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Abstract
Feline and primate immunodeficiency viruses (FIVs, SIVs, and HIV) are transmitted via direct contact (e.g. fighting, sexual

contact, and mother–offspring transmission). This dynamic likely poses a behavioral barrier to cross-species transmission in the

wild. Recently, several host intracellular anti-viral proteins that contribute to species-specificity of primate lentiviruses have been

identified revealing adaptive mechanisms that further limit spread of lentiviruses between species. Consistent with these inter-

species transmission barriers, phylogenetic evidence supports the prediction that FIV transmission is an exceedingly rare event

between free-ranging cat species, though it has occurred occasionally in captive settings. Recently we documented that puma and

bobcats in Southern California share an FIV strain, providing an opportunity to evaluate evolution of both viral strains and host

intracellular restriction proteins. These studies are facilitated by the availability of the 2� cat genome sequence annotation. In

addition, concurrent viral and host genetic analyses have been used to track patterns of migration of the host species and barriers to

transmission of the virus within the African lion. These studies illustrate the utility of FIV as a model to discover the variables

necessary for establishment and control of lentiviral infections in new species.

Published by Elsevier B.V.
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Feline immunodeficiency virus in domestic cats

(FIVfca) produces an AIDS like pathology character-

ized by CD4 depletion, immune suppression, and death

(Bendinelli et al., 1995; Willett et al., 1997). As such, it

is the only natural model for HIV/AIDS. Similar to the

primate lentiviruses, closely related FIVs circulate in

non-domestic cat species (Olmsted et al., 1992; Troyer

et al., 2005). While antibodies that cross-react to FIVare

detectable at a low percentage in most feline species and

in the Hyeanidae (Troyer et al., 2005), little is known
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about these viruses. The current paradigm, based mainly

on studies in puma and lion, is that these viruses are

benign, having little or no clinical effect on the host

species (Carpenter and O’Brien, 1995). However,

relevant clinical data from wild populations has not

been collected in most cases due to the difficulty of

prolonged surveillance, sample collection, and clinical

monitoring of such rare, solitary, and evasive species.

Therefore, although seropositive animals (confirmed in

many cases by sequencing) have been documented at

low frequencies in all South American species, at high

frequencies in large African carnivores, and in one

Asian species: the Pallas’ cat (Troyer et al., 2005), there

is a paucity of epidemiologic, genetic, viralogic, or

clinical data available for most infected species.
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In the absence of comprehensive datasets, what can

be discerned about these non-domestic cat lentiviruses

and how does this knowledge add to our overall

understanding of lentiviral infection and pathology?

One important source of information has been DNA

sequence data from the infecting FIVs, in most cases

amplified from integrated provirus and thus obtainable

from blood samples. A comparison of the phyloge-

netic relationships of FIVs to that of their host species

can often contribute to our understanding of the

biology and evolution of these viruses. Free-ranging

individuals of many species harbor monophyletic,

species-specific strain(s) of FIV (Troyer et al., 2005).

However, viruses isolated from different species seem

to group more by geographic region of the host than in

groupings concordant with the phylogenetic relation-

ships of host species (Fig. 1). For example, puma and

cheetah are closely related, belonging to the puma

linage, while lions and leopards are members of the

panthera linage (Johnson et al., 2006); cheetah FIV

(FIVaju) is most closely related to leopard FIV

(FIVppa) and falls within a branch of the FIV tree
Fig. 1. Viral–host co-evolution. Colors correspond to the host species.

The tree on the left represents host species relationships (Johnson

et al., 2006) and the tree on the right shows observed viral sequence

relationships (Carpenter et al., 1996; Nishimura et al., 1999; Troyer

et al., 2005; Franklin et al., 2007). The majority of the branches reflect

within-species monophyly. However, this tree also reflects both

ancient cross-species transmissions that disrupt the concordance of

the host and viral trees (shown in solid red lines) as well as recent

cross-species transmission events that disrupt within host monophyly

of viral sequences (shown in dashed black lines).
that contains primarily viruses from other African

species (Fig. 1).

