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Abstract
Recent studies have extended the rapidly developing retroviral restriction factor field to cells of
carnivore species. Carnivoran genomes, and the domestic cat genome in particular, are revealing
intriguing properties vis-à;-vis the primate and feline lentiviruses, not only with respect to their
repertoires of virus-blocking restriction factors but also replication-enabling dependency factors.
Therapeutic application of restriction factors is envisioned for human immunodeficiency virus
(HIV) disease and the feline immunodeficiency virus (FIV) model has promise for testing
important hypotheses at the basic and translational level. Feline cell-tropic HIV-1 clones have also
been generated by a strategy of restriction factor evasion. We review progress in this area in the
context of what is known about retroviral restriction factors such as TRIM5alpha, TRIMCyp,
APOBEC3 proteins and BST-2/Tetherin.
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I. Introduction
Exogenous lentiviruses are known to infect Catarrhine primates (Old World monkeys and
apes), several ungulate species and diverse felids. Recently identified endogenous lentivirus
sequences provide evidence for past infections of Leporidae (rabbits and hares) and
Strepsirrhine primates (lemurs) (Fletcher et al., 2010; Gifford et al., 2008; Gilbert et al.,
2009; Katzourakis et al., 2007; Keckesova et al., 2009). Despite these past and present
invasions of diverse Mammalia, each of the extant lentiviruses has a narrowly restricted host
range. Even between closely related species, transmission is highly limited in both natural
and experimental settings. This stands in contrast to other RNA viruses that can infect and
cause disease in widely divergent mammalian taxa. For example, the human orthomyxovirus
pathogen influenza A can be studied in common laboratory model animals such as mice and
ferrets.

Overt lentivirus pathology appears to correlate with comparatively recent acquisition, e.g.,
the emergence of the HIV-1 main group by transmission of SIVcpz from Chimpanzees in
West Africa approximately a century ago (Gao et al., 1999). Among nonprimate
lentiviruses, analogous examples are visna virus transmission to genetically isolated
Icelandic sheep (Sigurdsson et al., 1957) and FIV-related lentiviruses, which have likely
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been endemic in the Panthera lineage for hundreds of thousands and perhaps several million
years (Antunes et al., 2008; Pecon-Slattery et al., 2008; Troyer et al., 2008). While there is
some evidence for chronic immune disease in African lions (Roelke et al., 2009), FIV is
clearly pathogenic to a degree comparable to HIV-1 only in the domestic cat, in which the
bulk of evidence indicates relatively recent acquisition, sometime after domestication ca.
9,000 yr ago (Pecon-Slattery et al., 2008; Troyer et al., 2008).

Current evidence suggests that the most common scenario for lentiviruses is one of extended
periods of confinement to a single species punctuated by relatively rare sustainable
acquisition by a new species, which occurs in association with evolved changes in key viral
proteins [see, for example, recent proposals for viral adaptations critical to the SIVcpz-to-
HIV-1 transition (Kirchhoff, 2009; Sauter et al., 2009)]. This pattern reflects requirements
for specific host cell factors utilized by the viruses (dependency factors) and blocks posed
by a suite of species-specific defense proteins (restriction factors). The latter can interdict a
virus immediately, without requiring downstream transcriptional responses, cytokines or
other cells. The term “intrinsic immunity” has been used to differentiate this from more
slowly acting immune responses (Bieniasz, 2004; Huthoff and Towers, 2008). For HIV-1,
restriction factors of interest now most prominently include TRIM5alpha (Stremlau et al.,
2004), the related TRIMcyp (Nisole et al., 2004; Sayah et al., 2004), APOBEC3G/F (Sheehy
et al., 2002), and BST-2/Tetherin (Neil et al., 2008; Van Damme et al., 2008), although
other intracellular restriction activities exist for retroviruses.

