-resistant virus variants (Onyango et al., 2010). Together, these studies suggest a

possible role for human TRIM5a in HIV infection, although its role is probably relatively limited.
TRIM PROTEINS IN INNATE AND ANTIVIRAL IMMUNITY

TRIMS is one of the best studied of the TRIM family of genes, a large and complex
family with multiple functions. These genes, and the proteins they encode, are widely distributed
throughout the animal kingdom (Sardiello et al., 2008; van der Aa et al., 2009). TRIM genes are

variable among species, and are a frequent target for duplications and other genomic
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rearrangements (Han et al., 2011; McEwan et al., 2009; Tareen et al., 2009). Many TRIM
genes, including TRIM5, encode multiple protein isoforms through alternative splicing, further
increasing the diversity of the TRIM family (Reymond et al., 2001).

Of the approximately 100 TRIM genes in the human genome, at least seven are not
found in any other species, and there is at least one TRIM gene amplification that is
polymorphic within the human population (Han et al., 2011). It is not clear whether these newly
evolved TRIM genes have any function in human biology. However, other TRIM genes have
been implicated in numerous biological processes. For instance, mutations in TRIM genes are
associated with developmental disorders and cancers (Reymond et al., 2001; Sardiello et al.,
2008).

Many TRIM proteins have functions in immunity and inflammation (Jefferies et al., 2011,
McNab et al., 2011; Nisole et al., 2005; Ozato et al., 2008). A large subset of TRIM genes,
including TRIMS, is upregulated by interferon treatment in both human and mouse cells
(Carthagena et al., 2008; Rajsbaum et al., 2008). Many TRIM genes have also been implicated
in autoimmune and inflammatory diseases (Jefferies et al., 2011). TRIM20, also known as pyrin
or MEFV, is involved in familial Mediterranean fever, a hereditary inflammatory disease (Chae et
al., 2009; Grandemange et al., 2011). TRIM21, also known as Ro52, is an autoantigen in
systemic lupus erythematosus and is thought to downregulate the immune response under
normal circumstances (Espinosa et al., 2009). TRIM5, 19, 20, 21, 22, 23, 25, 27, 40, and 56 are
all implicated in the regulation of immune signaling pathways including the NF-kB pathway, Toll-
like receptor signaling, and interferon signaling (Gack et al., 2007; Gack et al., 2009; Jefferies et
al., 2011; Pertel et al., 2011; Yu et al., 2011).

In addition to general roles in immunity and inflammation, a large subset of TRIM
proteins has antiviral activity, and given the diversity of TRIM proteins, it seems likely that more

remain to be discovered. These proteins can target any of a variety of virus families. A
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screening study identified approximately 20 human TRIM proteins that inhibited either early or
late stages of retroviral life cycles when overexpressed in human cells, although many of these
remain to be substantiated and the mechanisms are not clear (Uchil et al., 2008). TRIM19, also
known as PML, has been implicated in defense against a wide array of viruses, including
retroviruses, herpesviruses, adenovirus, rhabdoviruses, lymphocytic choriomeningitis virus,
influenza A virus, and poliovirus (Blondel et al., 2010; Geoffroy and Chelbi-Alix, 2011; Kentsis et
al., 2001; Maroui et al., 2011; Regad et al., 2001; Reichelt et al., 2011; Turelli et al., 2001).
Among other TRIM proteins, TRIM28 mediates silencing of murine leukemia virus in embryonic
cells (Wolf and Goff, 2007; Wolf et al., 2008). TRIM79a, a murine-specific protein, targets the
RNA polymerase of certain flaviviruses for lysosomal degradation (Taylor et al., 2011). TRIM22
inhibits HIV particle production (Barr et al., 2008). TRIM21 mediates intracellular antibody-
mediated antiviral immunity (Mallery et al., 2010). Thus, the antiviral and inflammatory functions
of TRIMS are not unique, or even unusual, within its gene family. It seems likely that further
functions of TRIM genes in immunity remain to be discovered, and that studies of these genes

will continue to improve our understanding of antiviral immunity in the future.
EVOLUTION AND GENETIC STRUCTURE OF TRIMCYP

The peptidyl prolyl isomerase cyclophilin A (CypA) binds the capsids of HIV-1 and other
lentiviruses (Lin and Emerman, 2006; Luban et al., 1993). This protein has numerous effects,
both positive and negative, on retroviral replication, depending on the specific virus and cell type
(Berthoux et al., 2005; Lin and Emerman, 2006; Luban, 2007; Matsuoka et al., 2009; Sawyer et
al., 2007; Sokolskaja et al., 2006; Stremlau et al., 2006). Inhibition of CypA activity by the drug
cyclosporin A (CsA) disrupts the replication of HIV-1 in human cell lines (Luban, 2007; Sayah
and Luban, 2004). However, CsA treatment dramatically improves HIV-1 replication in cells
derived from owl monkeys (the Aotus genus of New World monkeys). These data were

explained when researchers found that a retrotransposition event has inserted a CypA cDNA
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into an intron of the Aotus TRIM5 gene (Nisole et al., 2004; Sayah et al., 2004). The resulting
fusion protein, known as TRIMCyp, contains a CypA domain in place of the B30.2/SPRY
domain. TRIMCyp has antiretroviral activity similar to that of TRIM5a, but with its specificity
determined by the capsid-binding specificity of CypA rather than that of the B30.2/SPRY
domain. Thus, the antiviral activity of TRIMCyp is abrogated by CsA, which prevents CypA
binding to the viral capsid.

This insertion is unique to Aotus species and apparently fixed within all members of the
genus. Aotus species diverged from other New World monkeys approximately 22 million years
before present (ybp), while the different Aotus species diverged approximately 4.5 million ybp.
Thus, TRIMCyp must have evolved in New World monkeys between 4.5 and 22 million ybp
(Ribeiro et al., 2005).

An independent retrotransposition of CypA in the 3' UTR of the TRIM5 gene has
generated a remarkably similar TRIMCyp in macaques, which are Old World monkeys
belonging to the genus Macaca (Brennan et al., 2008; Liao et al., 2007; Newman et al., 2008;
Virgen et al., 2008; Wilson et al., 2008b). In these animals, the presence of the CypA insertion is
correlated with a polymorphism at the exon 7 splice acceptor site, in which the canonical AG
dinucleotide splice acceptor is changed to an AT dinucleotide. This change leads to the
production of at least three alternatively spliced products. In TRIM586, the AG dinucleotide that
comprises the first two nucleotides of exon 7 is used as a splice acceptor. This two-nucleotide
deletion in the coding sequence causes a frameshift and a truncated protein. In TRIMSn, exon 7
is skipped entirely, and exon 6 is spliced directly to exon 8. The absence of exon 7 leads to an
in-frame deletion of nine amino acids in the linker 2 region between the coiled coil and
B30.2/SPRY domains (see Figure 2). Interestingly, TRIM5n has no antiviral activity that has
been discovered so far, suggesting that the linker 2 region is important for the structure and

antiviral function of TRIM5a (Brennan et al., 2007; Brennan et al., 2008).
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The final alternative splice form related to the presence of the AT dinucleotide is
TRIMCyp, which results from the skipping of exons 7 and 8 and splicing to the beginning of the
CypA insertion (Brennan et al., 2008; Virgen et al., 2008; Wilson et al., 2008b). Unlike Aotus
TRIMCyp, which binds to and restricts HIV-1, the TRIMCyp from rhesus macaques (M. mulatta)
and pigtail macaques (M. nemestrina) restricts HIV-2 but not HIV-1. The capsid of HIV-2 only
weakly binds to wild-type CypA (Price et al., 2009). However, two mutations in the CypA
sequence of M. mulatta and M. nemestrina TRIMCyp allow for specific binding to the HIV-2
capsid (Virgen et al., 2008; Price et al., 2009; Caines et al., 2012). These mutations are D369N
and R372H in the TRIMCyp protein (also sometimes defined by their as residues 66 and 69
within the CypA domain). In the context of M. mulatta TRIMCyp, R372H improves the affinity of
the protein for the HIV-2 capsid, while D369N destroys affinity for HIV-1 (Price et al., 2009).

The restriction specificity of TRIMCyp in both New World and Old World monkeys is
determined by the viral capsid binding specificity of the CypA domain, much as the specificity of
TRIM5a is determined by the capsid binding specificity of the B30.2/SPRY domain. In support of
this idea, artificial fusion of CypA to the tripartite motif region of human or feline TRIM5, or even
of other TRIM proteins such as TRIM19, leads to a functional antiviral restriction factor (Dietrich
et al., 2011b; Dietrich et al., 2010b; Neagu et al., 2009; Yap et al., 2006). Fusion of CypA to an
unrelated murine restriction factor or even to multimerization domains not otherwise implicated
in antiviral defense can also lead to viral restriction, suggesting that at least part of the antiviral
activity of TRIMCyp results from its ability to bind to the viral capsid and to multimerize
(Javanbakht et al., 2007; Schaller et al., 2007b; Yap et al., 2007).

As mentioned above, TRIM5 proteins homodimerize through their coiled-coil domains
(Javanbakht et al., 2006; Langelier et al., 2008). Because all TRIM5 splice forms, including
TRIMCyp, share the same coiled-coil domain, they may also be able to heterodimerize. Indirect

evidence suggests that such heterodimerization may have important functional consequences.
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When M. mulatta TRIMCyp is overexpressed in TRIMCyp-negative M. mulatta cells, the
TRIMSa-mediated restriction of HIV-1 is reduced. Thus, TRIMCyp may have a dominant-
negative effect on TRIM5a (Wilson et al., 2008b). These data suggest that TRIM5a and
TRIMCyp likely interact. However, interpretation of these results is complicated by the artificial
system in which they were obtained. In the unrelated but mechanistically similar murine
restriction factor Fvl, overexpression of one allele relative to the other leads to an apparent
dominant negative effect, when the two alleles are codominant in vivo (Bock et al., 2000). Thus,
the effect of coexpression of different TRIM5 proteins remains an open question and is one of

the aims addressed in this work (see Chapter 5).
MACAQUE EVOLUTION AND ANIMAL MODELS FOR AIDS

Infection of macaques with SIV or related chimeric viruses is commonly used as a model
of HIV infection in humans. The three macaque species commonly used as models for
biomedical research are M. mulatta (rhesus macaques), M. fascicularis (cynomolgous
macaques), and M. nemestrina (pigtail macaques). All three of these species have TRIMCyp at
some proportion in their populations. The genetic changes in TRIM5 leading to TRIMCyp
expression appears to be fixed in M. nemestrina, and this species does not express TRIM5a
(Brennan et al., 2007; Brennan et al., 2008; Kuang et al., 2009; Newman et al., 2008). In M.
mulatta, TRIMCyp is relatively rare, and appears to be present in animals of Indian, but not
Chinese, origin (Newman et al., 2008; Wilson et al., 2008b). The prevalence of TRIMCyp in M.
fascicularis had not previously been described, and its determination was one of the aims of this
work (Dietrich et al., 2011a; see Chapter 4).

Macaques belong to the genus Macaca, in the family Cercopithecidae of Old World
monkeys (Figure 3). The natural range of all macaque species, with the exception of M.
sylvanus, is in Asia. M. sylvanus is found in North Africa and Gibraltar and diverged from the

Asian macaques approximately 5-6 million years ago. The Asian macaques are divided into
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three clades, known as the silenus group, the fascicularis group, and the sinica group. These
groups are defined by morphological characteristics as well as molecular phylogeny (Li et al.,
2009; Tosi et al., 2003). M. mulatta and M. fascicularis are closely related members of the
fascicularis group, while M. nemestrina is more distantly related and belongs to the silenus
group. These three species have overlapping native ranges in Southeast Asia.

The first AIDS models in macaques used infection with SIVmac. SIVmac is derived from

SIVsm, which naturally infects sooty mangabeys. These viruses are relatively distantly related to
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Figure 3. Geographic distribution and phylogenetic relationships of selected Old World
primate species. (A) The geographic ranges of M. fascicularis, M. mulatta, M. nemestrina, and M.
sylvanus are highlighted in blue. (B) Schematic dendrogram showing the phylogenetic relationships
between macaque species, Papio (baboons), and Cercocebus (mangabeys). Asian macaque
phylogenetic groups are indicated at right (Li et al., 2009). This graphical representation is not to
scale and is not intended to reflect relative divergence. Relationships are adapted from Li et al., 2009;
Page et al., 1999; and Tosi et al., 2003.
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HIV-1, which is derived from SIVcpz. SIVcpz is found in chimpanzees and is itself a
recombinant virus derived from the SIVs of red-capped mangabeys (Cercocebus torquatus) and
those infecting various Cercopithecus species (Sharp and Hahn, 2011). HIV-1 and SIVmac
have different accessory genes, which affects their susceptibility to restriction factors, as
described above (Figure 4). Epitopes targeted in HIV-1 vaccine candidates may not be present
in SIVmac, and many of the therapeutic agents used against HIV-1 are not active against
SIVmac.

Because of these challenges, researchers have developed recombinant viruses, known
as SHIV. SHIV strains contain the HIV envelope or reverse transcriptase, along with various
accessory genes, within the backbone of SIVmac (Ambrose et al., 2007; Baroncelli et al., 2008).
These constructs allow testing of envelope-based vaccines or reverse transcriptase inhibitors.
However, SHIV constructs are not useful for testing vaccines that target HIV-1 epitopes not
contained in the SHIV strain, or drugs that target proteins other than the reverse transcriptase.

Therefore, a new generation of chimeric viruses that can infect macaques has recently
been described. These constructs, known as HSIV or simian-tropic HIV-1 (stHIV-1), are
designed to evade host restriction factors. Specifically, these constructs contain the Vif gene

from SIVmac in the background of HIV-1, allowing the virus to counteract simian APOBEC3G.
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TRIM5a-mediated restriction can be avoided by using these constructs to infect M. nemestrina,
which does not have TRIM5a and has a TRIMCyp protein that does not restrict HIV-1. Although
HSIV/stHIV-1 viruses are still imperfect models of HIV/AIDS and do not replicate as well as SIV
models in macaques, these studies show that animal models of HIV/AIDS have been directly
improved by our understanding of restriction factor function (Hatziioannou et al., 2009; Igarashi
et al., 2007; Saito et al., 2011; Thippeshappa et al., 2011). Future work will doubtless improve
these models, perhaps by evading tetherin-mediated restriction.

Recently, it has become clear that TRIM5/TRIMCyp proteins have important
consequences for the outcome of SIV infection of macaques. In addition to TRIMCyp, rhesus
macaques have two major alleles of TRIM5a, which differ at positions 339-341 in the
B30.2/SPRY domain. One allele contains amino acid residues TFP at those positions, and can
restrict SIVsm, as can rhesus macaque TRIMCyp. The other TRIM5a allele contains a Q
residue, with a two amino acid deletion; this allele does not restrict SIVsm (Kirmaier et al., 2010;
Newman et al., 2006; Wilson et al., 2008a). Kirmaier et al. showed that animals homozygous for
the nonrestrictive TRIM5a allele have significantly higher viral loads when infected with SIVsm
than animals that have two copies of a restrictive allele; heterozygotes had an intermediate
phenotype (Kirmaier et al., 2010). They further showed that several amino acid residues found
in SIVmac can evade restriction by TRIMCyp and by the TFP allele of rhesus macaque TRIM5a.
They speculate that these residues evolved to evade TRIM5 proteins when the ancestor of
SIVmac was transmitted to rhesus macaques. TRIM5 genotype also has an effect on mucosal
acquisition of SIVsm in rhesus macaques (Yeh et al., 2011). TRIM5 alleles may also affect the
acquisition or control of SIVmac strains in rhesus macaques, although this effect is less
dramatic than the effect on SIVsm and appears to depend on the virus strain and/or route of
transmission (de Groot et al., 2011; Fenizia et al., 2011; Letvin et al., 2011; Lim et al., 2010b;

Lim et al., 2010c).
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In this work, | address several critical questions about TRIM5a and TRIMCyp in Old
World primates. When in the evolution of Old World primates did TRIMCyp arise, and what is its
distribution within existing species? Among species used as AIDS models, M. fascicularis has
not previously been thoroughly examined for its restriction capability. How common is TRIMCyp
within different populations of M. fascicularis, and what is its restriction specificity? Finally, what
is the effect of coexpressing TRIM5a and TRIMCyp in the same cells? All these questions have
important implications for animal models of AIDS, and further exploration of these topics will

doubtless lead to important insights.
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CHAPTER 2. Materials and Methods

Samples

Peripheral blood (maximum of 10 ml/kg/week) from unrelated P. cynocephalus anubis
and M. fascicularis animals housed at the Washington National Primate Research Center
(WaNPRC) was collected in heparinized Vacutainer tubes. M. sylvanus were captured from
wild populations in Gibraltar, and blood was collected in EDTA-coated Vacutainer tubes. Blood
was collected by venipuncture when animals were under sedation (ketamine 10-15 mg/kg) to
relieve pain and suffering. DNA was isolated using a QlAamp DNA Blood Mini kit (Qiagen) on
fresh whole blood. RNA was isolated using a QlAamp RNA Blood Mini kit (Qiagen) on fresh
whole blood (P. cynocephalus anubis and M. fascicularis) or frozen leukocyte pellets preserved
using RNAlater (Ambion) (M. sylvanus).