Puma and lion FIVs have the highest divergence, and

multiple highly divergent strains circulate within these

species suggesting a long period of evolution within

their respective hosts (Carpenter et al., 1996; Troyer

et al., 2004, 2005; O’Brien et al., 2006). These genetic

observations correlate to ecological observations that

there is no reduced lifespan, fecundity, or increased

disease incidence in FIV-infected puma or lions and has

led to speculation that lion and puma FIVs are relatively

harmless to their hosts (Carpenter and O’Brien, 1995;

Hofmann-Lehmann et al., 1996; Packer et al., 1999;

Biek, 2006).

There are several caveats that should be considered

when drawing conclusions from phylogenetic data.

First, most samples have been collected during capture

for ecological studies. Therefore, samples come from

limited geographic ranges for some host species leading

to potential sampling bias. Without viral sequence from

samples throughout the range of a given species, as is

available for lion and puma viruses, it is difficult to

estimate the overall FIV diversity across a species.

Second, only a small portion of the FIV pol gene has

been sequenced for most non-domestic FIVs. It is

probable, as with primate lentiviruses (Bailes et al.,

2003; VandeWoude and Apetrei, 2006), that recombi-

nation plays a significant role in the evolution of FIV

(Slattery, this issue) and that different evolutionary

patterns would be seen within different viral regions. In

addition, since not all species are widely sampled, there

are important gaps in the understanding of the natural

history of the virus and host. Finally, although there has

been a presumption that long branch lengths reflecting

high genetic divergence within a species is indicative of

long term viral–host adaptation and gradual attenuation

of viral pathogenicity, there is an increasing body of

literature suggesting that at least lion FIV (FIVple) is

associated with CD4 depletion, immunological decline,

and some clinical health consequences (Poli et al., 1995;

Bull et al., 2003; Brennan et al., 2006; Roelke et al.,

2006). Therefore, it is premature to extrapolate

assumptions concerning viral pathogenicity or viru-

lence based on genetic data alone. For example, while it

may be tempting to suggest that FIVs with short within-

species branch lengths reflecting low genetic diversity

would be more pathogenic than those with long within-

species branch lengths and high diversity (for example,

those infecting Pallas’ cats versus those infecting puma;

Troyer et al., 2005), there is currently insufficient

clinical data from FIVendemic populations to make this

claim.
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Fig. 2. Cartoon representing possible barriers to successful cross-species transmission of lentiviruses.
However, based on phylogenetic data, several

conclusions can be made concerning the natural history

of FIV within its hosts. First, the presence of FIV in both

old and new world felids suggests that the current

viruses may have descended from transmission events

that occurred the last time felid species crossed the

Bering Straits in the late Pleistocene (>12,000 years

ago; Johnson et al., 2006), or earlier. Second, the

monophyly of FIV sequences within each species

suggests that, in most cases, FIV has been successfully

introduced once and adapted, expanded, and evolved

within the host. Third, although cross-species transmis-

sions have been rare, they likely did occur in the past to

produce a pattern of viral evolution in felids that does

not completely match the evolution of the Felidae.

Finally, there are now several examples of modern inter-

species transmissions (Fig. 1; Carpenter et al., 1996;

Nishimura et al., 1999; Troyer et al., 2005; Franklin

et al., 2007).

While there is one case of a free-ranging leopard cat

that acquired FIVfca from a domestic cat (Nishimura

et al., 1999), most cross-species transmissions of FIV

have been documented in captive settings. These
include an instance of FIVfca in a captive puma in

Argentina as well as lion FIV clade A sequences

(FIVpleA) amplified from a snow leopard and a tiger in

Asian zoos (Carpenter et al., 1996; Troyer et al., 2005).

While exact transmission events cannot be verified

without access to the historical housing records of

captive animals, these examples support the tenant that

animals in captivity may come into direct or indirect

(via dental or surgical instruments) contact with

multiple individuals from other species that they would

never otherwise encounter, increasing the probability

that exposure to non-native viruses would occur.