Lentiviruses have evolved counter-defenses, such as capsids that evade TRIM5 protein
engagement (Towers, 2007; Towers et al., 2003), Vif proteins that target APOBEC3
proteins for destruction in the cellular proteasome (Sheehy et al., 2002; Stern et al., 2010),
central plus strand initiation that acts kinetically to reduce the time viral DNA is exposed to
APOBEC3 proteins (Hu et al., 2010) and anti-Tetherins such as Vpu (Neil et al., 2008; Van
Damme et al., 2008) and Nef (Sauter et al., 2009; Zhang et al., 2009). There is evidence that
host populations and retroviruses have undergone repeated rounds of reactive counter-
selection for and against restriction factor evasion during their respective evolutions (Lim et
al., 2010a; Malim and Emerman, 2008; Sawyer et al., 2004; Sawyer et al., 2005). The
positive selection engendered under this warfare and counter-warfare scenario can be stated
as the Red Queen hypothesis (Huthoff and Towers, 2008; van Valen, 1973). For HIV-1,
evolution of specific Vpu, Vif and Nef functions appears to have contributed to the
adaptations of chimpanzee lentiviruses to humans, one of which became pandemic as the M
or main group (Malim and Emerman, 2008; Sharp and Hahn, 2010). HIV-1 has lost the
ability to be pathogenic in the reverse direction, to chimpanzees. Research on restriction
factors has potential to help yield an animal model or models for HIV-1 (Ambrose et al.,
2007; Hatziioannou et al., 2009; Hatziioannou et al., 2006; Stern et al., 2010) and to be
applied therapeutically (Dietrich et al., 2010; Neagu et al., 2009).

II. Specific Restriction Factors
1. Tripartite motif (TRIM) proteins

TRIM5alpha acts by engaging the retroviral capsid in the cytoplasm of the target cell,
shortly after entry and before nuclear import (Stremlau et al., 2004). Reverse transcription
becomes impaired, but the precise mechanism for the subsequent derailment of viral
progress is not certain at present. As discussed below, candidate mechanisms center on
proteasome activity and dysregulated uncoating. This protein is part of a larger TRIM
protein family with 68 known members encoded by the human genome (Nisole et al., 2005).
The PRY/SPRY (or B30.2) domain in the C terminus of TRIM5alpha mediates binding to
the capsid of the incoming virion, thus acting as a pattern recognition receptor (Mische et
al., 2005; Sebastian and Luban, 2005; Stremlau et al., 2006a). The N-terminal segment has a
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RING domain with E3-ubiquitin ligase activity (Diaz-Griffero et al., 2006a), a B-Box-2
domain and a coiled-coil domain.

In the presence of a restricting TRIM5alpha protein, the HIV-1 core does not complete
reverse transcription and undergoes rapid proteasomal degradation (Diaz-Griffero et al.,
2006a; Stremlau et al., 2006a). While it seems likely that under normal circumstances the
proteasome is involved in viral fate, the situation is nevertheless not straightforward at
present. If the proteasome is inhibited pharmacologically, reverse transcription completes
but the infection process through to integration does not (Anderson et al., 2006; Campbell et
al., 2008; Perez-Caballero et al., 2005; Wu et al., 2006). The arrested complex is integration-
competent when tested on in vitro targets, however (Anderson et al., 2006). Thus, a reverse
transcription blockade is not strictly needed for antiviral activity, and restriction activity can
be uncoupled from proteasome inhibition (Perez-Caballero et al., 2005; Wu et al., 2006).
Premature viral uncoating has been implicated as a primary mechanism of antiviral activity
(Diaz-Griffero et al., 2006a; Perron et al., 2007; Stremlau et al., 2006a). Assaying uncoating
in the presence of proteasome inhibitors is inherently complex to interpret because it appears
to rescue virions that are degraded independently of TRIM5alpha and it results in major re-
distribution of TRIM5alpha cytoplasmic aggregates (Diaz-Griffero et al., 2007; Diaz-
Griffero et al., 2006a). FIV is strongly restricted by rhesus macaque TRIM5alpha and
weakly by human TRIM5alpha (Diaz-Griffero et al., 2007; Saenz et al., 2005). Cows,
rabbits and hares expressTRIM5 orthologs that inhibit replication of several retroviruses
including HIV-1 (Fletcher et al., 2010; Keckesova et al., 2009; Schaller et al., 2007; Si et al.,
2006; Ylinen et al., 2006).

Another cellular protein, Cyclophilin A (CypA), interacts with the HIV-1 capsid (Luban et
al., 1993); reviewed in (Luban, 2007; Sokolskaja and Luban, 2006). CypA, which is the
intracellular receptor for cyclosporine A, is a peptidyl-prolyl cis-trans isomerase that
catalyses the conversion of the peptidyl-prolyl bond at G89-P90 in the HIV-1 capsid,
increasing the rate of isomerization by two logs but without changing the steady state cis-
trans ratio (Bosco et al., 2002; Gitti et al., 1996). The connection of this activity to
restriction or uncoating is not entirely clear. At present, CypA and TRIM5alpha are thought
to regulate infection independently, with cypA perhaps protecting HIV-1 from an unknown
antiviral activity in human cells or in general modulating host factors that positively or
negatively interact with capsid; this interesting, complex issue is treated in more detail in
(Luban, 2007; Sokolskaja and Luban, 2006; Strebel et al., 2009; Stremlau et al., 2006b).