Blood samples from 16 M. fascicularis were obtained from Alpha Genesis, Inc., including
4 each derived from Indochina (2 Vietnam, 2 Cambodia), Indonesia, Mauritius and the
Philippines. Five additional Indonesian and ten additional Indochinese samples were obtained
from different breeders, to ensure that animals were unrelated. DNAs were extracted using a
MagnSil Genomic DNA Extraction procedure (Promega, Inc.) and the animal ancestries were
confirmed by a 66 SNP assay developed to distinguish macaque ancestry (Street et al., 2007).
The SNP assay also verified each animal to be unique.

Genomic DNAs from 40 feral Mauritian-origin M. fascicularis housed at the Wisconsin
National Primate Research Center (WNPRC) were purified from 2ml EDTA peripheral blood
samples using a MagNA Pure LC DNA lIsolation kit (Roche).

DNA samples were obtained from the Coriell Institute Integrated Primate Biomaterials
and Information Resource (IPBIR) for M. nigra (Repository number PR00726), M. thibetana

(PR0O0711), and P. hamadryas (PR00559).
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All animals were cared for according to the regulations and guidelines of the Institutional
Animal Care and Use Committees at their respective institutions.

Cell lines

293T cells were grown in DMEM containing 10% fetal bovine serum. CrFK cells were
grown in DMEM containing 8% bovine growth serum, supplemented with 0.4 pg/mi
puromycin(Sigma) and/or 800 ug/ml G418 (Promega) as appropriate.

PCR and Restriction Analysis

For the Nsil restriction assay, genomic DNA was amplified using Platinum PCR
Supermix High Fidelity (Invitrogen), with forward primer MfaT5ex6F (Primer 2; ATC TGA AAC
GAA TGC TAG ACA TG) and reverse primer 3TrmNotl (Primer 4; ATC TAG GCG GCC GCT
TAA GAG CTT GGT GAG CAC AGA GTC ATG). PCR products were digested using
FastDigest Nsil enzyme (Fermentas) (Newman et al., 2006).

To test for the CypA insertion, genomic DNA was PCR amplified using Platinum PCR
Supermix High Fidelity (Invitrogen), with forward primer 3UTRF (Primer 3; TGA CTC TGT GCT
CAC CAA GCT CTT G) and reverse primer 3UTRRLong (Primer 6; TCA CCC TAC TAT GCA
ATA AAA CAT TAG GACQC), as described by Wilson et al. (Wilson et al., 2008b). CypA-containing
PCR products were cloned and sequenced (at least two clones per animal).

For RT-PCR, M. fascicularis TRIMCyp RNA was reverse transcribed and PCR amplified
using a SuperScript lll One-Step RT-PCR kit (Invitrogen), with forward primer Xhol[HATRIM5
(Primer 1; CTA GAT CTC GAG ATG TAC CCA TAT GAC GTT CCA GAC TAC GCG GCT TCT
GGA ATC CTG GTT AAT GTA AAG) and reverse primer CypARMCSNotl (Primer 5; GTA TAT
GCG GCC GCT TAT TCG AGT TGT CCA CAG TCA G). M. sylvanus TRIM5a first-strand cDNA
was produced using the Accuscript High Fidelity 1% Strand cDNA Synthesis Kit (Stratagene),
using random hexamers as primers, and the cDNA was PCR amplified using primers 1 and 4

with AccuPrime Pfx Supermix (Invitrogen).
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To confirm cDNA sequences, genomic DNA was amplified in two segments due to the
length of intron 4. Exons 2-4 were amplified using forward primer XholTRIMS5 (CTA GAT CTC
GAG ATG GCT TCT GGA ATC CTG GTT AAT GTA AAG) and reverse primer MfaT5int4R
(CAG CAA CTG ATT CAG AAA AGC GGT CC). Exons 5-6 were amplified using forward primer
MfaT5int4F (CAC TGT CAC CAT CTC CAT TCT CAG CAC) and reverse primer MfaT5int6R
(CCC ATC AGC AGC AGA CAA TAT CCA). Two clones from each animal were sequenced.

Brightness and contrast were adjusted in gel photos using Adobe Photoshop CS4
software. All adjustments were made across entire images.

Cloning

PCR products for sequencing were cloned using a StrataClone Blunt PCR Cloning Kit
(Stratagene). Sequencing was performed by the University of Washington Biochemistry
Sequencing Center or the University of Washington Pharmaceutics Sequencing Center.

For stable transduction of cell lines, RT-PCR products were cloned using a StrataClone
PCR cloning kit or a StrataClone Blunt PCR Cloning Kit (Stratagene). The resulting plasmids
containing HA-tagged TRIMCyp were digested using Xhol and Notl restriction enzymes (New
England Biolabs). The excised TRIMCyp bands were subcloned into the pLPCX or pLNCX2
retroviral expression vectors (Clontech).

TRIMCyp-containing pLPCX plasmids were mutagenized using a QuikChange Il XL site-
directed mutagenesis kit (Stratagene).

Sequence Analysis

Sequence analysis was performed using Geneious 4.8 (Drummond et al., 2009) and
MEGA software (Tamura et al., 2007; Tamura et al., 2011). Sequences were aligned for a 1204
bp genomic region of TRIM5 encompassing exons 7 and 8 and introns 6 and 7 (amplified using
primers 2 and 4). Novel sequences were aligned with sequences from M. mulatta (extracted

from chromosome 14 of the rhesus macaque genome, NC_007871.1), M. nemestrina
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(EU371641.1), and Homo sapiens (extracted from chromosome 11 of build 37.1 of the human
genome, NT_009327.18) obtained from GenBank. Phylogenetic trees were generated in
Geneious or MEGA 5 using neighbor-joining or maximum likelihood algorithms with 1000
bootstrap replicates. The human sequence was used as an outgroup.

MEGAA4.0 software was used to detect departures from neutrality with Tajima’s D
statistic (Tajima, 1989). Positions containing gaps and missing data were deleted.

Sequences generated in this work were deposited in GenBank (Accession numbers
HM468429- HM468446, HQ834751-HQ834786 and HQ840753-HQ840761).

Production of stable TRIM5a and TRIMCyp-expressing cell lines

293T cells were co-transfected using linear polyethylenimine with plasmids expressing
VSV-G envelope protein (pL-VSV-G), MLV Gag-Pol backbone (mGP), and pLPCX or pLNCX
plasmids containing HA-tagged M. fascicularis TRIMCyp (Reed et al., 2006). Supernatants
were harvested after 48 hours. CrFK cells in 6-well plates were transduced with 1 mL of virus-
containing supernatant and spinoculated for 1 hour at 650 x g. Cells were then allowed to grow
to confluence before beginning selection with 6 pg/mL puromycin or 800 pug/ml G418. For
coexpression, puromycin-resistant cells expressing TRIM5a were established, and then re-
transduced with TRIMCyp constructs in pLNCX.

For immunoblotting, cells were lysed in M-PER Mammalian Protein Extraction reagent
(Thermo Scientific). HA-tagged proteins were bound with HA.11 monoclonal antibody
(Covance) and detected with a goat anti-mouse alkaline phosphatase-conjugated secondary
antibody (Sigma-Aldrich). Western blot films were scanned, and brightness and contrast were
adjusted using Adobe Photoshop CS4 software. All adjustments were made across entire

images.
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Pseudotyped virus production

293T cells were cotransfected with VSV-G envelope protein and envelope-negative,
GFP-expressing virus backbones (HIV-1 pNL4-3, HIV-2 ROD, SIVmac239, and FIV) using
linear polyethylenimine (Reed et al., 2006). In the case of FIV, the packaging plasmid pGinSin
was also cotransfected. Virus-containing supernatant was harvested after 48 hours and
concentrated using PEG-It (System Biosciences). Reverse transcriptase in viral preparations
was quantified using a colorimetric reverse transcriptase assay (Roche).
Infectivity assay

CrFK cells, and CrFK-derived cells expressing TRIM5 proteins, were seeded and grown
overnight in 6-well plates with nonselective medium. They were then infected with dilutions of
virus in DMEM containing 5 pg/mL polybrene. For initial testing of M. fascicularis TRIMCyp-
expressing cell lines, viral inocula were normalized by RT concentration using a colorimetric RT
assay kit (Roche). In subsequent experiments, inocula were normalized by infectivity on CrFK
cells.

After 2 hours, the medium was replaced with fresh growth medium, and the cells were
grown for an additional 48 hours. GFP-expressing cells were enumerated by flow cytometry on
a FACSCalibur (Becton Dickinson), and data were analyzed with FlowJo 7.1.3 software (Tree

Star, Inc.). Normalized percent infectivity was calculated relative to CrFK cells.
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CHAPTER 3. Evolution of the Antiretroviral Restriction Factor TRIMCyp in
Old World Primates

ABSTRACT
The retroviral restriction factor TRIMCyp, which is a fusion protein derived from the

TRIM5 gene, blocks replication at a post-entry step. Among Old World primates, TRIMCyp has
been found in four species of Asian macaques, but not in African monkeys. To further define the
evolutionary origin of Old World TRIMCyp, we examined two species of baboons (genus Papio)
and three additional macaque species, including M. sylvanus, which is the only macaque
species found outside Asia, and represents the earliest diverging branch of the macaque
lineage. None of four P. cynocephalus anubis, one P. hamadryas, and 36 M. sylvanus had
either TRIMCyp mRNA or the genetic features required for its expression. M. sylvanus genomic
sequences indicated that the lack of TRIMCyp in this species was not due to genetic
homogeneity among specimens studied and revealed the existence of four TRIM5a alleles, all
distinct from M. mulatta and Papio counterparts. One of the polymorphisms in M. sylvanus
TRIMSa, T339M, led to differences in restriction activity against HIV-2 ROD and SIVsm.
Together with existing data on macaque evolution, our findings indicate that TRIMCyp evolved
in the ancestors of Asian macaques approximately 5-6 million years before present (ybp), likely
as a result of a retroviral threat. TRIMCyp then became fixed in the M. nemestrina lineage after
it diverged from M. nigra, approximately 2 million ybp. The macaque lineage is uniqgue among
primates studied so far due to the presence and diversity of both TRIM5 and TRIMCyp
restriction factors. Studies of these proteins may provide valuable information about natural
antiviral mechanisms, and give further insight into the factors that shaped the evolution of

macaque species.
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INTRODUCTION

Primates have been infected with retroviruses frequently throughout their evolution.
Retroviral infections are believed to have driven the evolution of host factors such as the
restriction factors TRIM5a and TRIMCyp (Emerman and Malik, 2010). These restriction factors
specifically inhibit retroviral replication (Hatziioannou et al., 2004; Keckesova et al., 2004,
Stremlau et al., 2004; Stremlau et al., 2006), and bear the marks of previous evolutionary
conflicts (Newman et al., 2006; Sawyer et al., 2005).

TRIM5a and TRIMCyp are two of several alternatively spliced isoforms of the TRIM5
gene (Reymond et al., 2001). This gene belongs to the tripartite motif (TRIM) gene family, of
which several members in addition to TRIM5 have been implicated in immune responses to
pathogens (Ozato et al., 2008). TRIM proteins contain, in order, a RING domain, one or two B-
Box domains, and a coiled coil domain. TRIM5a also has a C-terminal B30.2/SPRY domain,
which recognizes and binds to the capsids of susceptible retroviruses, leading to post-entry
restriction of infection (Diaz-Griffero et al., 2009; Javanbakht et al., 2006; Reymond et al., 2001).
This restriction occurs in a two-stage process, with stages both before and after reverse
transcription (Stremlau et al., 2004; Stremlau et al., 2006; Wu et al., 2006).

In a striking instance of convergent evolution, cyclophilin A (CypA) sequences have
been inserted into the TRIM5 gene by independent retrotransposition events in both New World
(Aotus/owl monkey) and Old World (Macaca/macaque) primate lineages. Alternative splicing to
these sequences leads to the production of TRIMCyp, in which the B30.2/SPRY domain of
TRIM5a is replaced with a CypA domain. Because CypA, like the B30.2/SPRY domain, can
bind to retroviral capsids, TRIMCyp also has antiretroviral activity (Nisole et al., 2004; Sayah et
al., 2004). New World and Old World TRIMCyp proteins have distinct antiretroviral specificities,
which also differ from that of TRIM5a (Brennan et al., 2008; Liao et al., 2007; Virgen et al.,

2008; Wilson et al., 2008b).
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In macaques, the retrotransposed CypA sequence required for TRIMCyp production is

found in the 3’ untranslated region (UTR) of the TRIM5 gene. TRIMCyp expression and the

presence of this CypA insertion are correlated with a single nucleotide polymorphism (SNP) at

the exon 7 splice acceptor site, in which the canonical AG dinucleotide splice acceptor is

changed to AT (Brennan et al., 2007). This change leads to the production of alternatively

spliced products including TRIMCyp, which results from skipping of exons 7 and 8 and splicing

to the CypA insertion (Figure 5) (Brennan et al., 2007; Brennan et al., 2008; Liao et al., 2007,

Virgen et al., 2008; Wilson et al., 2008b).

TRIMCyp, and the splice acceptor SNP and CypA insertion required for its expression,

have been found in all four species of Asian macaques that have been tested so far. In these

four species, Macaca nemestrina, M. leonina, M. mulatta, and M. fascicularis, the genetic
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Figure 5. Genomic organization and mRNA splicing of TRIM5 alleles.
(A) DNA sequence of the TRIM5a-expressing allele is shown
schematically on top, with open boxes representing exons 2-8 numbered
in bold. The mRNA splicing pattern indicated below. The canonical splice
acceptor sequence with a G nucleotide upstream of exon 7 is as indicated.
(B) The CypA insertion in the TRIMCyp-expressing allele is located as
indicated. A SNP (T) at the exon 7 splice acceptor allows the splicing of
exon 6 to the coding region of the CypA insertion. Minor splice isoforms in
both alleles are not depicted. Primers used for analyses described in
subsequent figures and text are depicted as arrows and numbered in
italics. Primers used for genomic analysis are shown above the mRNA
diagram, and those for RT-PCR analysis shown below. Primer 4 was used
for both analyses.
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has not been found in Chinese M. mulatta, among at least 76 individuals that have been
screened (Newman et al., 2008; Wilson et al., 2008b).

Phylogenetically, M. mulatta and M. fascicularis belong to the fascicularis group of Asian
macaques. M. nemestrina and M. leonina belong to the earliest diverging group, the silenus
group (Li et al., 2009; Ziegler et al., 2007; see Figure 3). Thus, TRIMCyp is present in
maximally divergent groups within the Asian macaques, and was likely present in the ancestor
of all Asian macaques. TRIMCyp was not found in sooty mangabeys (Cercocebus atys), the
only other Old World monkey species that has been tested (Newman et al., 2008). This African
monkey species, along with baboons (genus Papio), belongs to the papionin clade, a sister
clade to the macaques. However, the absence of TRIMCyp in sooty mangabeys does not
necessarily imply that it is absent in the papionin clade as a whole, because at least one Asian
macaque lineage (Chinese M. mulatta) also appears to lack TRIMCyp. Therefore, studies of
additional Old World primate species are necessary to help establish the evolutionary origin of
TRIMCyp.

M. sylvanus, the only African macaque, has a unigue position within the macaque
lineage. This species diverged from the Asian macaques after the macaques diverged from the
papionin clade, making it the most closely related outgroup to the Asian macaques. Thus, study
of M. sylvanus will help to determine whether TRIMCyp evolved before or after the divergence
of African from Asian macaques.

In this study, we tested M. sylvanus, two baboon species, and two additional Asian
macaques, M. nigra and M. thibetana, for TRIMCyp. We find that all samples lack the CypA
insertion in the TRIM5 3’ UTR, the splice site SNP associated with TRIMCyp, and TRIMCyp
expression. These findings indicate that TRIMCyp likely evolved in Old World primates after the
divergence of M. sylvanus from the Asian macaques, approximately 5-6 million years before

present (ybp). It then became fixed in M. nemestrina and M. leonina after their divergence from
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M. nigra, approximately 2 million ybp. Identification of the evolutionary origin of TRIMCyp in Old
World primates suggests that retroviral selection may have helped to shape the speciation of

Asian macaques.
RESULTS

Baboons lack TRIMCyp and the CypA insertion

Old World primate TRIMCyp has so far been found in Asian macaques, and not in sooty
mangabeys, which are African primates that belong to the papionin clade, a sister clade to the
macaques. Because the frequency of the TRIMCyp allele is variable among Asian macaques,
we reasoned that it may also be present in species related to sooty mangabeys. To test this
possibility, we examined baboons, which also belong to the papionin clade. We tested five
baboons, including four P. cynocephalus anubis and one P. hamadryas, for the TRIM5 exon 7
splice site SNP, which is required for TRIMCyp expression. As controls, we used three M.
fascicularis animals of known genotype. We initially used the restriction assay developed by
Newman et al. (Newman et al., 2008), which takes advantage of a second polymorphism
upstream of the splice site. In macaques, the presence of an upstream Nsil restriction site is
linked to the T allele at the splice site, and thus correlated with TRIMCyp expression. The
absence of the Nsil site is linked to the G allele and correlated with the absence of TRIMCyp.