In natural settings there are substantial behavioral

and ecological barriers to cross-species transmission of

FIV, a pathogen requiring direct contact for infection to

occur (Fig. 2). The major mode of transmission for FIV

in domestic cats is believed to be biting, although

vertical transmission can also occur (Elder et al., 1998;

Pedersen and Barlough, 1991; Rogers and Hoover,

1998; Allison and Hoover, 2003a, b). Assuming non-

domestic cat FIVs have similar modes of transmission

and infection levels seen in other lentiviruses, sufficient

contact between individuals of different species is
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Table 1

TRIM gene orthogous (1–68) detected in the cat genome using GARField; a comparitive genomics approacha

a Summary of TRIM results from GARfield (Pontias, this issue). Open reading frames (ORFs) are in black, apparent pseudogenes are in red.

A blank means that this sequence was not found in the 2� cat genome.
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probably a rare event, especially for more solitary

species that generally avoid contact with each other.

However, in situations where related species have

frequent aggressive encounters and may even prey on

each other, occasional cross-species infections might

occur. We have recently discovered nearly identical FIV

strains in pumas and bobcats occupying the same

habitat in both Florida and California, strongly

suggestive of cross-species transmission and the

emergence of an FIV with expanded host tropism

(Fig. 1b; Franklin et al., 2007).

When a lentivirus infects a new host species, there

are several lines of defense for the newly infected

species. First, the virus must evade the humoral and

adaptive immune systems of the new host (for a review

of this topic see: Johnson and Desrosiers, 2002; Nolan

et al., 2006). In addition, the virus must find cells that

express the right combination of receptors and co-

receptors (Fig. 2). While CD134 and CXCR4 have been

well established as essential for FIVfca receptor-

mediated cell entry, the receptor interactions of puma

and lion FIVs are not identified, but in some cases

appear to involve other cell surface determinants (de

Parseval et al., 2004, 2006; Shimojima et al., 2004;

Smirnova et al., 2005; Willett et al., 2006).

Recent discoveries in primate lentiviruses have

shown that in addition to conventional immune

responses, there are also potent intra-cellular viral

restriction factors that effectively limit non-adapted

viruses (Harris et al., 2003; Lee and KewalRamani,

2004). Human APOBEC3F and G and TRIM5a are

effective barriers to infection by other primate

lentiviruses, but HIV has evolved viral proteins that

circumvent these defenses in a highly host-specific

manner (Bogerd et al., 2004; Hatziioannou et al., 2004;

Lee and KewalRamani, 2004; Schrofelbauer et al.,

2004). Non-native viruses are blocked shortly after cell

entry (in the case of TRIM5a) or mutated during reverse

transcriptase (APOBEC3; Fig. 2). An APOBEC3

homolog in domestic cats, fe3, has been shown to

have anti-viral properties similar to its primate counter-

parts (Lochelt et al., 2005) and cytosine deaminase

activity suggestive of APOBEC3 appears to be effective

in limiting experimental cross-species infections of

felid lentiviruses (see below and Poss et al., 2006).

While felids are not known to have an active TRIM5a,

53 homologs to members of the TRIM family have been

found in the 2� cat genome sequence (Table 1; Pontias,

et al., this issue). Of these, 31 have upstream and

downstream neighboring genes that are conserved with

respect to the human genome organization. This

orthologous synteny provides confidence that gene
family members from different species are true

orthologs. Thirty-nine of the cat TRIMs have open

reading frames that, when translated to amino acids,

produce hypothetical proteins similar to their human

counterparts; 17 have a SPRY domain, the active anti-

viral portion of TRIM5a (Li et al., 2006; Perron et al.,

2006). Although the function of most TRIMs is

unknown in any species, many of the SPRY-containing

TRIM family members probably have anti-viral activity

(Lee and KewalRamani, 2004; Si et al., 2006; Zhang

et al., 2006).