However, insertion of CypA into the TRIM5alpha locus so that it replaces the capsid
binding function of the B30.2 domain has occurred by retrotransposition events in
nonhuman primates. Remarkably, this has happened entirely independently in old and new
world monkey species, which suggests potent selective advantages were conferred,
presumably during culling of populations by ancient viral epidemics (Brennan et al., 2008;
Liao et al., 2007; Newman et al., 2008; Nisole et al., 2004; Sayah et al., 2004; Stoye and
Yap, 2008; Virgen et al., 2008; Wilson et al., 2008). In the new world (owl monkey) case
(Nisole et al., 2004; Sayah et al., 2004), insertion between exons 7 and 8 created a TRMcyp
fusion protein, with exon 7 spliced to CypA, whereas in old world macaque species, splicing
fuses cypA to the end of exon 6. Viral specificity varies, with the owl monkey protein
inhibiting FIV and HIV-1, but not SIVmac or EIAV (Diaz-Griffero et al., 2007; Diaz-
Griffero et al., 2006b; Nisole et al., 2004; Sayah et al., 2004). In contrast, the Macaca genus
TRMcyps do not restrict HIV-1, SIVmac or EIAV, but are active against FIV, HIV-2 and
SIVagmTan, with the specificity mapping to a histidine or arginine at amino acid 69 (Stoye
and Yap, 2008; Virgen et al., 2008; Wilson et al., 2008). Thus, among lentiviruses, the FIV
capsid is uniquely vulnerable to both the owl monkey and macaque TRIMcyps, as well as to
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macaque TRIM5alpha. We return below to the possibility that this can be exploited in the
FIV/cat model.

2. APOBEC3 proteins
In contrast to TRIM proteins, APOBEC3G (A3G) and other antiviral A3 proteins first
engage the virus in the producer cell but, as for TRIM proteins, the effect is to interdict a
single round of replication without a need for associated signaling, new transcription or
effector cell recruitment. [Levels of these and other restriction factor proteins are interferon-
inducible, however (Asaoka et al., 2005; Carthagena et al., 2008; Koning et al., 2009; Neil et
al., 2007; Refsland et al., 2010; Sakuma et al., 2007)].

In human cells, Vif-deficient HIV-1 is inhibited by A3G (Sheehy et al., 2002), which is
encapsidated into virions through interactions with Gag and viral and/or small cellular
RNAs (Khan et al., 2005; Luo et al., 2004; Malim, 2009; Schafer et al., 2004; Svarovskaia et
al., 2004; Xu et al., 2004; Zennou et al., 2004). A3 proteins are cytidine deaminases. During
reverse transcription, APOBEC3G deaminates minus strand cytidines to uridine, such that
deleterious G → A mutations accumulate on the plus strand (Bishop et al., 2004; Harris et
al., 2003; Mangeat et al., 2003; Mariani et al., 2003; Zhang et al., 2003). APOBEC3G has
also been reported to interfere with reverse transcription at various steps (Bishop et al.,
2006; Guo et al., 2007; Iwatani et al., 2007; Li et al., 2007; Mbisa et al., 2007). In particular,
APOBEC3G and F have been reported to restrict in a deaminase-independent manner,
although the contribution to overall antiviral activity is an unsettled issue (Bishop et al.,
2006; Bishop et al., 2008; Holmes et al., 2007; Miyagi et al., 2007; Navarro et al., 2005;
Newman et al., 2005; Schumacher et al., 2008). Impairment of HIV-1 reverse transcript
elongation has been suggested to be a dominant mechanism (Bishop et al., 2008).

All lentiviruses except EIAV encode a Vif protein for the purpose of evading A3 restriction.
Vif proteins of primate lentiviruses function primarily to deplete cellular APOBEC3G/F by
recruiting an E3 ubiquitin ligase complex, thereby inducing APOBEC3G polyubiquination
and proteasomal degradation (Conticello et al., 2003; Marin et al., 2003; Mehle et al., 2004;
Sheehy et al., 2003; Stopak et al., 2003; Yu et al., 2003). This was recently shown to also be
the case for FIV Vif (Stern et al., 2010).