However, we found that this correlation does not apply in baboons. All five Papio
samples had the Nsil restriction site at the expected location, but sequencing of this region of
the genome demonstrated that these animals have the G allele at the splice site (Figure 6a)
(GenBank HM468444-HM468446). Therefore, while the restriction assay is useful for
genotyping macaques, it is not valid for baboons and should be verified when testing any new
species.

We tested the same animals for the CypA insertion, using PCR primers designed to bind

on either side of the putative CypA sequence in the 3' UTR of the TRIM5 gene (Primers 3 and
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Macaque without TRIMCyp tgtattcaatattatgtatttttataatttqagphGCTAACAGATGCCCGACGCTACTGGEG
Macaque with TRIMCyp
Papio

Figure 6. Baboons lack TRIMCyp. (A) Sequence of the intron 6/exon 7 junction, showing the splice
site SNP and the Nsil polymorphism, in a macaque that expresses TRIMCyp (M. nemestrina,
GenBank EU371641.1); a macaque lacking TRIMCyp (M. mulatta sequenced genome, GenBank
NC_007871.1); and baboons (Papio, GenBank HM468444-HM468446). Capital letters, exon;
lowercase letters; intron. Box, splice acceptor site. DNA from both P. cynocephalus anubis and P.
hamadryas was sequenced, and all sequences were identical in the region shown here. (B) PCR
across the TRIM5 3’ UTR (Primers 3 and 6) in P. cynocephalus anubis (4 individuals, lanes 1-4) and
P. hamadryas (lane 5). Three M. fascicularis of known genotypes were used as controls. Lane 6,
CypA insertion heterozygote. Lane 7, homozygote with CypA insertion. Lane 8, homozygote lacking
CypA insertion. (C) RT-PCR for TRIM5a (lanes 1, 3, and 5; primers 1 and 4) and TRIMCyp (lanes 2,
4, and 6; primers 1 and 5) in cDNA from 3 P. cynocephalus anubis.

6). All five baboons had only the shorter PCR product, demonstrating the absence of the CypA

insertion (Figure 6b). P. cynocephalus anubis individuals for which RNA was available also
lacked TRIMCyp mRNA expression (Figure 6¢). Thus, baboons, like sooty mangabeys, lack
TRIMCyp expression and the CypA insertion. These data support the view that TRIMCyp is not
present in the papionin clade, and that it evolved in the macaque lineage after its divergence
from papionins.
TRIMCyp evolved after the divergence of Asian macaques and M. sylvanus

In order to further define the evolutionary origin of TRIMCyp among Old World primates,
we examined M. sylvanus, which represents the earliest diverging macaque species. We
sampled 36 M. sylvanus individuals from Gibraltar (Modolo et al., 2005). Unlike the baboons, all
M. sylvanus lacked the Nsil restriction site (Figure 7a). Sequence analysis confirmed that they
had the G allele at the splice site. Thus, the genetic linkage between the Nsil site and the SNP

associated with TRIMCyp expression appears to be conserved among macaque species,
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Figure 7. M. sylvanus lack TRIMCyp. (A) Nsil restriction site assay on 36 M. sylvanus. (B) PCR
across the TRIM5 3' UTR in 36 M. sylvanus. Three M. fascicularis of known genotype were used as
controls (last 3 lanes of both parts A and B). (C) RT-PCR for TRIM5 (left lanes) and TRIMCyp (right
lanes) in cDNA from 36 M. sylvanus. Mfa, M. fascicularis heterozygote expressing both TRIM5 and
TRIMCyp. —RT, M. sylvanus sample run without reverse transcriptase.

including M. sylvanus, but not in baboons. As expected from these results, none of the M.

sylvanus tested had either the CypA insertion (Figure 7b) or TRIMCyp mRNA expression
(Figure 7c). We sequenced the PCR products shown in Figure 7b for eight animals. These
sequences were similar to M. mulatta sequences known to lack TRIMCyp, and showed no
evidence of any deletions or rearrangements in this region (data not shown). Thus, it is unlikely
that the CypA insertion was present in these animals but deleted at the sequence level. This
suggests that TRIMCyp evolved after the divergence of M. sylvanus from the Asian macaques.
TRIMCyp-related sequences evolved once in the Asian macaque lineage

In order to further examine the phylogenetic origin of TRIMCyp-linked sequences, we
sequenced TRIM5 genomic DNA from P. cynocephalus anubis, M. sylvanus, M. nigra, M.

thibetana, and M. fascicularis (GenBank HM468434-HM468446). The sequenced region was
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amplified using Primers 2 and 4 and consisted of introns 6 and 7 and exons 7 and 8 (see Figure
5). We also analyzed published sequences from M. mulatta and M. nemestrina. Of the
sequences analyzed, four (three M. fascicularis and one M. nemestrina) had the T allele at the
exon 7 splice acceptor, and were known or presumed to be linked to the CypA insertion; the
remainder had the G allele at the splice site. M. fascicularis was the only species for which
genomic DNA sequences in this region for both T-containing and G-containing alleles were
available. Although some M. mulatta have the T allele, a complete sequence for the region

analyzed here was not available from publicly accessible data.

The four
63.1 M. fascicularis 04134
99 3_ 87.8 M. fascicularis A97099 § sequences containing
- |:M_ fascicularis 02335 it
M. nemestrina the T allele at the exon
100 95 — P. cynocephalus anubis J03021
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_00020 60,61, fascicuaris M0S054
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Figure 8. TRIMCyp-linked alleles form a monophyletic group.

Phylogenetic tree of TRIM5 genomic sequences from the exon 6-8 region.
Tree was built using a neighbor-joining algorithm using the homologous ] )
human sequence as an outgroup (not shown). Bootstrap values from M. fascicularis
1000 replicates are shown. Scale bar, substitutions per site.

their allele at this site.

sequences containing
the G allele grouped with M. mulatta. Similarly, M. fascicularis sequences containing the T
allele grouped with M. nemestrina. This finding is consistent with the notion that the T allele
associated with TRIMCyp expression evolved once, in the common ancestor of M. fascicularis
and M. nemestrina (and thus of all Asian macaques), and has not been subsequently lost in any

of the lineages studied.
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TRIMCyp fixation in M. nemestrina and M. leonina occurred after divergence from M.
nigra

To further define

A B ¢
TRIMCyp evolution in Asian © ‘E
S 8 §
macaques, we tested one E © E = .+
s 2 o = = F ¥ T
sample each from M. s s g E &

thibetana and M. nigra. Both
of these samples lacked the

CypA insertion and had the

G allele at the exon 7 splice | Figure 9. Single M. thibetana and M. nigra individuals lack
TRIMCyp-related genetic changes. (A) Nsil restriction site assay
site (Figure 9). Thus, on M. thibetana and M. nigra. (B) PCR across the TRIM5 3’ UTR in
M. thibetana and M. nigra. Three M. fascicularis of known genotype
TRIMCyp is absent in at least | Were used as controls (last 3 lanes of both parts A and B).

some individuals of these species. Phylogenetically, M. thibetana belongs to the sinica group,
of which no members have previously been tested. M. nigra belongs to the silenus group, along
with M. nemestrina and M. leonina. Because the CypA insertion and the T allele are fixed in
M. nemestrina and M. leonina (Brennan et al., 2007; Brennan et al., 2008; Kuang et al., 2009;
Newman et al., 2008), we conclude that TRIMCyp must have become fixed in the M.
nemestrina/M. leonina lineage after it diverged from M. nigra.
M. sylvanus TRIM5a is polymorphic and distinct from orthologues in closely related
species

In order to determine the level of diversity among the M. sylvanus samples tested and to
ensure that the sample population was not homogeneous, we cloned and sequenced TRIM5a
cDNA from seven M. sylvanus (GenBank HM468429-HM468432). We found six SNPs, of
which four result in amino acid substitutions and two are synonymous (Table 1). We also

cloned and sequenced TRIM5 exon 8 from genomic DNA in nine animals, including the same
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seven from which TRIM5a was cloned. At least four of nine animals were heterozygotes. Four
of the SNPs (three nonsynonymous and one synonymous) are in the B30.2/SPRY domain,
which is the capsid-binding domain and has been described as the most variable domain in
other primate TRIM5a sequences (Newman et al., 2006; Sawyer et al., 2005; Song et al.,
2005a).

The SNP at amino acid 339 (nucleotide 1016) is within the “patch” of amino acids
previously described as being under strong positive selection in primate lineages (Sawyer et al.,
2005). Interestingly, this residue is also polymorphic in M. mulatta and M. fascicularis. In these
species, one allele encodes amino acid residues TFP at residues 339-341. However, the other
allele described in Asian macaques contains a glutamine (Q) residue at position 339; residues
340-341 are deleted. These two alleles are referred to as the TFP and Q alleles, respectively.
The TFP allele of M. mulatta TRIM5a restricts HIV-2 and SIVsm, while the Q allele does not,
and an animal’s genotype at this position contributes to determining the outcome of in vivo

infection (Kirmaier et al., 2010; Newman et al., 2006; Wilson et al., 2008a).

SNP 1 3 4 5 6
nt {aa | nt [ aa | nt  aa | nt | aa| n{a | n | aa
Residue | 90 | 30 | 424 | 142 | 1016 | 339 | 1071 357 | 1072 358 | 1268 | 423
Alele1 | T i ¢ | A M| T ™M |c s | Ai 1 | AlH
Alele2 | ¢ i ¢c | 6 | v | c | T T s | ¢ L | A} H
Alele3| ¢ i ¢c | A M| c | T | T s | ¢ L | 6| R
Allele 4 T C A M c 7T T | S cC | L G | R
Domain RING Coiled Coil B30.2/SPRY

Table 1. Intraspecies polymorphisms in M. sylvanus TRIM5a.
Nonsynonymous SNPs are marked in bold.
nt = nucleotide residue number

aa = amino acid residue number
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Argl;g 29 | 44 | 69 | 112 | 139 | 142 | 177 | 217 | 247 | 296 | 298 | 310 | 330 | 333 | 339 | 358 | 385 | 423
Papiol P | R|Q|s|E|V|D|T|E|VI|R|I|T|A|S| 1 |P|H
M. P K R R K|VM| E | M E A C M M T |TM| I/L| L |HR
sylvanus
M.
muatta| H | K| Q| S[E|[V|ID| T D|A|R| I |M|AS|TAl I |S]|H
Domain RING BE:;x Coiled Coll B30.2/SPRY
Table 2. Interspecies comparison of predicted TRIM5a amino acid sequence from M. sylvanus,
M. mulatta, and Papio cynocephalus anubis.
Bold = not found in P. cynocephalus or M. mulatta

We also compared the predicted M. sylvanus TRIM5a amino acid sequence with all six
common alleles identified in M. mulatta (Newman et al., 2006), and with two P. cynocephalus
anubis TRIM5a sequences (Table 2). One of these baboon sequences was characterized for
this study (GenBank HM468433), while the other was previously published (Kaiser et al., 2007).
We found 13 M. sylvanus-specific residues, suggesting that extensive evolution has occurred in
this species since its divergence from a common ancestor. Two residues (P29 and E247) were
shared with baboons but not with M. mulatta, and four (K44, A296, M330, and T339 in some
alleles) were shared with M. mulatta but not baboons. Six residues (M142, M310, M339, L358,
L385, and R423) were not found in any other available TRIMS5a sequence, including those of
apes and New World monkeys. Like the intraspecies polymorphisms, these interspecies
differences were distributed throughout the length of the TRIM5a gene, with a large number
found in the B30.2/SPRY domain. We also found intraspecies polymorphism within P.
cynocephalus anubis TRIM5a, as there were one synonymous and three nonsynonymous SNPs
between the newly characterized sequence and the published sequence (Kaiser et al., 2007). A
synonymous variation in nucleotide 90 is polymorphic in both M. sylvanus and P. cynocephalus
anubis. Thus, M. sylvanus TRIM5a is polymorphic and unique among TRIM5a proteins

described to date.



37

M. sylvanus TRIM5a polymorphism affects restriction specificity

To characterize the restriction activity of M. sylvanus TRIM5a, we stably expressed HA-
tagged versions of alleles 1 and 4 in CRFK cells (Figure 10A). We chose these two alleles
because allele 1 was the most common in the animals we examined, while allele 4 was the
most different from allele 1. Importantly, these two alleles differ at position 339, previously
described to be important for restriction of HIV-2 and SIVsm (Kirmaier et al., 2010; Newman et
al., 2006; Wilson et al., 2008a). Allele 4 encodes a threonine residue at this position, like those
alleles of M. mulatta TRIMSa that restrict HIV-2 and SIVsm. Allele 1, in contrast, encodes a

methionine, which is unique to M. sylvanus among TRIM5a sequences described to date.

-~ S k=
7 O [e23
o (23]
A L 33 B SlVmac 239 C FIV
t = : = 100 100
< — -—
¥ o 2 9 o ) Z
¥ © 9 2 o 2 g "
0O I < < < & 10 ko
£ e 1
S S
1 01
4 =/ = w — —
o o o a
g L & » L g
o S = o = =
- > - <
o) £ ) @£
° 2 K] 2
< < b= <
D SIVsm E041 E HIV-1 NL4-3 F HIV-2 ROD
100 100 100
= = >
3 B B
o] 10 K] 10 K] 10
< £ £
X = =
1 1 - 1 v
X o o = & 5 = T & 5 =
r Y o L L ok 8 3 L & g3 3
O = E c 2 B g o c 2 B 2 o
= - R = R -
) @ o o T3 v 2 T3
5 2 © 2 3 3 2 2 2 3
< < < < 2 T < < 2 Z

Figure 10. Restriction activity of M. sylvanus TRIM5a. (A) Anti-HA immunoblot of CrFK cells
expressing wild-type and mutant M. sylvanus TRIMSa. (B-F) Restriction activity of M. sylvanus
TRIM5a against SIVmac (B), FIV (C), SIVsm E041 (D), HIV-1 NL4-3 (E), and HIV-2 ROD (F). Data
shown are mean + standard deviation from three independent experiments.
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We tested these two alleles for restriction activity against a panel of viruses (Figure 10B-
F). Neither allele restricted SIVmac, while both restricted FIV. Both alleles restricted HIV-1 NL4-
3, although allele 1 apparently restricted this virus better than allele 4. Neither allele restricted
SIVsm well, although allele 4 had marginal restriction against this virus. Allele 4, like the similar
M. mulatta allele restricted HIV-2 well, while allele 1 restricted this virus minimally if at all.

To determine whether the difference in restriction activity between allele 1 and allele 4 is
due solely to the polymorphism at position 339, we performed site-directed mutagenesis at this
site to create allele 1 M339T and allele 4 T339M constructs. When expressed in CrFK cells,
allele 4 T339M lost its ability to restrict HIV-2. However, surprisingly, the M339T mutant did not
allow allele 1 to gain restriction of HIV-2. This suggests that a threonine residue at position 339
is necessary but not sufficient for restriction of HIV-2. Similarly, allele 1 M339T lost its increased
ability to restrict HIV-1, but allele 4 T339M did not gain this phenotype. Therefore, one or both of
the other two differences between the two alleles must also contribute to the restriction
phenotype against both HIV-1 and HIV-2.

DISCUSSION

We report here that TRIMCyp, and the genetic changes required for its expression, are
absent in M. sylvanus and in two species of baboons. These data, in combination with data on
sooty mangabeys (Newman et al., 2008), suggest that the common ancestor of the macaques
also lacked TRIMCyp, and that TRIMCyp evolved after M. sylvanus diverged from the Asian
macaques (Figure 11). Old World TRIMCyp expression results from two genetic changes that
are invariably linked in species examined to date, namely a T allele at the exon 7 splice junction
and a CypA insertion. The CypA insertion required for production of functional TRIMCyp in OId
World primates is consistently found in the same genetic location, in the 3' UTR downstream of
exon 8. Furthermore, we show that CypA-containing TRIM5 DNA sequences are monophyletic.

Taken together, these data indicate that functional TRIMCyp evolved only once in Old World
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primates. Given the widespread distribution of TRIMCyp among the Asian macaques and its
absence in African primates, we conclude that TRIMCyp expression evolved in the common
ancestor of the Asian macaques.