A3 genomic repertoires are illustrated in Fig. 1. Based on variations in zinc-coordinating (Z)
DNA cytosine deaminase motifs (H-x1-Ex25–31-C-x2–4-C), A3 proteins can be grouped into
three phylogenetic “Z domain” clusters: Z1, Z2, and Z3 (LaRue et al., 2009; LaRue et al.,
2008). In the artiodactyl A3 repertoire, sheep and cattle have three A3 genes, A3Z1, A3Z2
and A3Z3, which encode for at least four active proteins (A3Z1, A3Z2, A3Z3 and A3Z2-
Z3), while the porcine lineage has a deletion of the orthologous A3Z1 gene and therefore
encodes three proteins (LaRue et al., 2009; LaRue et al., 2008). The aggregate genome data
suggest that the ancestral mammalian repertoire for artiodactyls, carnivorans and primates
had a Z1, Z2, Z3 composition, with subsequent gene duplication and loss events. Primate A3
gene expansion (Fig. 1) likely occurred over 25 million years ago (LaRue et al., 2008). All
A3s are thought to have evolved under substantial, iterative positive selective pressure,
leading to highly individual present-day repertoires in which specific functional orthology
cannot be inferred across species (LaRue et al., 2008). For example, Z domain composition
(Z1, Z2, Z3 permutations) does not correlate with anti-retroviral activity.

3. BST-2/Tetherin
BST-2/Tetherin (CD317) is an integral membrane protein with an amino-terminal
cytoplasmic tail followed by a single transmembrane domain, an extracellularly coiled-coil
domain and a GPI membrane anchor at the C terminus (Neil et al., 2008; Van Damme et al.,
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2008). These different structural domains of Tetherin, though not the primary sequence per
se, are essential for its activity (Perez-Caballero et al., 2009). Tetherin protein inhibits the
release of retrovirus particles and is antagonized by the HIV-1 accessory proteins Vpu (Neil
et al., 2008; Van Damme et al., 2008) and Nef (Sauter et al., 2009; Yang et al., 2010; Zhang
et al., 2009). Tetherin also inhibits the release of other enveloped viruses such filo-, herpes
and arenaviruses, which encode distinct antagonists (Bartee et al., 2006; Jouvenet et al.,
2009; Kaletsky et al., 2009; Mansouri et al., 2009; Sakuma et al., 2009; Tokarev et al.,
2009). In the case of HIV-2, Env fulfills this function (Hauser et al., 2010; Le Tortorec and
Neil, 2009).

III. HIV-1 Animal Models and Restriction
1. Recent advances in non-human primates

Although the SIVs that infect African monkeys do not induce AIDS in their natural hosts,
infection of captive rhesus macaques with the sooty mangabey virus does (Daniel et al.,
1985; Letvin et al., 1985). Cloned versions (SIVmac, which is closely related to HIV-2 but
not HIV-1) have been derived (Kestler et al., 1990; Naidu et al., 1988) and allowed genetic
manipulation (Kestler et al., 1991). Various versions of these viruses have provided the most
useful animal model for elucidating AIDS pathogenesis for over two decades. Conversely,
the lack of evident pathogenicity in naturally SIV-infected nonhuman primates despite
prolific in vivo replication (e.g., SIVagm) has given rise to important and still extant
questions about the key drivers of disease (Broussard et al., 2001; Lim and Emerman, 2009).
Macaque models were made more directly HIV-1-relevant by construction of SIVmac
variants (SHIVs) that incorporate HIV-1 tat, rev, vpu and env (Shibata et al., 1991).
Applications of restriction factor science in this area are now showing considerable promise
towards the still unmet goal of a true HIV-1 disease model. For example, HIV-1 clones with
capsid and Vif modifications that mediate evasion of TRIM5 and APOBEC3 restrictions
have yielded substantial viremia in particular macaque specie for up to six months
(Hatziioannou et al., 2009; Hatziioannou et al., 2006; Igarashi et al., 2007; Kamada et al.,
2006). Some remaining limitations of macaque models include the relative scarcity and
expense of these nonhuman primates, a breeding time of 5–6 months, enzootic rhesus
macaque infection with B virus (a uniformly lethal human pathogen that complicates
handling), and the inability so far to use even the most recent simianized (Capsid segment
and/or Vif-substituted) versions of HIV-1 to produce two hallmarks of human infection:
disease and chronic, sustained viral replication (Ambrose et al., 2007).