Based on molecular evidence, the macaques are thought to have diverged from the
papionin clade about 9-10 million ybp (Raaum et al., 2005), although fossil and geological
evidence indicates that this event could have occurred as recently as 6 million ybp (Kohler et al.,
2000). Molecular evidence suggests that the Asian macaques diverged from M. sylvanus
approximately 5.5-6 million ybp, and diverged from each other about 5-6 million ybp (Tosi et al.,
2003; Ziegler et al., 2007). Based on these data and on our findings, we hypothesize that a
retrovirus invaded the population of the Asian macaque progenitors approximately 5-6 million

ybp, causing selection for a
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found in Asia is dated at Figure 11. Model for TRIMCyp evolution in Old World primates.
Schematic dendrogram showing the history of TRIMCyp evolution
approximately 5.5 million inferred here, in the context of established phylogenetic relationships
among Old World primate species studied. Filled star, evolution of
TRIMCyp. Open star, fixation of TRIMCyp. Asian macaque
phylogenetic groups are indicated at right (Li et al., 2009). This
graphical representation is not to scale and is not intended to reflect
relative divergence. Relationships are adapted from Li et al., 2009;
Page et al., 1999; and Tosi et al., 2003.
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macaques, suggesting that the migration to Asia was relatively rapid (Delson, 1996). However,
our data do not allow us to pinpoint a location for the evolution of TRIMCyp.

Although our data are most consistent with an origin of TRIMCyp in the common
ancestor of Asian macaques, we have also considered several alternative hypotheses. First, it
is possible that TRIMCyp was present in ancestral Old World primates but has been lost in all
lineages other than Asian macaques. Results shown in Figure 8 clearly show that TRIMCyp
sequences have not been lost at the DNA level, by deletion of the CypA sequence or by
reversion of the exon 7 splice site. If this had occurred in some species, we would expect them
to have the G allele but to group with the T-containing sequences, or to have the T allele in the
absence of the CypA insertion. Neither of these features is present in any of the species tested.
Instead, our data show unambiguously that sequences containing the T allele form a
monophyletic group, distinct from those containing the G allele. Thus, it is unlikely that TRIMCyp
was lost at the DNA level in any lineage.

In contrast, we cannot formally rule out the possibility that TRIMCyp was lost by lineage
sorting. In our phylogenetic analysis, the T alleles appear to branch off before the separation of
baboon and macaque G alleles (see Figure 8). This could be taken to suggest that the T allele
evolved before this evolutionary branching, and thus that TRIMCyp, or at least TRIMCyp-linked
sequence changes, may be older than suggested by our other data. However, this analysis is
complicated by the possibility of different evolutionary rates in different sequences. In
sequences that do not encode TRIMCyp (i.e. those with the G allele), approximately half of the
region included in this analysis consists of coding sequence. In sequences containing the T
allele, the entire region could be considered to be noncoding and thus potentially under relaxed
selection. In these sequences, exon 8 (587 bp) is still used to code for TRIMSn; however, no
biological function has been ascribed to this isoform (Brennan et al., 2007). Due to this

uncertainty, no firm conclusions can be drawn from our phylogenetic analysis about the timing
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of the evolution of the T allele. Thus, the most parsimonious explanation for our data remains
that TRIMCyp-related sequences evolved once in the ancestral Asian macaque lineage.

Although it is unlikely that Old World TRIMCyp itself has been lost by lineage sorting, it
should be noted that lineage sorting has almost certainly played a part in the evolution of this
gene. Expression of functional Old World TRIMCyp requires two genetic changes that must
originally have happened independently, namely a single nucleotide transversion and a
retrotransposon-mediated insertion. Therefore, ancestral individuals must have had one in the
absence of the other. The splice site T allele in the absence of the CypA insertion would
probably be disadvantageous, since such an animal would be unable to produce either TRIM5a
or TRIMCyp, likely making it more susceptible to retroviruses (Brennan et al., 2007). Itis
unclear whether the presence of the CypA insertion in the absence of the T allele would allow
any expression of TRIMCyp. However, under these circumstances, TRIMCyp would likely be
only a minor splice variant. Thus, these two genetic changes are expected to confer a strong
selective advantage only in combination. The hypothetical ancestral form, with only one of the
two genetic changes, has likely been lost by lineage sorting, due either to selection or to genetic
drift.

We also considered the possibility that TRIMCyp is present in M. sylvanus but was not
detected in our study. M. sylvanus individuals have been repeatedly introduced into Gibraltar,
and animals in this population have mitochondrial haplotypes representative of the most
common alleles found in both Algerian and Moroccan populations (Modolo et al., 2005). All
existing wild M. sylvanus populations live in these three countries; thus, the Gibraltar population
is representative of the species as a whole (Modolo et al., 2005). Our M. sylvanus samples
consisted of 36 animals from the Gibraltar colony. This colony currently contains approximately
230 animals belonging to six groups, with group sizes ranging from 14-64 individuals per group.

We sampled individuals from all six groups. The animals in our sample also have diverse
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TRIM5 sequences, so they do not represent closely related animals with similar or identical
genotypes. Statistically, the absence of TRIMCyp in any of our 36 sample animals implies that
the prevalence of TRIMCyp in our population of 230 is no higher than 8.3 percent or 19 animals
(p<0.05, according to the binomial probability distribution). Thus, although we cannot rule out
the possibility that TRIMCyp is present in less than 10% of the Gibraltar population, or that it is a
rare genotype in African M. sylvanus that is not present in the Gibraltar population, we believe
that the available data are best explained by a model in which TRIMCyp evolved after the
divergence of M. sylvanus from the Asian macaques.

A final alternative hypothesis is that TRIMCyp evolved in one group of Asian macaques
after their divergence from other Asian macaques, and entered other groups by hybridization
and introgression. A scenario in which TRIMCyp evolved specifically in the silenus group, which
includes M. nemestrina and M. leonina, and later entered the fascicularis group, could explain
the fact that it is fixed in M. nemestrina and M. leonina but not in M. mulatta or M. fascicularis.
However, we believe that this hypothesis is not plausible. Although there is extensive literature
on introgression between M. fascicularis and M. mulatta, there is currently no evidence of
introgression between more distant macaque groups (Kanthaswamy et al., 2008; Tosi et al.,
2003). Further, the geographic range of M. nemestrina and M. leonina overlaps with that of
Chinese, but not Indian, M. mulatta. This contrasts with the presence of TRIMCyp in Indian but
not Chinese M. mulatta. Thus, we believe that the most plausible scenario is that TRIMCyp
evolved in the common ancestor of Asian macaques, and is not present in M. sylvanus or other
Old World monkeys. We suggest that its variable frequency in different taxa results from the
complex selective pressures exerted by multiple and different retroviral challenges.

Although TRIMCyp expression likely conferred a selective advantage on Asian macaque
ancestors, it did not become fixed in the general Asian macaque population. TRIMCyp

expression is polymorphic in both M. fascicularis and M. mulatta, and absent in individuals of M.
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thibetana and M. nigra reported here. TRIM5a alleles are thought to be subject to balancing
selection in Old World monkeys, based on the existence of ancient shared polymorphisms
(Newman et al., 2006), and it seems likely that TRIMCyp is subject to similar evolutionary
pressures. Thus, if animals are subject to challenge both by retroviruses that are susceptible to
TRIM5a and by those susceptible to TRIMCyp, the maintenance of both restriction factors in the
population would be beneficial. Our dataset does not provide molecular evidence to support the
activity of balancing selection by Tajima’s D test (Tajima, 1989) (data not shown); however, the
dataset is small, and its power to detect such selection is low. Thus, it is possible that the long-
term maintenance in some Asian macaque species of both TRIM5a and TRIMCyp-expressing
alleles may be due to balancing selection. Alternatively, there may be direct advantages to
heterozygosity in this retroviral restriction factor, which could have led to the maintenance of
both alleles.

M. sylvanus lacks many common viruses enzootic to other macaque species, including
herpesviruses (cytomegalovirus and Cercopithecine herpesvirus) as well as retroviruses (simian
immunodeficiency virus, simian retrovirus, and simian T cell leukemia virus) (Engel et al., 2008).
The only retrovirus known to exist in this species is simian foamy virus (Engel et al., 2008). This
lack of viral infections could be due either to unusually potent antiviral immunity in this species
or to a simple lack of exposure, as M. sylvanus does not normally have contact with other
nonhuman primate species. The many species-specific polymorphisms in M. sylvanus TRIM5a,
some of which are in regions known to be important for antiviral specificity, could be a result
either of adaptive evolution or of genetic drift. The functional studies described here do not
clearly resolve these possibilities, although the limited restriction activity against SIVsm,
compared to that seen in M. mulatta TRIM5aq, is suggestive of genetic drift. However, it is

possible that M. sylvanus TRIM5a has activity against viruses that we did not test.
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We confirmed the importance of residue 339 for HIV-2 and SIVsm restriction in the M.
sylvanus system. These data may help to explain the difference in restriction capability between
the two M. mulatta TRIM5a alleles, in which the change in amino acid sequence from TFP to Q
leads to the loss of restriction against HIV-2. We now show that the much less dramatic change
from TFP to MFP also leads to the loss of restriction, suggesting that the threonine residue at
this position is specifically important. However, while this residue was necessary for HIV-2
restriction, it was not sufficient. These data implicate either or both of two additional residues,
I358L or H423R, in HIV-2 restriction. Neither of these residues has been previously shown to be
important, although Sawyer et al. found that residue 422 is under positive selection (Sawyer et
al., 2005). L358 is unique to M. sylvanus, and other primates have an isoleucine at this position,
with the exception of some New World monkeys, which have a phenylananine. The residue at
position 423 is more variable, but all Old World monkeys other than M. sylvanus encode a
histidine residue. Both L358 and R423 are found in M. sylvanus allele 4 but not allele 1, which
implies that full restriction activity may require the absence of one or both of the M. sylvanus-
specific polymorphisms. Future studies will help to resolve these issues.

These also data suggest that there is a trade-off between restriction of HIV-1 and HIV-2
in M. sylvanus TRIM5a. Allele 1 restricts HIV-1 better than it does HIV-2, while the opposite is
true for allele 4. These data are reminiscent of the trade-off seen between HIV-1 and HIV-2
restriction in M. fascicularis TRIMCyp (Dietrich et al., 2011a; Ylinen et al., 2010), and together
suggest that there may be a fundamental trade-off between these two restriction specificities.
While it is obvious that neither M. sylvanus nor M. fascicularis evolved under pressure to restrict
HIV-1 or HIV-2, these viruses may act as markers for restriction specificity of viruses that the
species may have encountered either extinct or present but unknown. Given that TRIM5 is
under balancing selection in other related nonhuman primate populations, the maintenance of

these two alleles in the population may be beneficial (Newman et al., 2006).
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TRIMCyp in New World primates evolved independently from its counterpart in Old
World primates. Based on its presence in all members of the genus Aotus and its absence from
others species, New World TRIMCyp must have evolved between 4.5 and 22 million ybp
(Ribeiro et al., 2005). This date range encompasses the 5-6 million ybp proposed here for the
evolution of Old World TRIMCyp. Available data do not allow us to distinguish whether the
concurrent evolution of TRIMCyp in these two lineages was due to a worldwide retroviral
epidemic or to multiple and separate events. However, findings reported here, together with
existing evidence (Delson, 1996; Li et al., 2009; Ziegler et al., 2007), allow us to define with
unprecedented precision the time and possible geographic origin for the evolution of TRIMCyp
in Old World primates. These data also provide evidence linking the evolution of an antiretroviral
restriction factor with a speciation event, namely the divergence of Asian macaques from the M.
sylvanus lineage. Understanding the evolution of host restriction factors among macaque
species will elucidate natural antiviral mechanisms and help us to better use these species as

animal models for retroviral diseases such as HIV/AIDS.
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CHAPTER 4. Variable Prevalence and Functional Diversity of the
Antiretroviral Restriction Factor TRIMCyp in Macaca fascicularis

ABSTRACT
The retroviral restriction factor TRIMCyp, derived from the TRIMS5 gene, blocks

replication at a post-entry step. TRIMCyp has so far been found in four species of Asian
macaques, Macaca fascicularis, M. mulatta, M. nemestrina, and M. leonina. M. fascicularis is
commonly used as a model for AIDS research, but TRIMCyp has not been analyzed in detail in
this species. We analyzed the prevalence of TRIMCyp in samples from Indonesia, Indochina,
the Philippines, and Mauritius. We found that TRIMCyp is present at a higher frequency in
Indonesian than in Indochinese M. fascicularis, and is also present in samples from the
Philippines. TRIMCyp is absent in Mauritian M. fascicularis. We then analyzed the restriction
specificity of TRIMCyp derived from three animals of Indonesian origin. One allele, like the
prototypic TRIMCyp alleles described in M. mulatta and M. nemestrina, restricts HIV-2 and FIV
but not HIV-1. The others restrict HIV-1 and FIV but not HIV-2. Mutagenesis studies confirmed
that polymorphism at amino acid residues 369 and 446 in TRIMCyp (or 66 and 143 in the CypA
domain) confer restriction specificity. Additionally, we identified a polymorphism in the coiled coil
domain that appears to affect TRIMCyp expression or stability. Taken together, these data show
that M. fascicularis has the most diverse array of TRIM5 restriction factors described in any
primate species to date. These findings are relevant to our understanding of the evolution of
retroviral restriction factors and the use of M. fascicularis models in AIDS research.
INTRODUCTION

Primates express several intrinsic restriction factors that can combat retroviral infection
(Neil and Bieniasz, 2009). One of the best studied is TRIM5a, which binds to the retroviral
capsid and restricts replication at a post-entry step (Stremlau et al., 2004). TRIM5a belongs to
the TRIM (tripartite motif) gene family, a large family found throughout vertebrates with

numerous members that have been implicated in immune responses (Ozato et al., 2008;
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Sardiello et al., 2008). TRIM genes contain, in order, RING, B-Box, and coiled-coil domains
(Reymond et al., 2001). TRIM5a also has a C-terminal B30.2/SPRY domain, which is required
for binding to retroviral capsids (Sawyer et al., 2005; Stremlau et al., 2006).

In some primates, the retrotransposition of a cyclophilin A (CypA) sequence into the
TRIM5 gene allows expression of the TRIMCyp isoform. Alternative splicing to this insertion
results in the replacement of the capsid-binding B30.2/SPRY domain with a CypA domain,
which is also capable of binding some retroviral capsids (Lin and Emerman, 2006). Thus,
TRIMCyp, like TRIM5a, has retroviral restriction activity, but its specificity is determined by the
CypA domain rather than the B30.2/SPRY domain. Interestingly, TRIMCyp has evolved
independently by separate retrotransposition events in two distantly related primate genera,
Aotus (owl monkeys, New World monkeys), and Macaca (macaques, Old World monkeys)
(Brennan et al., 2008; Liao et al., 2007; Nisole et al., 2004; Sayah et al., 2004; Virgen et al.,
2008; Wilson et al., 2008b). In macaques, the CypA insertion is linked to a single nucleotide
polymorphism (SNP) at the exon 7 splice acceptor site, which changes the canonical AG splice
acceptor sequence to AT and allows skipping of exons 7 and 8 and splicing to the CypA
sequence in the 3’ untranslated region (UTR) of the gene (Brennan et al., 2007; Brennan et al.,
2008).

These genetic changes are thought to be fixed in Macaca nemestrina and M. leonina; all
individuals in these species examined so far express TRIMCyp but not TRIM5a (Brennan et al.,
2007; Brennan et al., 2008; Liao et al., 2007). In contrast, TRIMCyp is found in approximately
25% of Indian M. mulatta, and has not been found in at least 76 Chinese M. mulatta reported so
far (Newman et al., 2008; Wilson et al., 2008b). Both TRIMCyp and TRIM5a are expressed in
M. fascicularis (Brennan et al., 2008), but the prevalence of the two forms in this species has

not previously been examined.
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M. fascicularis, known as cynomolgus, longtail, or crab-eating macaques, occupies a
geographic range in Southeast Asia including parts of Indochina, Indonesia, and the Philippines
(Street et al., 2007; Tosi et al., 2003). These animals can be sorted into genetically distinct
subpopulations (Kanthaswamy et al., 2008; Smith et al., 2007). However, all M. fascicularis
analyzed in the TRIMCyp literature to date have been of Indonesian origin (Brennan et al.,
2008; Ylinen et al., 2010). Given the known geographic variability of TRIMCyp in M. mulatta
(Wilson et al., 2008b), we hypothesized that similar geographic variations may exist in M.
fascicularis TRIMCyp. Additionally, we sought to expand our knowledge of the allelic variability
of M. fascicularis TRIMCyp.

Aotus TRIMCyp binds to and restricts the same viruses that bind to parental CypA,
including HIV-1 and feline immunodeficiency virus (FIV) (Nisole et al., 2004; Sayah et al., 2004).
However, the prototypical Old World TRIMCyp sequences, from M. mulatta and M. nemestrina,
restrict HIV-2 but not HIV-1, due to two amino acid changes in the CypA domain (Brennan et al.,
2008; Price et al., 2009; Virgen et al., 2008; Wilson et al., 2008b). The M. fascicularis TRIMCyp
allele originally described by our laboratory had no detectable restriction activity (Brennan et al.,
2008). However, whether this lack of activity was a true reflection of the allelic diversity of M.
fascicularis TRIMCyp, or was the result of a cloning error, cannot be definitively ascertained.
Recently, Ylinen et al. described a second allele of M. fascicularis TRIMCyp, and showed that
its CypA domain can bind to and restrict HIV-1 (Ylinen et al., 2010). Therefore, we also sought
to examine the functional diversity of TRIMCyp among M. fascicularis.

Here, we show that TRIMCyp-linked genotypes are present at significantly different
frequencies in different M. fascicularis populations. We show that M. fascicularis has alleles of
TRIMCyp that can restrict either HIV-1 or HIV-2, and that both alleles are found in all TRIMCyp-
expressing M. fascicularis populations. These findings are likely to have critical implications for

the use of M. fascicularis in AIDS-related research.
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TRIMCyp prevalence varies among M. fascicularis populations

In order to

determine the prevalence

of TRIMCyp in different M.

fascicularis populations,
we performed the Nsil
restriction assay
described by Newman et
al. (Newman et al., 2008).
This assay takes
advantage of a second
polymorphism closely
linked to the splice site
polymorphism that is
required for TRIMCyp
expression (Figure 12).
Sequences with this Nsil
restriction site have the T
allele at the splice site,
which is linked to the
presence of the CypA

insertion and the ability to
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Figure 12. Genomic organization and mRNA splicing of TRIM5
alleles. (A) TRIMSa-expressing allele. At top is the sequence of the
intron 6-exon 7 junction, with intronic sequence in lowercase and exon
7 in capital letters. The canonical AG splice acceptor dinucleotide is
boxed. The underlined sequence represents the location of the Nsil
restriction site in the other allele. Below is a schematic of the TRIM5
gene, with open boxes representing exons 2-8 numbered in bold. The
MRNA splicing pattern indicated below. (B) TRIMCyp-expressing
allele. Sequence changes from the sequence in (A) are in bold, and
the Nsil site is labeled. Below, the CypA insertion in the TRIMCyp-
expressing allele is located as indicated. Minor splice isoforms in both
alleles are not depicted. Primers used for analyses described in
subsequent figures and text are depicted as arrows and numbered in
italics. Primers used for genomic analysis are shown above the mRNA
diagram, and those for RT-PCR analysis shown below. Primer 4 was
used for both analyses. (C) Primary structure of TRIMCyp, showing
polymorphisms found in M. fascicularis. Residues known to affect
protein function are marked in bold.

produce TRIMCyp. Sequences lacking the Nsil site have the G allele at the splice site, lack the

CypA insertion, and cannot produce TRIMCyp. Initially, we tested nine animals of Indonesian
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Figure 13. Nsil restriction analysis of TRIM5 genotype in M.
fascicularis populations. Nsil restriction analysis was used to
determine splice site genotype. The uncut band, which is
associated with the G allele and the absence of TRIMCyp, is
expected to be approximately 1194 bp; the cut band associated
with the T allele and the presence of TRIMCyp is expected to be
approximately 891 bp. Inferred genotype is shown below the gel.
(A) Animals of Indonesian origin housed at WaNPRC. (B)

Samples tested in part (A) were used as controls (labeled) to test
for the completion of digestion in independent assays. For
inferring genotype, band density was quantified using Quantity
One software (Bio-Rad) and compared to controls processed at
the same time.

Samples from Indonesia, Indochina, Mauritius, and the Philippines.

origin housed at WaNPRC
(Figure 13a). At least three
clones of this region from each
animal were also sequenced to
ensure the accuracy of the
restriction assay (GenBank
HQ834776-HQ834786). We
then genotyped an additional
nine animals of Indonesian
origin, as well as 14 of
Indochinese origin, 4 of
Mauritian origin, and 4 from the
Philippines (Figure 13b). All
four animals from Mauritius
were G/G homozygotes, while
all 4 animals from the
Philippines were T/T
homozygotes. In contrast, the
samples from both

Indonesia and Indochina were

genetically variable. The T allele was significantly more prevalent in Indonesian than

Indochinese animals (Table 3) (p = 0.0008, Fisher’'s exact test).
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# animals of genotype allele frequency (%)
Origin # animals GG GT 1T G T
Indonesia 18 3 10 5 44 .4 55.6
Indochina 14 10 4 0 85.7 14.3
Mauritius 44 44 0 0 100 0
Philippines 4 0 0 4 0 100

Table 3. Frequency of TRIMCyp-linked alleles in M. fascicularis populations.
G or T refers to the single nucleotide polymorphism (SNP) at the exon 7 splice
acceptor site linked to the expression of TRIMCyp (Fig. 1). GG or TT refers to
homozygotes and GT refers to heterozygotes.

To further verify these findings, we tested a subset of the samples using a PCR assay

designed to detect the presence or absence of the CypA insertion (Wilson et al., 2008b). These
data confirmed the results of the restriction assay (Figure 14), lending support to the idea that
the CypA insertion and the splice site T allele are invariably linked in macaques.

M. fascicularis animals of Mauritian origin have been developed recently as an AIDS

model (O’Connor et al., 2010; Wiseman et al., 2007). Because this population is genetically
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Figure 14. PCR analysis of CypA insertion in M. fascicularis
populations. PCR was performed using primers 3 and 6, spanning the
3’ UTR and the putative CypA insertion. Band containing insertion is
expected to be 1750 bp; band without insertion is expected to be 994 bp.
(A) WaNPRC animals. (B) Geographically diverse samples shown in
Figure 13B, top panel. In both parts, negative control PCR reactions with
no template are marked 0.
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Figure 15. Phylogenetic tree of intron 6 —exon 8
region. The intron 6 — exon 8 region of the TRIM5 gene
was cloned and sequenced. M. fascicularis are classified
based on geographic origin; other species are as
indicated. All WaNPRC M. fascicularis are of Indonesian
origin. Multiple clones were sequenced from each
WaNPRC animal; thus, heterozygotes are present in two
locations on the tree. Only one clone was sequenced from
each of the other individuals. Sequences from Papio, M.
thibetana, M. nigra, M. sylvanus, and six of the WaNPRC
M. fascicularis were described previously (Dietrich et al.,
2010). Tree was built using a maximum-parsimony
algorithm (Tamura et al., 2011) using the human sequence
as an outgroup. Similar results were also found using
maximum likelihood and neighbor-joining algorithms (not
shown). Bootstrap values from 1000 replicates are shown.

relatively homogeneous, we
hypothesized that these animals
completely lack TRIMCyp, based on its
absence in the four samples that we
initially tested. To test this hypothesis,
we analyzed an additional 40 Mauritian
M. fascicularis samples from animals
currently in use for AIDS model
studies. All were negative for
TRIMCyp by both the Nsil restriction
assay and PCR.
TRIMCyp-linked sequences form a
monophyletic group

We sequenced clones of the
region used in the Nsil restriction
assay, comprising introns 6 and 7 and
exons 7 and 8 (approximately 1194
bp) (GenBank HQ834757-HQ834786).
We found that these sequences
clustered depending on their genotype
at the exon 7 splice site (Figure 15).
As previously reported (Dietrich et al.,
2010a), sequences containing the T
allele, which are presumably linked to

the CypA insertion, formed a
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monophyletic group, separate from those with the G allele, which are expected to lack the CypA
insertion. M. fascicularis sequences grouped together, although, interestingly, one Indochinese
animal (63067) clustered with the only available M. mulatta sequence. As expected, sequences
from Mauritian animals clustered within a single clade, closely related to some sequences from
Indonesian and Indochinese animals.
Diverse TRIMCyp genotypes in M. fascicularis

We cloned and sequenced full-length TRIMCyp cDNA from six of the seven TRIMCyp-
positive M. fascicularis from WaNPRC analyzed previously (see Figure 13A). We found nine
SNPS resulting in amino acid changes in various parts of the TRIMCyp gene (GenBank
HQ834751-HQ834756) (Table 4; Figure 12C). We also sequenced the TRIM5 gene in genomic
DNA, to determine whether the SNPs in our cDNA clones resulted from cloning error. We found

six likely cloning errors. Two of these were in the linker 2 region: M246T in M05386 and K272R

Residue at amino acid
Animal 77 178 209 247 285 310 357 369 446
M. nemestrina I H E E G S H N E
04116 T H K E R F R D K
MafaTC2 I H E D R F H D K
AQ97099 I H K E R F H D K
02335 I H E E R F H D K
MO06054 I H E E R F H D K
M05221 I Y E D G F H D K
M05386 I Y E D R F H N E
04134 I H E E G F H N E
Domain | Linker 1| Coiled Coil Linker 2 B30.2/SPRY
Table 4. Polymorphisms in M. fascicularis TRIMCyp.
L1, Linker 1 region between RING and B-Box domains
Bold letters indicate differences from consensus.
g/lo.lnoemestrina and 04116 sequences are from Brennan et al., 2008. MafaTC2 is from Ylinen et al.,
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in MO6054. The other four were in the CypA domain: F310S in 02335, F310l and F370L in
04134, and N440D in M05386. These likely artifacts are not included in Table 4. None of these
artifacts per se appeared to affect restriction activity or specificity (see below).

Amino acids 369 and 446 were previously described to be important for restriction
specificity (Price et al., 2009; Ylinen et al., 2010). Two of the WaNPRC animals had asparagine
residues at position 369 and glutamic acid at 446 (N369/E446; henceforth referred to as NE),
while four had aspartic acid and lysine, respectively (D369/K446; DK).

To examine these variable TRIMCyp genotypes in geographically diverse populations,
we sequenced the CypA insertion region from additional animals—four Indonesian, two
Indochinese, and three Filipino (see Figure 14) (Genbank HQ840753-HQ840761). The only
polymorphisms found in these sequences were at positions 369 and 446; the CypA sequences
were otherwise identical to the consensus found in the Indonesian WaNPRC samples. All three
animals from the Philippines had the DK genotype (D369/K446). In contrast, one Indochinese
animal had DK and the other had NE (N369/E446). Two Indonesian animals had NE, one had
DK, and, interestingly, one had DE (D369/E446). The DE genotype has not previously been
described in natural isolates, but an isolated CypA domain of this genotype has been created by
mutagenesis and found to restrict both HIV-1 and HIV-2 (Ylinen et al., 2010). Unfortunately,
because RNA from that animal is not available, we were not able to clone full-length TRIMCyp
cDNA in order to determine the restriction function of this genotype from a natural isolate.
However, we did confirm the restriction specificity of DE-containing TRIMCyp proteins by
mutagenesis (see Figure 17).

M. fascicularis TRIMCyp alleles have two distinct restriction activities

To characterize the restriction activity of the M. fascicularis TRIMCyp variants described

above, we expressed HA-tagged versions of three of the WaNPRC M. fascicularis TRIMCyp

alleles in TRIM5-negative feline CrFK cells (Figure 16A). One of these, from animal 04134, had
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the NE genotype. The other two, from animals 02335 and A97099, had the DK genotype. We

then infected these cells with GFP-expressing, VSV-G pseudotyped HIV-1 NL4-3, HIV-2 ROD,

SIVmac, and FIV (Figure 16). None of the alleles restricted SIVmac (data not shown), and all

restricted FIV. The 04134 allele (NE genotype) restricted HIV-2 but not HIV-1, like TRIMCyp

isolates with the NE allele previously described in M. mulatta and M. nemestrina TRIMCyp

(Brennan et al., 2008; Price et al., 2009; Virgen et al., 2008; Wilson et al., 2008b). The other

two alleles, A97099 and 02335 (DK genotype), restricted HIV-1 but not HIV-2, as recently

described for an independent M. fascicularis TRIMCyp allele, which also had the DK genotype

(Ylinen et al., 2010).
Amino acids 369 and 446 are
determinants for TRIMCyp
restriction specificity

To verify and extend
previous findings on the
restriction determinants in Old
World monkey TRIMCyp, we
created D369N and K446E
mutants in the A97099
background (referred to as
A97099 NK and DE,
respectively), and similarly
N369D and E446K mutants in
the 04134 background (referred
to as 04134 DE and NK,

respectively). TRIMCyp in either
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Figure 16. Expression and antiviral restriction activity of M.
fascicularis TRIMCyp. (A) Anti-HA immunoblot of CrFK and
CrFK-derived TRIM5a- and TRIMCyp-expressing cell lines. (B)
Restriction activity of CrFK and TRIMCyp-expressing cell lines
against HIV-1 NL4-3. (C) Restriction activity against HIV-2
ROD. (D) Restriction activity against FIV. Controls are TRIM5a
from M. mulatta (Mmu T5a), and TRIMCyp from M. nemestrina
(Mne TC). Genotypes at amino acid positions 369 and 446 are
shown as NE (N369/E446) or DK (D369/K446). Data shown are
mean + standard deviation from three independent experiments
using one representative dilution of virus (11 ng RT/well for HIV-
1 and HIV-2; 33 ng RT/well for FIV).
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Figure 17. Amino acids 369 and 446 determine TRIMCyp
restriction activity. (A) Anti-HA immunoblot of control and
mutagenized TRIMCyp-expressing CrFK cell lines. (B)
Restriction activity against HIV-1 NL4-3. (C) Restriction activity
against HIV-2 ROD. (D) Restriction activity against FIV.
Genotypes at amino acid positions 369 and 446 are shown, as
in Figure 16. Data shown are mean + standard deviation from
three independent experiments using one representative
dilution of virus (11 ng RT/well for HIV-1 and HIV-2; 33 ng
RT/well for FIV).

background containing DE
residues restricted both HIV-1 and
HIV-2, as previously described
(Ylinen et al., 2010), as well as
FIV (Figure 17). TRIMCyp with the
NK residues restricted neither
HIV-1 nor HIV-2.

Aside from the differences
at positions 369 and 446, there
are four additional amino acid
differences between A97099 and
04134 TRIMCyp, at positions 209,
285, 310, and 370 (Table 4; the
differences at positions 310 and
370 are probable cloning artifacts

that were not found in genomic

DNA, and are not shown in Table 4). Interestingly, NK-containing TRIMCyp restricted FIV in the

A97099 background but not in the 04134 background (Figure 17). Therefore, one or more of

the four differences between these two TRIMCyp proteins must have additional critical effects

on the restriction of FIV.
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Residue 178 affects TRIMCyp protein expression or stability

We also attempted to produce cell lines expressing M05221 (DK) and M05386 (NE)
TRIMCyp. After two independent transductions, we were not able to produce a cell line
expressing these alleles at levels comparable to those attained for the other three TRIMCyp
alleles analyzed (Figure 18 and data not shown). Cell lines expressing low levels of these
TRIMCyp proteins had no or negligible restriction activity (data not shown). These two alleles
share an H178Y polymorphism in the coiled coil domain of TRIMCyp (Table 4). We therefore

mutagenized this site to the
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Figure 18. Amino acid 178 affects TRIMCyp protein expression predicted by their genotype
or stability. (A) Anti-HA immunoblot of control and mutagenized
TRIMCyp-expressing CrFK cell lines. Cell lines expressing wild-type at amino acid positions 369
and H178Y TRIMCyp from M05221 and M05386 were transduced
and grown in parallel. (B) Restriction activity against HIV-1 NL4-3. and 446 (Figure 18).
(C) Restriction activity against HIV-2 ROD. (D) Restriction activity
against FIV. Genotypes at amino acid positions 369 and 446 are
shown, as in Figure 16. Data shown are mean + standard deviation
from three independent experiments using one representative dilution
of virus (11 ng RT/well for HIV-1 and HIV-2; 33 ng RT/well for FIV).
Cell lines expressing wild type M05221 and M05386 had no or
negligible restriction activity (not shown).
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DISCUSSION

Here, we present a detailed description of TRIMCyp in M. fascicularis. We show that M.
fascicularis is more diverse than any other species described to date, with respect to the
presence or absence of TRIMCyp and to its restriction specificity. We found differences among
animals both within and between geographic populations. TRIMCyp was present in three of
four populations tested. Within Indonesian and Indochinese populations of M. fascicularis, three
active antiretroviral TRIM5 proteins with different specificities coexist, namely TRIM5aq,
TRIMCyp DK, and TRIMCyp NE. We also show that one individual had a DE genotype, which
has not previously been found in natural isolates. It will be of interest to determine the
prevalence of this genotype in natural populations. Although we were not able to create a cDNA
clone of that individual, our mutagenesis results as well as the results of others suggest that it
likely has an expanded restriction specificity. Identification of the DE allele in naturally occurring
M. fascicularis populations, even at a low frequency, suggests that this genotype should be
taken into consideration when designing HIV studies involving M. fascicularis.

Our phylogenetic analysis is consistent with our previous findings, in which TRIMCyp-
linked sequences (with T at the exon 7 splice acceptor site) clustered together separate from all
other sequences (with G at the splice acceptor site) (Dietrich et al., 2010a). These findings
suggest that TRIMCyp arose early in the evolution of the Asian macaques. The clear
differentiation between T-containing and G-containing alleles is likely due to a combination of
founder effects and changed selection pressures. At one time in evolutionary history there
would presumably have been an intermediate state, containing the CypA insertion in the
absence of the splice acceptor polymorphism, or vice versa; however, such sequences have not
been found in existing populations.