2. Rodents, rabbits and hares
Numerous attempts have been made to model HIV-1 in traditional small non-primate
laboratory animals and to propagate the virus in the cell lines of these animals. Other than
immuno-deficient mice with human hematopoietic cell allografts, attempts to generate such
a model have been disappointing. Engineering rodents for intrinsic susceptibility to HIV-1
infection appears to present fundamental difficulties. The introduction of human CD4 and a
chemokine coreceptor into murine cells allows viral entry (Feng et al., 1996) and expression
of human cyclin T1 enables Tat-dependent proviral transcription (Wei et al., 1998).
However, various impediments to proper viral assembly, particle infectivity and post-entry
infectivity in rodent cells have been obstacles (Baumann et al., 2004; Bieniasz and Cullen,
2000; Goffinet et al., 2009; Goffinet et al., 2010; Keppler et al., 2002; Keppler et al., 2001;
Mariani et al., 2001; Michel et al., 2009; Swanson et al., 2004; Tervo et al., 2008).
Leporidae (rabbit and hare) cells encode TRIM5alpha orthlogs that broadly restrict
retroviruses, including HIV-1, HIV-2, FIV, EIAV and N-MLV (Fletcher et al., 2010;
Schaller et al., 2007). Productive spreading replication of HIV-1 has not been demonstrated
in any rabbit cells. However, rabbit TRM5alpha did not restrict SIVmac post-entry (Schaller
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et al., 2007), and incorporating the first 150 amino acids of SIVmac239 capsid into HIV-1
relieved the post-entry block to the latter virus (Tervo and Keppler, 2010). Rabbit T cells but
not macrophages supported the production of HIV-1 with human cell-comparable infectivity
(Tervo and Keppler, 2010).

IV- Carnivoran restriction and dependency factor gene repertoires
We next consider the mammalian order Carnivora with respect to its two suborders, the
Feliformia and the Caniformia, and review singular aspects of their restriction repertoires
and susceptibility to lentiviral infection.

1. Feliformia and retroviruses
Three exogenous retroviruses infect domestic cats: Feline leukemia virus (FeLV), feline
foamy virus (FFV), and feline immunodeficiency virus (FIV) (Jarrett et al., 1968; Pedersen
et al., 1987; Winkler et al., 1997). The cat genome also contains endogenous retroviruses,
such as the replication-competent RD114 virus (Sarma et al., 1973) and endogenous FeLVs
(Polani et al., 2010; Roca et al., 2004). FIV, in a similar fashion to HIV-1, causes depletion
of CD4-positive T cells in the domestic cat and a syndrome with high similarity to human
AIDS (Ackley et al., 1990; Elder et al., 2010). It is the only non-primate lentivirus that does
so. Both HIV-1 and FIV use the CXCR4 chemokine as a coreceptor for entry, but the
primary receptor for FIV is CD134 rather than CD4 (Feng et al., 1996; Poeschla and
Looney, 1998; Shimojima et al., 2004; Willett et al., 1997a; Willett et al., 1997b). Viruses
highly related to domestic cat FIV infect various other feline species, including the Panthera
and Puma genera, where chronic immune system consequences have been documented
(Roelke et al., 2009; Roelke et al., 2006; Troyer et al., 2008).

Retrovirolgists have known for some time that domestic cat cell lines were relatively easily
transduced with pseudotyped gammaretroviral and lentiviral vectors. Indeed, cat and dog
cell lines have frequently been used as permissive “null” background lines for HIV-1 entry
receptor testing (McKnight et al., 1994) and more recently for testing antiviral properties of
introduced primate TRIM5 proteins (Keckesova et al., 2004). Life cycle steps from the post-
entry uncoating stage through to integration are not restricted in domestic cat cell lines. N-
and B-MLV are equivalently infectious. In a recent study, McEwan et al. determined a main
reason for this: the genomes of all Feliformia encode a TRIM5alpha gene with a truncated
and thus inactive B30.2 capsid binding domain (McEwan et al., 2009). This protein does not
restrict HIV-1, SIVmac, or N-tropic murine leukemia virus (N-MLV) due to a stop codon in
exon eight, 5’ to the V1 region of the B30.2 domain (McEwan et al., 2009). The mutation
arose after the Caniformia-Feliformia split approximately 54 million years ago, since exon 8
in two Caniformia species tested (dog and mink) did not have it (though the dog gene is
known to be inactivated by other means as discussed below) (McEwan et al., 2009).
However, it is certifiably ancient, being present in all Feliformia species, even hyena and
fossa, consistent with an origin before the Felidae and Hyaenidae diverged over 40 million
years ago (McEwan et al., 2009). Note that other post-entry restrictions exist in some felids.
For example, primate lentiviruses encounter a strong post-entry block in lion cells (W.
McEwan and B. Willett, personal communication).