The current work also serves to expand our understanding of the evolution of TRIMCyp

in M. fascicularis. Indochinese M. fascicularis overlaps in geographic range with Chinese M.
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mulatta, and genetic evidence indicates that the two species have experienced and likely are
currently experiencing hybridization and introgression (Kanthaswamy et al., 2008; Street et al.,
2007; Tosi et al., 2003). Interestingly, TRIMCyp is apparently absent in Chinese M. mulatta
(Newman et al., 2008; Wilson et al., 2008b). Introgression with TRIMCyp-negative Chinese M.
mulatta may have decreased the prevalence of TRIMCyp in Indochinese M. fascicularis,
potentially explaining the lower prevalence of TRIMCyp in Indochinese than in Indonesian M.
fascicularis. Such introgression likely also explains the fact that the TRIM5 sequence from an
Indochinese M. fascicularis clustered phylogenetically with an M. mulatta sequence rather than
with other M. fascicularis. Because gene flow between the species appears to be unidirectional
from M. mulatta to M. fascicularis, it is unlikely that Indochinese M. fascicularis have contributed
TRIMCyp to M. mulatta, although this possibility cannot be entirely ruled out (Bonhomme et al.,
2009; Stevison and Kohn, 2009).

M. fascicularis was introduced to Mauritius in historical times, likely from Indonesian
(Sumatran) stock (Kanthaswamy et al., 2008; Smith et al., 2007; Tosi and Coke, 2007). The
initial founding population was small, and genetic signs of founder effects are apparent in the
population (Kanthaswamy et al., 2008; Tosi and Coke, 2007; Wiseman et al., 2007). The fact
that TRIMCyp is apparently absent in Mauritian individuals, but common in the parental
Indonesian population, underscores the genetic bottleneck involved in the founding of the
Mauritius colony. Previous genetic studies have found that sequences from Mauritian
individuals tend to cluster apart from those from other M. fascicularis (Smith et al., 2007).
Although our phylogenetic analysis is consistent with this finding, we were not able to resolve
the relationships among TRIMCyp-negative M. fascicularis, due to the limited sequence data
available. Because of the low genetic diversity in the Mauritian M. fascicularis population, these
animals are of particular interest as an AIDS model (Cafaro et al., 2010; Krebs et al., 2005;

O’Connor et al., 2010; Smith et al., 2007). The finding that these animals uniformly lack
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TRIMCyp, which could be a confounding factor in infection studies, indicates the potential for
additional advantages of working with this model.

Our group previously reported an M. fascicularis TRIMCyp clone (04116, also referred to
as MafaTC1 (Ylinen et al., 2010)) that had no detectable antiviral activity (Brennan et al., 2008).
This lack of activity was likely due to an H357R mutation, which prevents binding to the viral
capsid (Ylinen et al., 2010). However, we were unable to replicate this sequence using archival
samples, and no animals we have subsequently tested have this genotype. Since the initial
cloning of the 04116 allele was performed using a low-fidelity polymerase, the H357R mutation
may have been an artifact introduced during cloning. Thus, its physiological relevance is
uncertain. We have subsequently optimized the procedure to minimize such artifacts, and
whenever possible confirm the cDNA sequence with genomic DNA sequencing.

We tested three TRIMCyp alleles and three mutated versions for restriction activity. Our
mutagenesis analysis confirms previous reports that residues 369 and 446 are important for
restriction specificity (Price et al., 2009; Ylinen et al., 2010). Furthermore, because at least one
animal sequenced had the DE genotype, our finding supports the potential biological relevance
of DE-containing TRIMCyp proteins (Ylinen et al., 2010). In contrast, the NK genotype, which
has not previously been analyzed and was not found in any of the animals tested, restricted
neither HIV-1 nor HIV-2. Interestingly, only one of the two NK-containing proteins tested
restricted FIV. This result may provide interesting clues about the determinants required for this
restriction activity, although it may result from one of the two introduced mutations in the CypA

domain of 04134 TRIMCyp.
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Figure 19. Schematic for the evolution of TRIMCyp residue 178. The TRIM5a sequence in the
common ancestor of Old World monkeys and apes would have encoded a tyrosine residue at position
178, whereas that in New World monkeys would have encoded an asparagine residue. It is not clear
what residue would have been present in the common ancestor of both lineages. TRIMCyp evolved
independently in the two lineages. The presence of Y178 in the context of TRIMCyp, but not TRIM5aq,
appears to lead to a reduction in protein levels. Thus, | propose that Old World monkeys evolved the
Y178H polymorphism to improve TRIMCyp protein levels. In New World monkeys, the evolution of
TRIMCyp in the context of N178 did not apparently cause a change in protein levels.

Our data also suggest that a polymorphism in the coiled coil region, H178Y, affects the

ability to stably express TRIMCyp proteins. It is possible that this polymorphism either
decreases protein stability or increases toxicity; we have not yet examined the mechanisms
behind this effect. Further, it is not yet clear whether this effect will be seen in vivo, or whether it
is an artifact of expression in CrFK cells. However, assuming that the differential expression of
the two alleles is found in vivo, it may point to an interesting evolutionary story. The amino acid
at this position is a histidine in all other Old World TRIMCyp proteins described to date and in M.
nemestrina TRIM5n, which is also produced by alternative splicing from the same allele as
TRIMCyp. In contrast, all TRIM5a isolates described to date in Old World monkeys and apes
have a tyrosine residue at this position, with the exception of one isolate from M. fascicularis

(Kono et al., 2008). Thus, it seems likely that the initial form of TRIMCyp that evolved from



62

TRIMSa would have encoded Y178 as well. If for some reason high level protein expression of
TRIMCyp is not possible with Y178, the Y178H variant might represent an adaptation to
improve TRIMCyp protein levels. Interestingly, New World monkeys encode an asparagine
residue at this position in both their TRIM5a protein and their TRIMCyp, which arose
independently of that in Old World primates. Although residue 178 has not previously been
shown to be important for any aspect of TRIMS biology, residue 177 is under positive selection,
suggesting that this region of the coiled coil domain may be important for restriction activity
(Sawyer et al., 2005). It is therefore tempting to speculate that the histidine allele at amino acid
178 could have been selected in some Old World primates due to improved TRIMCyp
expression levels (Figure 19).

TRIM5a alleles have evolved under both positive and balancing selection (Newman et
al., 2006; Sawyer et al., 2005). The balancing selection is likely due to pressure from pathogens
restricted by different alleles (Newman et al., 2006). Although TRIMCyp evolved recently in Old
World primates, as it is found only in Asian macaques (Dietrich et al., 2010a), it is also likely to
be under balancing selection. The presence of multiple restriction phenotypes in M. fascicularis
TRIMCyp, in addition to TRIM5a, may reflect a history of such balancing forces in this species
and its ancestors. Current TRIM5a and TRIMCyp expression patterns have also likely been
influenced by evolutionary pressures such as genetic drift and founder effects, particularly in the
Mauritius and Philippines populations (Kanthaswamy et al., 2008; Smith et al., 2007; Tosi and
Coke, 2007), in addition to possible pressures from past retroviral infections.

Recently, it has become clear that differences in TRIM5 genotype have dramatic effects
on the outcome of SIV infection in M. mulatta (Kirmaier et al., 2010; Lim et al., 2010b; Lim et al.,
2010c). ltis likely that TRIM5 and TRIMCyp diversity in M. fascicularis has also played a role in
the outcomes of infection during previous studies. It will be of interest to test the restriction of

M. fascicularis TRIMCyp alleles against relevant SIV strains, and examine historical samples
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from infected M. fascicularis to determine whether TRIMCyp genotype could have affected
pathogenesis. More in-depth knowledge of restriction factors in model species will inform the

choice of appropriate models for AIDS research and the proper interpretation of results.
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CHAPTER 5. The Effect of Coexpression of M. fascicularis TRIM5a and
TRIMCyp

ABSTRACT
The primate TRIM5 gene encodes multiple protein isoforms with different C-terminal

domains. The C-terminal domains of the TRIM5a and TRIMCyp isoforms bind to retroviral
capsids and restrict viral replication at an early post-entry step. TRIM5 proteins can dimerize
through their coiled coil domains, and it has been suggested that nonrestrictive isoforms may
have dominant negative activity against restrictive isoforms. However, these experiments were
carried out in cell culture systems in which TRIM5 protein expression levels were poorly
controlled or characterized. | show here that TRIM5a and TRIMCyp do not interfere with each
other’s restriction activity when expressed in cells at similar levels. This is consistent with in vivo
data suggesting that these proteins may be codominant. Species such as Macaca mulatta and
M. fascicularis express multiple TRIM5 proteins that may affect their susceptibility to retroviral
infection. A better understanding of the potential interaction and functional interplay among
TRIMS5 proteins will inform the use of these species as models for AIDS research.
INTRODUCTION

TRIM5a and TRIMCyp are restriction factors that block the replication of susceptible
retroviruses in primates at an early post-entry step. TRIM5a and TRIMCyp are both encoded by
the TRIM5 gene and share identical RING, B-Box, and coiled coil domains at their N-termini, all
of which are required for antiviral function. TRIM5a encodes a C-terminal B30.2/SPRY domain,
while TRIMCyp encodes a cyclophilin A (CypA) domain at its C-terminus. Both the B30.2/SPRY
domain and the CypA domain can bind to retroviral capsids. The antiviral specificity of TRIM5a
and TRIMCyp is determined by the capsid binding specificity of their respective C-terminal
domains. In addition to TRIM5a and TRIMCyp, multiple TRIM5 isoforms that are not known to

have direct antiviral activity can also be expressed though genetic polymorphism and alternative



65

splicing. Any given primate cell likely expresses multiple isoforms, even if the individual is
homozygous at the TRIM5 locus (Battivelli et al., 2011a; Reymond et al., 2001).

TRIM5 proteins dimerize through the coiled coil domain, and dimerization is thought to
contribute to capsid binding avidity (Javanbakht et al., 2006; Kar et al., 2011; Langelier et al.,
2008; Mische et al., 2005). Because all TRIM5 isoforms contain the coiled coil domain, different
TRIMS5 proteins may be able to heterodimerize, and interaction between different TRIM5
proteins could impact their restriction activity against retroviruses.

Many macaque populations and species express multiple TRIMS5 alleles. M. fascicularis
and M. mulatta encode both TRIM5a and TRIMCyp (Brennan et al., 2008; Virgen et al., 2008;
Wilson et al., 2008b; Dietrich et al., 2011a). Both species have multiple alleles of TRIM5a (de
Groot et al., 2011; Newman et al., 2006; Wilson et al., 2008a). M. fascicularis has multiple
alleles of TRIMCyp, and it is possible that M. mulatta does as well, although the TRIMCyp
diversity of this species has not yet been thoroughly explored (Berry et al., 2012; Dietrich et al.,
2011a; Saito et al., 2012). One of the polymorphisms in M. fascicularis TRIMCyp is at position
178, in the coiled coil domain. Most Old World monkey TRIMCyp proteins encode a histidine
residue at this position. Old world monkey TRIM5a and some M. fascicularis TRIMCyp isolates
encode a tyrosine residue at this position. In TRIMCyp but not TRIM5a, the Y178 residue leads
to decreased protein abundance in CrFK cells (Dietrich et al., 2011a). Because this
polymorphism is in the coiled coil domain, it might also affect dimerization, but this has not yet
been examined.

Ideally, the potential effects of TRIMS5 protein coexpression on restriction activity should
be examined using primate cells endogenously coexpressing the proteins of interest. However,
currently such experiments are technically challenging because of the lack of satisfactory anti-
TRIMS antibodies. Some studies have found that coexpression of TRIM5a with a nonrestrictive

TRIMS isoform leads to loss of TRIM5a restriction activity. However, these studies have typically
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been performed by overexpressing the nonrestrictive isoform in a primate cell line that
expresses the restrictive isoform at much lower native levels (Battivelli et al., 2011a; McEwan et
al., 2009; Nakajima et al., 2009; Stremlau et al., 2004; Wilson et al., 2008b).

Previous data on an unrelated restriction factor provide a precedent for suggesting that
this unbalanced expression system may lead to artifacts that are not representative of in vivo
restriction. The murine Fv1 protein restricts murine leukemia virus (MLV) at an early post-entry
step. N-tropic MLV strains are restricted by the Fv1® allele, while B-tropic strains are restricted
by Fv1". Heterozygous animals are resistant to both viruses. However, overexpression of Fv1"
in cells naturally expressing Fv1® leads to loss of Fv1® activity, and vice versa (Bock et al.,
2000). These data demonstrate the dangers of extrapolating from an artificial system and
suggest that relative expression levels of restriction factor proteins, possibly including TRIM5
proteins, may affect their function.

A few studies have used dual overexpression techniques to study the effects of TRIM5
proteins lacking the B30.2/SPRY domain on wild-type TRIM5a activity (Maegawa et al., 2008;
Torimiro et al., 2009). Torimiro et al. found that a rare allele of human TRIM5a that encodes a
truncated protein had a dominant negative effect on the restriction activity of wild-type human
TRIM5a in a dual overexpression system (Torimiro et al., 2009). Similarly, Maegawa et al. found
that an artificially created mutant lacking the B30.2/SPRY domain had strong dominant negative
activity against TRIM5a (Maegawa et al., 2008). However, no studies have yet examined the
coexpression of two active antiviral TRIM5 proteins.

In vivo data support the idea that restrictive TRIM5 proteins are codominant rather than
dominant negative. Kirmaier et al. showed that viral loads of SIVsm in infected M. mulatta were
related to TRIM5 genotype. Animals with two restrictive alleles had significantly lower viral loads
than did individuals with two nonrestrictive alleles. Critically, this was the case for

TRIM50/TRIMCyp heterozygotes as well as animals that were homozygous for the restrictive
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TRIM5a allele. Similarly, animals with one restrictive and one nonrestrictive allele had
intermediate viral loads (Kirmaier et al., 2010). Similar results were found in a study using
SIVmac, although this study examined only different TRIM5a alleles and not TRIMCyp (Lim et
al., 2010c). These results suggest that nonrestrictive TRIM5 proteins do not have a dominant
effect, and that different TRIM5 alleles may be codominant.

Taken together, previous data indicate that overexpression of a nonrestrictive TRIM5S
protein in cells endogenously expressing an antiretroviral TRIM5 results in a dominant negative
effect. Dual overexpression of one functional and one truncated TRIM5 protein may also result
in a loss of function. However, it is still unclear whether coexpression at similar levels of two
functional TRIMS proteins with different antiretroviral specificities would also lead to a dominant
negative effect. The results of coexpression may be affected not only by the relative abundance
of the different TRIMS proteins, but also by the amount of viral capsid present, since TRIM5-
mediated restriction is saturable. To further explore these issues, | coexpressed M. fascicularis
TRIM5a and TRIMCyp in CrFK cells. Here, | show that the two proteins act independently to
restrict HIV-1 and HIV-2. Thus, in this system, there is no evidence of a dominant negative
effect.

RESULTS
Increasing expression of TRIMCyp does not disrupt TRIM5a restriction activity

Using a retroviral transduction system, | created a CrFK cell line stably expressing HA-
tagged M. fascicularis TRIM5a (isolate M06054) which restricts HIV-1 but has limited restriction
activity against HIV-2 ROD. | then further transduced these cells with HA-tagged M. fascicularis
TRIMCyp (isolate 04134; GenBank HQ834753.1) to create two independent cell lines, named
134Co1 and 134Co2, that coexpress TRIM5a and TRIMCyp. 04134 TRIMCyp contains residues

N369 and E446, and restricts HIV-2 but not HIV-1 (Dietrich et al., 2011a). Thus, restriction of
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HIV-1 in the coexpressing cell lines is a measure of the antiviral activity of TRIM5a, while
restriction of HIV-2 is primarily a measure of TRIMCyp activity.

Because TRIMCyp is a smaller protein than TRIM5a, the two proteins can be
distinguished on a Western blot when both are HA-tagged (Figure 20A). Both 134Co1 and
134Co2 express levels of TRIM5a similar to that in the cell line expressing TRIM5a alone.
However, 134Col expresses lower levels of TRIMCyp than 134Co2 does. Therefore, these two
lines, in combination with the cell lines singly expressing TRIM5a or TRIMCyp, allow us to
determine whether increasing amounts of TRIMCyp lead to a decrease in TRIM5a restriction
activity.

| found that, as expected, restriction of HIV-2 ROD was correlated with TRIMCyp
expression levels. Line 134Col, which expresses a limited amount of TRIMCyp, did not have
detectable restriction activity against HIV-2 ROD, while line 134Co2 restricted HIV-2 ROD
approximately 10-fold. This was still lower than the restriction activity of the cell line expressing

TRIMCyp alone, which expressed a higher level of TRIMCyp than either of the coexpressing cell

lines.
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Figure 20. Coexpression of TRIMCyp does not diminish TRIM5a restriction activity. (A) Anti-HA
immunoblot of CrFK cells expressing M. fascicularis TRIMSa, M. fascicularis 04134 TRIMCyp, or both
proteins. (B) Restriction activity of TRIM5a, TRIMCyp, or coexpressing cell lines against HIV-1 NL4-3.
(C) Restriction activity of TRIM5a, TRIMCyp, or coexpressing cell lines against HIV-2 ROD. Data
shown are mean + standard deviation from three independent experiments.
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In contrast, all three cell lines that expressed TRIM5a restricted HIV-1 to a similar
degree regardless of TRIMCyp expression. Thus, increasing amounts of TRIMCyp up to the
amount expressed in the Co2 cell line do not lead to a decrease in TRIM5a activity. This
indicates that TRIMCyp does not have a dominant negative effect on TRIM5a restriction activity
under these experimental conditions.

TRIM5a coexpression does not disrupt TRIMCyp restriction activity

The experiments described above were performed using a TRIMCyp encoding H178. In
order to better control the relative expression of TRIMCyp, and to determine whether the allele
at residue 178 in TRIMCyp affects the outcome of coexpression experiments, | used wild-type
(Y178) and Y178H mutant variants of M. fascicularis TRIMCyp, isolate M05386 (GenBank
HQB834755.1). The Y178H mutant is expressed at higher levels than the wild-type, and both
isolates restrict HIV-2 to a degree consistent with their relative expression (Dietrich et al.,
2011a). These experiments allowed me to examine the role of TRIMCyp protein abundance on
TRIMCyp restriction activity against HIV-2 both individually and in the context of coexpression
with TRIM5a.

| transduced wild-type or Y178H M05386 TRIMCyp into either wild-type CrFK cells, or
CrFK cells expressing M. fascicularis M06054 TRIM5a. | created these cell lines twice
independently. In both sets of cell lines, as described previously, the Y178H mutant was
expressed at higher levels than the wild-type Y178 TRIMCyp, either in the presence or absence
of TRIM5a (Figure 21). Preliminary experiments showed variable restriction activity of M.
fascicularis TRIM5a against HIV-2 ROD, possible due to the saturable nature of TRIM5
restriction (Towers et al., 2000). To control for saturation, | performed further experiments using
different amounts of viral inoculum. These dilutions represented a range of infectivity in CrFK

cells not expressing any TRIMS5 protein, from approximately 85% of cells infected at the highest
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concentration of virus to approximately 3% infected at the lowest concentration (data not
shown).

| found that M. fascicularis TRIM5a restricts HIV-2 ROD in a readily saturable manner in
the absence of TRIMCyp. In contrast, the restriction activity of TRIMCyp was not saturated even
at the highest concentration of virus tested. Thus, M. fascicularis TRIM5a restricts HIV-2 ROD,
but this restriction activity is relatively weak compared to its activity against other viruses such

as HIV-1 (see Figure 20) and to the activity of HIV-2-restricting TRIMCyp alleles.
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Figure 21. Coexpression of TRIM5a does not diminish TRIMCyp restriction activity. (A) CrFK
cells, or CrFK cells expressing M. fascicularis TRIM5a, were transduced with M. fascicularis M05386
wild-type or Y178H mutant TRIMCyp. Left, anti-HA immunoblot. Right, restriction activity against HIV-
2 ROD. Five different dilutions of virus were used to determine whether restriction activity was
saturable. Infectivity in CrFK cells was normalized to 100% at each inoculum, to allow direct
comparison among inocula. (B) Same as (A), with independently derived cell lines.
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In one of two cell lines expressing TRIM5a and wild-type M05386 TRIMCyp (386 wt
Col), the same saturable restriction activity of TRIM5a was seen above and beyond the
restriction activity of TRIMCyp alone (Figure 21A). However, this activity was not seen in the
other cell line coexpressing TRIM5a and Y178 TRIMCyp (386 wt Co2; Figure 21B), or in either
of the cell lines containing the Y178H TRIMCyp mutant. This observation is consistent with the
different TRIMCyp expression levels in these cell lines. Thus, the restriction activity of TRIM5a
was apparent only in the absence of high-level expression of TRIMCyp.

Although the precise interaction between TRIM5a and TRIMCyp restriction in these
experiments is unclear and likely to be complex, there were no conditions in these experiments
in which TRIM5a expression led to a loss of TRIMCyp restriction. To the contrary, TRIM5a
expression increased TRIMCyp restriction activity in the context of low TRIMCyp expression
and low virus inocula. Thus, we can conclude that there is no dominant negative effect of
TRIM5a on TRIMCyp restriction in conditions where the two proteins were expressed at similar
levels.

DISCUSSION

In this Chapter, | examined the functional consequences of the coexpression of TRIM5a
and TRIMCyp. Specifically, | aimed to address the question of whether coexpression interferes
with the restriction activities of individual TRIM5a or TRIMCyp proteins. | show that neither
TRIM5a nor TRIMCyp interferes with the restriction activity of the other when the two proteins
are expressed at similar levels. Specifically, | show that increasing levels of TRIMCyp do not
diminish the restriction activity of M. fascicularis TRIM5a against HIV-1 NL4-3. Similarly,
coexpression of TRIMSa does not reduce the restriction activity of TRIMCyp against HIV-2
ROD. Overall, my data are consistent with the in vivo data on SIVsm infection of M. mulatta
(Kirmaier et al., 2010) and suggest that the dominant negative effect seen previously was likely

an artifact of overexpressing one protein relative to the other (Wilson et al., 2008b).
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The M. fascicularis TRIM5a isolate used here has some restriction activity against HIV-2
ROD. This limited restriction activity is readily saturated by increasing amounts of virus and is
lost in the presence of high levels of TRIMCyp. Thus, although the less restrictive TRIM5a
protein does not disable the more restrictive TRIMCyp, the reverse may be true. It is unclear
whether this effect would have any practical consequences in vivo, since the stronger restriction
activity would predominate in any case. However, it will be of interest to explore further. Another
group has described HIV-2 isolates that are not restricted at all by their M. fascicularis TRIM5a
isolate, unlike HIV-2 ROD (Kono et al., 2008; Song et al., 2007). It would be interesting to test
whether these other HIV-2 isolates are restricted by TRIMCyp and by our TRIM5a isolate. If
they are restricted only by TRIMCyp, these isolates would likely provide a more definitive
system for examining the effects of coexpression than we were able to use here.

The M. fascicularis TRIM5a isolate described by Song et al. has potent restriction activity
against HIV-2 ROD (Song et al., 2007). Their isolate (GenBank AB210052.1) differs from ours
at several amino acid positions, including three positions in the B30.2/SPRY domain (Kono et
al., 2008). One or more of these polymorphisms may explain the difference in restriction of HIV-
2 ROD between my experiments and theirs. Interestingly, one of these polymorphisms results in
a histidine residue at position 178, which has not been described in any other TRIM5a isolate
and may result from recombination between TRIM5a and TRIMCyp-expressing TRIMS alleles
(see Chapter 4). The robust restriction activity that they describe indicates that this residue does
not disable TRIM5a, as the corresponding Y178 residue decreases expression of TRIMCyp in
our system.

Torimiro et al. showed that wild type human TRIM5a lost its limited ability to restrict HIV-
1 when it was coexpressed with a truncated mutant; however, its restriction of N-MLV was only
partially abrogated (Torimiro et al., 2009). These data suggest that nonrestrictive TRIM5a alleles

may have a dominant negative effect on relatively weak restriction activity, but that the effect on
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stronger restriction may be less pronounced. Although the two studies are not directly
comparable, the data described by Torimiro et al. are consistent with my data showing that
weak TRIM5a-mediated restriction activity is lost in the presence of stronger restriction activity
mediated by TRIMCyp. However, the data from Torimiro et al. are difficult to interpret because
they used different epitope tags on the two TRIM5 proteins, meaning that the expression levels
cannot be directly compared. My experimental design, which uses a single epitope tag on both
proteins, circumvents this issue.

Maegawa et al. found that an artificial mutant lacking the B30.2/SPRY domain had
strong dominant negative activity against four different primate TRIM5a proteins, while TRIMSy
had limited or no dominant negative activity. The authors attribute the difference to reduced
expression of TRIMSy in their system, but it is difficult to judge whether TRIM5y expression is
sufficiently decreased to explain the data, particularly since they do not show the expression
levels of the TRIM5a proteins (Maegawa et al., 2008). It is also possible that some aspect of the
TRIMSy protein that is not present in their artificially truncated protein may act to limit dominant
negative activity. It should also be noted that in human cells, TRIM5y accounts for less than
10% of total TRIM5 mRNA, whereas TRIM5a accounts for approximately 50% (Battivelli et al.,
2011a). Thus, if TRIM5y needs to be expressed at high levels in order to have a dominant
negative effect, it seems unlikely to have this effect in vivo, at least in humans.

It is still unclear whether TRIM5a and TRIMCyp can heterodimerize, and this will be an
important issue to address in the future. The dominant negative effect seen by Torimiro et al.
and Maegawa et al. suggests that the proteins they examined may heterodimerize, although
they do not show this directly. In contrast, my results suggest that TRIM5a and TRIMCyp
proteins act independently, which is easiest to explain if they do not interact. It is possible that
the truncated proteins lacking C-terminal domains can heterodimerize with TRIM5a, but

TRIMCyp cannot. Perhaps heterodimerization is sterically hindered by the presence of two
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different C-terminal domains. Alternatively, perhaps differences in protein trafficking prevent
different isoforms from interacting in a way that is not recapitulated by the truncated mutants
examined in previous studies.

It is also possible that the proteins in my study do heterodimerize, and heterodimers
maintain some antiviral activity even when one monomer cannot independently bind to viral
capsids. Langelier et al. showed that recombinant M. mulatta TRIMSa-derived monomers can
bind to HIV-1 capsids, but that homodimerization improved avidity under stringent conditions
(Langelier et al., 2008). However, higher-order self association is also thought to increase
TRIMS protein avidity for viral capsids (Ganser-Pornillos et al., 2011). Perhaps the avidity
gained by higher-order self association is sufficient to compensate for decreased avidity of
individual TRIM5a/TRIMCyp heterodimers to a viral isolate only recognized by one of the two
variants. In this case, it is unclear why the same effect was not seen by Torimiro et al. and
Maegawa et al. Perhaps the presence of a C-terminal domain is required for retroviral
restriction, or perhaps TRIM5a or TRIMCyp proteins that are not individually active against a
given virus may have an undetectable binding affinity that is improved by avidity effects in a
heterodimer. Future biochemical studies will help to explain the discrepancies in the data and
provide a better conceptual model for TRIM5 protein interaction. Whether or not TRIM proteins
heterodimerize, any of the scenarios described above would point to interesting possibilities with
regard to the underlying mechanisms of TRIM5 restriction activity and regulation.

The data described here, in combination with previous in vivo data (Kirmaier et al., 2010;
Lim et al., 2010c), suggest that antiretroviral TRIM5 proteins are codominant and do not
interfere with each other’s activity when expressed at similar levels. A codominant mode of
inheritance would be advantageous from an evolutionary perspective. Individuals that express
two TRIMS proteins with different specificities would be able to restrict a broader range of

viruses than homozygotes, although perhaps with decreased restriction activity against any
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individual virus. This is consistent with the in vivo data on SIVsm and SIVmac infection in M.
mulatta (Kirmaier et al., 2010; Lim et al., 2010c). In contrast, if TRIM5 proteins had a dominant
negative effect on each other, heterozygotes would be at a severe disadvantage, as they would
effectively not express any antiviral TRIMS5 protein. This would presumably lead to strong
selection for individual TRIMS alleles by any virus currently infecting these animals, and would
not lead to the balancing selection seen in Old World monkey TRIM5 (Newman et al., 2006).

Truncated mutants of TRIM5a, as well as isoforms lacking the B30.2/SPRY domain,
have consistently displayed dominant negative activity against TRIM5a, even in a few
experiments where both proteins were overexpressed (Battivelli et al., 2011a; Maegawa et al.,
2008; McEwan et al., 2009; Nakajima et al., 2009; Stremlau et al., 2004; Torimiro et al., 2009;
Wilson et al., 2008b). If these findings are true, why are TRIM5 isoforms lacking the B30.2
domain maintained through evolution? Recent studies have found that TRIM5a has innate
immune signaling activity, and that this signaling activity is present in TRIM5y as well (Pertel et
al., 2011; Tareen and Emerman, 2011). This suggests that there may be a complex evolutionary
calculus that has determined the relative expression levels of different TRIM5 isoforms, based
on signaling activity as well as direct antiretroviral restriction.

The effects of TRIM5 protein coexpression are likely to be more complex than previously
appreciated. It is possible that they may sometimes interact in a dominant negative fashion but
act independently under other circumstances. It will be important to follow up these observations
with more detailed analysis of the different TRIMS isoforms expressed in different species, and
their effects in combination. Careful dissection of these issues will help us to understand the

determinants of susceptibility to retroviruses both in humans and in nonhuman primates.
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CHAPTER 6. Conclusions

In this work, | have described several aspects of the biology of TRIM5a and TRIMCyp in
Old World primates, with a particular focus on Macaca sylvanus and M. fascicularis. M.
fascicularis is hoteworthy because of its use as a model for HIV/AIDS research, and because of
the diversity of its TRIM5 restriction factors. M. sylvanus is of interest because of its unique
evolutionary history, specifically its long isolation from other macaque species.

EVOLUTION AND GEOGRAPHIC DISTRIBUTION OF TRIM5a AND TRIMCYP

TRIMCyp is absent in M. sylvanus, the most evolutionary divergent macaque species
and the only macaque species found outside Asia (Dietrich et al., 2010a). However, it is present
in both of the two most ancient branches of the evolutionary tree of the Asian macaques
(Brennan et al., 2008; Li et al., 2009; Virgen et al., 2008; Ziegler et al., 2007). Thus, TRIMCyp
must have evolved in the common ancestor of the Asian macaques after their divergence from
M. sylvanus, approximately 5-6 million ybp. This research allows us to date the emergence of a
novel restriction factor in a nonhuman primate population with unprecedented precision. It is
tempting to speculate that a retrovirus infected the population at that time, driving selection for
this novel restriction factor.

TRIMCyp evolved independently in the Aotus genus of New World primates
approximately 4.5-22 million ybp. This striking example of convergent evolution suggests that
TRIMCyp has played an important role in primate evolution at least twice, likely in resistance
against retroviruses. CypA is one of the most commonly retrotransposed genes in primate
genomes (Zhang et al., 2003), and this combined with its binding to retroviral capsids (Lin and
Emerman, 2006; Lin and Emerman, 2008) makes it a logical target for the evolution of novel
restriction factors.

| also examined the distribution of TRIMCyp both within and among Asian macaque

species. | show that although TRIMCyp is fixed in M. nemestrina and M. leonina, it is not fixed in
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M. nigra. Thus, the fixation event must have occurred in the common ancestor of M. nemestrina
and M. leonina after their divergence from M. nigra, approximately 2 million ybp (Dietrich et al.,
2010a; Ziegler et al., 2007). This could have occurred either through genetic drift or through
selection caused by an additional virus in the M. nemestrina/leonina lineage.

Among the Asian macaques, M. fascicularis has a greater diversity of TRIM5a and
TRIMCyp proteins than any other species described to date (Dietrich et al., 2011a). In particular,
| found TRIMCyp coding sequences in individuals from three of four populations tested. The
exception was the population from Mauritius, which is noted for its lack of genetic diversity due
to a small founding population (Krebs et al., 2005; O’Connor et al., 2010; Wiseman et al., 2007).
Both TRIM5a-expressing and TRIMCyp-expressing genotypes were present in animals from
Indonesia and Indochina. TRIMCyp was present at approximately 56% allele frequency in
animals of Indonesian ancestry and approximately 14% in Indochinese animals; this difference
was statistically significant. Although | was only able to obtain four samples from the Philippines,
| found that all four of these animals were homozygous for TRIMCyp.

Subsequent work by other groups has confirmed and extended these observations.
Saito et al. tested individuals from Indonesia, the Philippines, and Malaysia (Saito et al., 2012).
The TRIMCyp allele frequency in their Indonesian samples was 34.8%. In a larger group of
animals of Philippine origin than we had access to, they found a TRIMCyp allele frequency of
87.0%, consistent with the fact that four out of four of our samples were TRIMCyp homozygotes.
In Malaysian animals, TRIMCyp was present at a frequency of 48.9%. Similarly, Berry et al.
tested animals of Mauritian and Indonesian origin. Consistent with our results, they found that
TRIMCyp was not present in animals of Mauritian origin. The allele frequency of TRIMCyp in
their Indonesian sample was 87% (Berry et al., 2012).