Neither Felis catus nor Homo sapiens has a TRIMcyp protein. As noted above, FIV is
restricted by rhesus TRIM5alpha as well as by owl monkey TRIMcyp and macaque
TRIMcyps, while HIV-1 is restricted by the first two of these. This suggests the possibility
that such proteins or re-engineered versions of them could be used in human or feline gene
therapy, and also that the approach could be modeled in the cat. Two groups have recently
made progress in this area, with “humanized” and “felinized” TRIMcyps respectively
(Dietrich et al., 2010; Neagu et al., 2009). Both modeled the proteins after non-human
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primate TRIMcyps. Dietrich et al. discuss this research in more detail elsewhere in this
volume [••]. A plus is that since both partners in these chimeras pre-exist in the human and
the cat proteomes, the immune responses, if any, to the therapeutic protein are likely to be
limited to the fusion junction. A caveat to be considered in such an approach is that fusing
the biologically potent CypA domain to the TRIM5 N-terminal domains in a species that has
not co-evolved potentially needed compensatory adaptations in other cellular systems could
prove to have unpredictable deleterious effects. These aspects and the efficacy and durability
of restriction factor-based gene therapy in general have potential to be tested in the cat.
Finally, whether introduction of a single restriction factor would protect, and at which of
three broadly considered levels -- transmission, systemic viremia, disease -- is not clear. For
example, there are macaque and sooty mangabey TRIM5 alleles that do not block primate
immunodeficiency virus transmission outright but can limit replication in vivo and which
appear to have exerted specific selection pressure on the capsid protein (Kirmaier et al.,
2010; Lim et al., 2010b). These are exciting questions for further research.

In contrast to the situation with TRIM5, feline species encode active APOBEC3 proteins
(Fig. 1). The domestic cat genome has four A3 genes that encode for 5 known proteins:
fA3Ca-c, fA3H and fA3CH (Münk et al., 2008; Munk et al., 2009; Münk et al., 2007).
These proteins are termed fA3Z2c, fA3Z2a, fA3Z2b, fA3Z3 and fA3Z2b-Z3 respectively in
the Z domain-based classification of LaRue et al. (LaRue et al., 2009). (Human A3F and
A3G proteins are named A3Z2e-Z2f and A3Z2g-Z1c respectively in this system). fA3CH
(fA3Z2b-Z3) is obtained by alternative splicing and read-through transcription (Münk et al.,
2008; Zielonka et al., 2010). There are no double domain feline A3 proteins that are
analogous in Z domain composition to human A3G (Z2-Z1) or A3F (Z2-Z2). The three
closely related fA3Cs (fA3Ca, fA3Cb and fA3Cc) are active against Δbet feline foamy virus
(Lochelt et al., 2005) but not Δvif FIV (Münk et al., 2008; Stern et al., 2010). The foamy
virus Bet protein acts analogously to Vif in preventing fA3Ca,b,c (fA3Z2c,a,b) restriction
(Münk et al., 2008). The two other proteins (fA3H and fA3CH) have anti-lentiviral effects,
as they restrict Δvif FIV and vif-intact HIV-1 and induce G to A hypermutation (Münk et al.,
2008; Münk et al., 2007; Stern et al., 2010). fA3CH, the only two-domain feline A3 protein,
is an unusual hybrid encoded by exons 1–3 of fA3Ca, exon 4 of fA3Cb and exons 2–5 of
fA3H (Münk et al., 2008). More recently, additional Z2–Z3 variants were identified
(Zielonka et al., 2010). Interestingly, A3 proteins from diverse free-ranging feline species
are sensitive to the Vif protein of domestic cat FIV, suggesting A3 restriction is not an
obstacle to inter-feline transmission of this virus (Zielonka et al., 2010). The latter study also
reported that human A3G and A3F diminish FIV particle infectivity.

2. Generation of feline cell-tropic HIV-1 by APOBEC3 protein evasion
Domestic cat cells produce HIV-1 with low infectivity, which is associated with minus
strand deamination by two of the five fA3 proteins; the greatest activity is attributable to the
two-domain fA3CH, with fA3H making a lesser yet substantial contribution; in contrast the
three fA3C proteins (a–c) are not appreciably restricting of HIV-1 (Münk et al., 2008; Münk
et al., 2007; Stern et al., 2010). FIV Vif acts similarly to primates Vifs by decreasing levels
of fA3s in a proteasome-dependent manner (Stern et al., 2010).

Focusing on the lack of significant post-entry restricting activity in a number of domestic cat
cell lines and the clear evidence of fA3 activity against primate lentiviruses, we recently
asked what limits spreading HIV-1 replication in feline cells (Stern et al., 2010). As noted
above, transgenic mouse models of HIV-1 infection are prevented not only by restriction
(Baumann et al., 2004; Doehle et al., 2005; Mariani et al., 2003), but by stringent blocks to
proper viral assembly that appear to reflect a lack of functional dependency factors (Bieniasz
and Cullen, 2000; Mariani et al., 2001; Swanson et al., 2004). We noted that feline
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fibroblasts, T cell lines and primary peripheral blood mononuclear cells supported early and
late HIV-1 life cycle phases equivalently to human cells (Stern et al., 2010). Consistent with
their A3 activities, HIV-1 produced in such cells had low infectivity. However, stable
expression of FIV Vif alone (as a codon-optimized GFP fusion protein) in HIV-1 entry
receptor-complemented CrFK cells enabled spreading replication of the virus at levels
commensurate to those observed in human cell lines. In addition, FIV Vif co-localized with
feline APOBEC3 (fA3) proteins, targeted them for degradation and prevented G → A
hypermutation of the HIV-1 cDNA by fA3CH and fA3H.

In interesting and unexpected contrast, SIVmac Vif had substantial anti-fA3 activities,
which were complete against fA3CH and partial against fA3H while HIV-1 Vif was inactive
against fA3s as expected. These results provide the first evidence that a primate Vif can
counteract a non-primate A3 (Stern et al., 2010). Further examples of Vif proteins acting to
promote degradation of A3 proteins in this way – i.e., in non-cognate species and across
mammalian suborders – were reported by LaRue et al. (LaRue et al., 2010). Interestingly,
both primate lentiviral Vifs co-localized with fA3s and could be pulled down from cell
lysates by fA3CH but with HIV-1 Vif this does not result in A3 degradation or relief of
restriction (Stern et al., 2010). Whatever cellular factors FIV Vif recruits to target fA3H or
fA3CH for degradation (e.g., feline equivalents of Cul5, elongin B/C), it appears that HIV-1
Vif is unable to correctly establish a functional complex.

To complete the picture, we constructed HIV-1 molecular clones that encode FIV Vif or
SIVmac Vif (Stern et al., 2010). Both of these viruses (HIV-1VF and HIV-1VS) replicated
productively in HIV-1 receptor-expressing CrFK cells and they could be passaged serially to
uninfected cells. These viruses are analogous in concept to recent pigtail macaque-enabled
HIV-1 clones in that in both cases only vif modification was needed to enable spreading
replication (Hatziioannou et al., 2009). The obvious difference for the feline cell-competent
viruses is that the entry receptors do not exist in the cat, which has so far precluded animal
testing. Zielonka et al. also recently inserted FIV vif into HIV-1 (Zielonka et al., 2010). The
FIV vif gene cDNA was inserted immediately downstream of an engineered TAG stop
codon in the HIV-1 vif reading frame. Whether internal initiation of translation of the feline
Vif protein occurred or the AG dinucleotide in the stop codon acted as a splice acceptor is
not clear, but this virus also replicated in receptor-complemented CrFK cells.

These studies have therefore revealed that except for entry receptors, the cat genome can
supply the dependency factors needed for productive replication of HIV-1. The main
restriction can be countered by vif chimerism. More subtle or cell type-specific restrictions
could turn out to be limiting. Nevertheless it can be speculated that if transgenic expression
of HIV-1 entry receptors in the proper hematopoietic lineages of the cat could be enabled,
this might have potential to eventually produce a feline HIV-1 model. In principle,
transgenesis could also be applied to restriction factor gene therapy modeling.

3. The Caniformia
In contrast to the cat, exogenous dog retroviruses have not been identified and in general
Caniformia cells are much less characterized for retroviral restriction. However, similarly to
domestic cat cells, dog cell lines appear to lack discernible post-entry restriction activity of
the TRIM5α type although B-tropic MLV has been reported to be more infectious than N-
MLV in some lines (Towers et al., 2000). In this species and perhaps other Caniformia,
TRIM5alpha disruption has occurred not by a stop codon, but by the insertion of an
apparently unrelated gene (PNRC1) that prevents expression at the level of transcription
rather than translation (Sawyer et al., 2007). Thus, two independent TRIM5α disruption
events have taken place during carnivore evolution.