The differences in allele frequency in Indonesian populations tested in the three studies

may be attributable not only to sampling bias but also to the geographic diversity of Indonesia.
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The genetic characteristics of M. fascicularis on various Indonesian islands may be different,
and this has not yet been well studied. Similarly, it would not be surprising if animals from
peninsular Malaysia differed from individuals from Malaysian Borneo, or if different populations
existed on different islands in the Philippines. These questions will be difficult to address fully,
particularly as the majority of the macaques tested for TRIMCyp to date were colony bred in the
United States, United Kingdom, or Japan. In this context, it will be important in the future to
understand the geographic origin of animals used for biomedical research, and the possible
implications of allelic diversity within genes such as TRIM5 that may have an impact on the

outcome of research.
FUNCTIONAL DIVERSITY OF RETROVIRAL RESTRICTION

M. fascicularis has at least two and possibly three TRIMCyp alleles with different
antiretroviral specificities, adding functional diversity to the geographic diversity described
above. The NE genotype at positions 369 and 446 of the CypA domain, which restricts HIV-2
but not HIV-1, is the only allele found in M. nemestrina and M. mulatta and is also found in M.
fascicularis. The DK genotype, which restricts HIV-1 but not HIV-2, has been found only in M.
fascicularis. The DE genotype, which restricts both viruses, was found in one M. fascicularis of
Indonesian origin. The NK genotype has not been found in nature, and when created by
mutagenesis it restricts neither HIV-1 nor HIV-2 (Dietrich et al., 2011a). Saito et al. were able to
quantify the prevalence of the DK and NE alleles in their M. fascicularis samples. In all three
populations they tested, the DK genotype was present at approximately 85-88% allele
frequency, with the NE genotype as the minor allele; they did not find the DE or NK genotypes
in their samples (Saito et al., 2012). Berry et al. also found only DK and NE genotypes (Berry et
al., 2012). Together, these data suggest that the DE allele must be very uncommon.

In addition to the polymorphisms in the CypA domain that affect antiviral specificity, we

also identified a polymorphism at position 178 in the coiled coil domain, which affects protein
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abundance in CrFK cells. The specific mechanism for this effect is still unclear and will be of
interest for future work. Because the coiled coil domain is involved in protein-protein
interactions, it seems likely that this change affects either protein stability or toxicity in
overexpressing cells. | speculate that the histidine residue at this position evolved to improve
expression levels of macaque TRIMCyp (see Figure 19). However, this hypothesis remains to
be tested, and it is unclear whether the effect of the polymorphism at position 178 on protein
levels would be seen in vivo, or whether it is an artifact of expression in CrFK cells.

TRIM5a has been more widely studied than TRIMCyp (Johnson and Sawyer, 2009).
However, TRIM5a from M. sylvanus had not previously been described. | show that M. sylvanus
TRIM5a differs from any other known TRIM5a protein at six amino acid positions (Dietrich et al.,
2010a). One of these unique residues is in a position known to be critical for retroviral
restriction, and affords a unique opportunity to examine the determinants of TRIM5a-mediated
retroviral restriction. At amino acid residue 339, M. sylvanus TRIM5a encodes either a threonine
or a methionine residue, making its sequence either TFP or MFP at residues 339-341. In
contrast, M. mulatta TRIM5a encodes either TFP or QAA at positions 339-341. The TFP allele is
able to restrict HIV-2 and SIVsm, and an animal’'s genotype at this position determines its
susceptibility to SIVsm and related viruses (de Groot et al., 2011; Fenizia et al., 2011; Kirmaier
et al., 2010; Letvin et al., 2011; Lim et al., 2010b; Lim et al., 2010c; Yeh et al., 2011). | found
that the TFP allele of M. sylvanus TRIM5a is capable of restricting HIV-2, but the MFP allele is
not. This demonstrates that the threonine residue at position 339 is necessary for restriction of
HIV-2, and thus likely the related virus SIVsm. Interestingly, however, mutagenesis of the MFP
allele to encode TFP did not restore restriction of HIV-2, suggesting that other differences
between the two alleles of M. sylvanus TRIM5a may also play a role, and that the threonine

residue at position 339 is necessary but not sufficient for restriction activity. Thus, further studies



80

of M. sylvanus TRIM5a will shed light on additional determinants that contribute to restriction of
HIV-2.

These observations help us to dissect the roles of the polymorphism at positions 339-
341 in M. mulatta. They suggest that the two amino acid deletion seen in M. mulatta TRIM5a
may not be as important a factor as the absence of the threonine residue in the loss of
restriction activity toward SIVsm and related viruses. This information would have been much
more difficult to determine using only typical model species, as the MFP allele is unique to M.
sylvanus.
COEXPRESSION

Typically, researchers have studied the function of TRIM5 proteins by overexpressing
one TRIMS5 cDNA in feline or canine cells, ensuring that only the single allele of interest will be
present. These experiments have given us great insight into the function of TRIM5 proteins.
However, TRIMS5 function in vivo is likely much more complex. Even in humans, where the
TRIMS allelic diversity is relatively limited (Goldschmidt et al., 2006; Javanbakht et al., 2006;
Sawyer et al., 2006; Speelmon et al., 2006), multiple isoforms are expressed through alternative
splicing (Battivelli et al., 2011a). The functional significance of TRIM5 isoforms other than
TRIM5a has not been thoroughly explored. In macaques, the situation is yet more complex. In
addition to multiple isoforms with different C-termini, some macaques express both TRIM5a and
TRIMCyp. They may also have multiple alleles of both TRIM5a and TRIMCyp with different
antiviral specificity. Thus, it is clear that experiments testing the restriction activity of only a
single TRIM5 protein, while valuable, will only give us part of the complete picture.

Early experiments suggested that TRIM5 isoforms lacking the capsid-binding
B30.2/SPRY domain may have a dominant negative effect against TRIM5a restriction (Stremlau
et al., 2004). Similarly, early experiments on TRIMCyp found that it may have a dominant

negative effect against TRIM5a (Wilson et al., 2008b). However, these experiments were
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performed by overexpressing the putative dominant negative protein in the context of
endogenous expression of the antiviral isoform. This experimental design leads to extremely
unbalanced amounts of the two proteins, which is known to lead to misleading results when
studying a mechanistically similar murine restriction factor (Bock et al., 2000).

| found that the restriction activities of M. fascicularis TRIM5a and TRIMCyp were
functionally independent when the two proteins were coexpressed at similar levels. This finding
is consistent with in vivo data, which seems to suggest that TRIM5a and TRIMCyp, as well as
different TRIM5a alleles, are codominant (Kirmaier et al., 2010; Lim et al., 2010c). Conceptually,
my findings are consistent with gene expression data as well as evolutionary analyses of the
TRIM5 gene. TRIM5a makes up only approximately 50% of the TRIM5 mRNA in human cells
(Battivelli et al., 2011a), and the proportion is likely similar in nonhuman primate cells, although
this has not yet been tested. If the expression of the shorter isoforms abrogated the antiviral
activity of TRIMSa, these cells would likely retain little if any TRIMSa restriction activity.
Similarly, if different antiviral TRIM5 proteins exerted a dominant negative effect on each other,
heterozygotes would likely be at a strong disadvantage, and natural selection would favor
homozygosity. However, on the contrary, primate TRIM5 is subject to balancing selection,
suggesting that heterozygosity is favored (Newman et al., 2006).

In the future, it will be important to explore the effects of coexpression in greater depth.
What are the relative endogenous expression levels of different TRIM5 isoforms in nonhuman
primates, and how does this affect their restriction activity? Does coexpression affect the innate
immune signaling function of TRIM5 proteins? The implications of TRIM5 protein coexpression
are not yet well understood, and this line of research will become ever more important as we

continue to elucidate individual TRIM5 protein function.
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IMPLICATIONS FOR AIDS MODELS

TRIMS5 polymorphism plays an important role in the ability of macaques to be infected
with susceptible retroviruses, and this has important implications for their use as model species
for HIV/AIDS (de Groot et al., 2011, Fenizia et al., 2011; Kirmaier et al., 2010; Letvin et al.,
2011; Lim et al., 2010b; Lim et al., 2010c; Yeh et al., 2011). M. fascicularis in particular
expresses an unusually diverse array of retroviral restriction factors. Thus, it will be necessary to
determine the TRIM5 genotype of these animals and to be aware of the susceptibility of the
virus of interest before beginning infection studies.

Alternatively, these issues could be avoided by using species or populations that are
homogeneous at the TRIMS locus. For instance, Mauritian M. fascicularis have TRIM5a but lack
TRIMCyp (Berry et al., 2012; Dietrich et al., 2011a). Conversely, M. nemestrina has TRIMCyp,
but apparently lacks TRIM5a (Krebs et al., 2005; O’Connor et al., 2010; Wiseman et al., 2007).
Further, M. nemestrina TRIMCyp is apparently relatively homogeneous compared to the
functional diversity we have described in M. fascicularis (Newman et al., 2008; Virgen et al.,
2008; A. Kirmaier, personal communication), and these animals therefore apparently lack any
TRIM5-mediated restriction against HIV-1. Thus, it may be possible to infect M. nemestrina with
HIV-1-derived viral isolates that would not be able to infect other species (Hatziioannou et al.,
2006; Hatziioannou et al., 2009; Igarashi et al., 2007; Kamada et al., 2006; Pekrun et al., 2002;
Saito et al., 2011; Thippeshappa et al., 2011). M. nemestrina may be an ideal primate species
to model HIV-1 infection, as researchers continue to improve viral isolates to take advantage of
our understanding of TRIM5 and other restriction factors.

FUTURE OUTLOOK

Research on the TRIM5 proteins has provided considerable insight into retroviral

infection of primates, which has important implications for HIV/AIDS research. The studies

reported here, along with other research in the TRIMS field, raise numerous important questions
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that will guide future research. Some of these questions could be answered relatively easily
now, while others await future technological advances, such as purification of TRIM5 proteins
and the development of improved antibodies to these proteins. Further exploration of these
topics will allow for more insight into retroviral pathogenesis and primate evolution.

The work described here suggests several lines of inquiry related to TRIM5a and
TRIMCyp function. How does the T339M polymorphism in M. sylvanus TRIMSa affect its
restriction activity, and which other residues mediate the difference between the two alleles |
tested? How do the polymorphisms | have described in the M. fascicularis and M. sylvanus
TRIM5 genes affect their innate immune signaling function? What is the mechanistic basis for
the effect of the H178Y polymorphism on TRIMCyp protein abundance, and is this effect found
in vivo? More generally, understanding how the in vitro effects described here translate to the in
vivo situation and affect viral infection in macaques is a high priority. Many different alleles and
isoforms of TRIM5 are expressed in macaques; do these interact, and if so, how? Can variability
in previous studies of infection using M. fascicularis be traced to polymorphisms in TRIM5a
and/or TRIMCyp? What evolutionary pressures led to the TRIM5 polymorphism we see today,
and how does this affect extant viruses in wild macaque populations?

Purification and structural determination of TRIMS5 proteins remains a desirable, if
challenging, goal. If achieved, this will help us to understand the structural basis for variations in
restriction activity. Structural data on the CypA domain has helped us to understand the effects
of TRIMCyp polymorphisms (Caines et al., 2012; Price et al., 2009; Ylinen et al., 2010), and
similar data on TRIM5a would be extremely valuable. Continued work in this area, as well as
efforts to determine the structure of TRIM5a, will help us to understand the structural basis for
the variations in restriction activity.

It will be of interest to continue to explore TRIM5 gene sequence and function in

additional primate species that are not commonly used in biomedical research. These studies
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will not only answer basic evolutionary questions, but may also help us to understand restriction
in model species used for HIV/AIDS research. | show here that TRIMCyp is absent in single
individuals of M. nigra and M. thibetana, but it remains to be determined whether TRIMCyp is
present in other individuals of these species. Many other macaque species have not been
examined at all. A further understanding of the distribution of TRIMCyp among macaque
species will help to clarify the evolution of this protein and may reveal additional functional
diversity. Similarly, just as examining M. sylvanus TRIMSa gave us insight into the determinants
of retroviral restriction by M. mulatta TRIM5a, other polymorphisms in non-model species may
help us to understand the potential specificity and variability of TRIMS restriction factors.

Another important under-researched area is the in vivo expression of TRIM5 proteins.
The relative RNA expression of TRIM5 isoforms has been studied in humans (Battivelli et al.,
2011a), but not in nonhuman primates. The lack of suitable antibodies has limited the
information that can be gained about endogenous TRIM5 protein expression. However, RNA
expression data is attainable but has not yet been thoroughly examined. For analysis of TRIM5
protein function, one exciting possibility is to perform siRNA knockdown experiments in primary
nonhuman primate cell lines. Such experiments will allow us to ascertain the contribution of
individual TRIM5 isoforms to retroviral infection without the use of tagged overexpression
systems.

Additional TRIM5 splice isoforms remain to be described fully, particularly in macaques
that express TRIMCyp (data not shown and A. Kirmaier, personal communication). The function
of isoforms other than TRIM5a and TRIMCyp, if any, is unclear. TRIM5y, at least, has innate
immune signaling activity, and this is likely true of other isoforms as well (Pertel et al., 2011).
Based on the idea that they have dominant negative activity against TRIM5a, it has been
suggested that TRIM5 isoforms lacking C-terminal capsid-binding domains may act to regulate

TRIM5a activity (Towers, 2007). TRIM5 proteins may also have other functions that remain to
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be described. The functions, interactions, and relative expression levels of the various TRIM5
proteins, both in humans and in nonhuman primates, will be an important avenue for research in
the future.

The discovery of the signaling function of TRIM5 proteins has opened up many exciting
possibilities for research (Pertel et al., 2011; Tareen et al., 2011). No one has yet tested for NF-
KB/AP-1 signaling ability in M. fascicularis TRIM5a, or any Old World primate TRIMCyp (Pertel
et al., 2011). It is possible that some of the polymorphisms in M. fascicularis TRIMCyp identified
here will affect signaling function. | identified several polymorphisms that did not have an
identifiable effect on restriction activity, including some in the RING and B-Box domains, and it
will be of interest to test these variants for signaling capability. None of these residues has been
identified as being under positive selection; however, it is possible that they may have a
TRIMCyp-specific effect, like the Y178H polymorphism, or an effect that was not detected in
evolutionary analysis (Sawyer et al., 2005).

Eventually, the study of TRIM5 and other restriction factors should lead to improved
animal models for HIV/AIDS. Infection of macaques with SIV or related recombinants currently
represents the best available compromise between ease of use and accurate modeling of
human AIDS. However, these models are imperfect, and further progress in preclinical AIDS
research will require further improvement. New viral isolates that more closely mimic HIV-1
while still being able to infect macaques have been made possible by research into restriction
factors (Hatziioannou et al., 2006; Hatziioannou et al., 2009; Igarashi et al., 2007; Kamada et
al., 2006; Pekrun et al., 2002; Saito et al., 2011; Thippeshappa et al., 2011). More
improvements will certainly follow as these models continue to be refined, both empirically (e.g.
Kamada et al., 2006) and through improved understanding of restriction factors. No viral isolate

has yet been reported to mimic HIV-1 infection in macaques while taking tetherin into account,
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for instance, and there may also be other restriction factors not yet described that will affect the
ability of macaques to be infected by HIV-1 and related viruses.
IMPORTANCE OF RESTRICTION FACTORS

Study of the restriction factors has vastly improved our understanding of retroviral
pathogenesis, and likely more remain to be discovered. The TRIM5 proteins have helped us to
understand the barriers to cross-species transmission of retroviruses, as well as the uncoating
process and the role of the capsid in the early steps of viral replication (Towers, 2007).
Research into other restriction factors, such as the APOBEC3 proteins, has provided other
insights into retroviral pathogenesis and the role of the viral accessory proteins. The discovery
of tetherin has led to important research on the budding step of the retroviral life cycle, and the
recent discovery of SAMHDZ1 will likely provide insight into differences in cell tropism among
different viral isolates. Doubtless future research into restriction factors will open up new lines of
research not yet imagined.

Research on TRIM5 has also given us insight into the immune system. Early in the
history of the field, restriction factors were hailed as belonging to a third branch of the immune
system that was independent of innate and adaptive immunity (Bieniasz, 2004). However, it has
become clear that this view is too simplistic, and that TRIMS is intimately connected with the
innate immune system. Like other restriction factors, it is upregulated by interferon signaling
(Asaoka et al., 2005; Carthagena et al., 2008; Neil and Bieniasz, 2009; Sakuma et al., 2007a).
However, the connection is deeper than this, as TRIM5a itself participates in innate immune
signaling in response to either retroviral infection or interferon signaling (Pertel et al., 2011,
Tareen and Emerman, 2011). Thus, although the distinctions between intrinsic and innate
immunity may provide a useful theoretical framework, it is also clear that they are at least
somewhat artificial, and it seems likely that more interconnections will be found as research

progresses.
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Study of restriction factors, and particularly the TRIM5 gene and the multiple proteins it
encodes, have proved extremely useful to our understanding of viral pathogenesis, primate
evolution, the immune system, and HIV/AIDS. The work described here has expanded our
understanding of the role of TRIMS in primate evolution, its functional diversity, and its effects
on retroviral infection. This work also lays the foundation for further inquiry into the in vivo

effects of these restriction factors and their potential interactions.
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