Fadel and Poeschla Page 8

Vet Immunol Immunopathol. Author manuscript; available in PMC 2014 January 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Phylogenetic studies have indicated that the dog genome encodes Z1 and Z3 APOBEC3
proteins, which are so far less characterized (LaRue et al., 2008; Münk et al., 2008; OhAinle
et al., 2006). The canine Z3 protein (alternatively called A3H) has been reported to have
activity against FIV and SIVagm (Münk et al., 2008). Canine chronic lymphocytic cells
(CLL) that express the FIV entry receptor CD134 were reported to support productive
replication of FIV (Willett et al., 2006). When marmoset and human CD4 and CXCR4
receptors were introduced into canine fetal thymus (Cf2Th) cells, HIV-1 could be serially
passaged in these cells lines, leading to the adaptation of HIV-1 envelope glycoproteins to
these New World monkey receptors and productive replication (Kolchinsky et al., 1999;
Pacheco et al., 2008). Studies of cell lines from other Caniformia, e.g. Mustelidae (weasels),
have suggested that they also do not restrict N-MLV (Towers et al., 2000) or HIV-1 (Koito
et al., 2003a; Koito et al., 2003b) post-entry. Koito et al. reported that receptor-
complemented mink cells supported early and late HIV-1 gene expression and viral
replication (Koito et al., 2003a). Serial passage and exponential amplification of HIV-1 in
mink or other Mustelidae cells remains to be demonstrated.

V. Conclusions and perspectives
Taken together, all of these studies in cells of species that span the Feliformia and
Caniformia suborders indicate that carnivore species present interesting prospects for further
understanding host defenses against lentiviruses and perhaps for exploiting them. The
similarities of FIV to HIV-1 in genetic structure, the close resemblance of the two AIDS
syndromes, and the unusually broad susceptibility of FIV to multiple primate restriction
factor variants, suggest that cat has favorable characteristics for testing basic and
translational hypotheses about restriction factors in vivo.

Considering the other side of the coin, while the prospect of modeling HIV-1 disease in any
carnivore species is a speculative one at present, there are nevertheless reasons to start
considering the possibilities. Recent studies reveal that the cat proteome, in clear distinction
to that of the mouse, contains the essential HIV-1 dependency factors for productive
replication if viral entry is enabled. HIV-1 assembly proceeds normally and the post-entry
pathway to integration is not significantly hindered in cat cells so far tested. In addition to
the clear viral phenotypic data, it has been further established that functional genes that
encode known murine and primate (Fv1/TRIM) post-entry restriction mechanisms are not
present in this species. Similarly, recent experiments show that the potent restrictions
mediated by APOBEC3 proteins can be abrogated in both macaque and cat cells by vif gene
substitution. Further engineering of HIV-1 molecular clones for restriction factor evasion in
cells of macaques and carnivores may be possible. Progress in carnivores will benefit from
additional characterization of restriction mechanisms in relevant target cells of different
species and development of procedures for germline modification of such animals.
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Figure 1. Carnivoran, artiodactyl, mouse and human A3 repertoires
Z domain names are shown above A–H names. Schematically, the figure follows those in
LaRue et al. (LaRue et al., 2009; LaRue et al., 2008) and synthesizes findings from there and
elsewhere (Münk et al., 2008; Munk et al., 2009; Münk et al., 2007; Stern et al., 2010;
Zielonka et al., 2010). Dogs but not cats have a Z1 protein, suggesting that this gene was lost
in cats after Caniformia and Feliformia diverged. The dog genomic locus has not been fully
characterized but cDNAs for Z1 and Z3 proteins were cloned and relatively low-level
activities against FIV were observed (Münk et al., 2008). The canine Z3 protein (A3H)
restricted SIVagm approximately 10-fold in a single round assay (Münk et al., 2008).
Antiretroviral activities of fA3H (Z3) and fA3CH (Z2–Z3) are inhibited by FIV Vif (Münk
et al., 2008; Stern et al., 2010) and also by SIVmac Vif (Stern et al., 2010), while those of
the fA3C (Z2) proteins are inhibited by the foamy virus accessory protein Bet (Lochelt et al.,
2005; Münk et al., 2008; Perkovic et al., 2009)
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