Given the multitude of defenses in the host, new

infections are often abortive. This has been shown in an

experimental cross-species infection where puma FIVs

(FIVpco) productively but apathogenically infect

domestic cats via parental and mucosal routes of

infection (VandeWoude et al., 1997a,b, 2003). Initial

infection results in increased viral load and transient

lymphadenopathy, but does not produce a significant

drop in CD4 cells (VandeWoude et al., 1997a; Terwee

et al., 2005). Preceding the development of serum

neutralizing antibodies (that occur only in a subset of

infections) and other indicators of effective immune

response, viral loads decreased over time; in 3 out of 4

mucosal infections, loads decreased to undetectable

levels in circulating lymphocytes and in most tissues

(Terwee et al., 2005). An IV route of infection increased

the viral load set point, however, viral loads declined

significantly throughout the study, suggesting that these

infections would also ultimately abort (Terwee et al.,

2005). FIVpco isolates from these experimentally

infected domestic cats demonstrate relatively high

mutational rates in situ, notably an increase of G to A

mutations, changes reminiscent of APOBEC3 activity

(Poss et al., 2006).

In order to successfully emerge in a new host,

lentiviruses must evolve quickly to evade these host

defenses and then successfully transmit to other

individuals of the same species (Fig. 2). This process

may be augmented when emerging in species that

display extreme genetic homogeneity, as was shown in

an feline coronavirus outbreak in a colony of captive

cheetahs that spread quickly through the entire

population and caused 60% mortality, presumably

facilitated by the genetic homogeneity of the cheetah’s

immune defense genes (Pearks Wilkerson et al., 2004).

Conversely, a virus may find itself in a dead-end host

if the population demonstrates sufficient immunological

diversity. Social animals such as humans, other primates

and lions must provide many opportunities for

transmission within a species and therefore should be

exceptional hosts for lentiviruses. Lions present a



J.L. Troyer et al. / Veterinary Immunology and Immunopathology 123 (2008) 159–166164
particularly interesting model for transmission studies.

Their behavior is ideally suited for FIV transmission;

biting is an important social signal and occurs within

prides as a means of establishing dominance, as part of

the mating ritual, and incidentally around a kill, as well

as during conflicts between prides (Packer et al., 1999,

2005; West and Packer, 2002; Kissui and Packer, 2004;

West et al., 2006). In addition, lions may disperse

extremely long distances (up to 350 km), engaging in

conflict with other individual lions and prides along the

way (Sunquist and Sunquist, 2002). Dispersed lions

take up residence in a new pride, often via violent

takeover, where they resume normal pride relations that

are rife with aggressive interactions. When seen in this

light, it is not surprising that in some dense populations

close to 100% of adult lions are infected with FIVple

throughout much of their range.

The benefit of studying host and viral evolutionary

histories together is demonstrated in lions, where

FIVple sequences cluster by geographic origin in a

pattern that reflects both the current population structure

and the natural history of their host species (Antunes,

submitted). Genetic studies of lion population structure

and natural history suggest that the current distribution

of lions is a result of several population contractions,

expansions, and long-range migrations relating to the

historical rise and fall of water levels in Africa. As a

result, most lions throughout their range have a recent

genetic history. In addition, small numbers of long-

range migrations continue to occur, resulting in

‘‘hybrid’’ individuals of mixed ancestry in all popula-

tions sampled (Antunes, submitted). Therefore, it is

interesting that there are African lion populations

completely devoid of FIV (Brown et al., 1994; O’Brien

et al., 2006). These sero-negative populations have been

found in the Kalahari, Etosha, and Namibia, suggesting

that the Kalahari may present an ecological barrier to

FIV transmission. One hypothesis is that there is a lion-

density threshold necessary for effective transmission

within a species that is not reached in these sparsely

populated areas (Winterbach, personal communica-

tion).

These results demonstrate that naturally occurring

FIVs are an invaluable model system to investigate

questions of lentiviral transmission, natural history,

evolution, and host-tropism. This system can now be

investigated on the background of a well-defined host

phylogeny containing multiple species with known

population structure, migration patterns, and natural

history. In addition, the genetic resources available from

the full cat genome sequence allow for the investigation

of host genes instrumental in viral control and
restriction of cross-species infection. The ability to

look at the evolution of host and virus simultaneously in

an entire family is unprecedented and promises insight

into the complex process of viral emergence, co-

evolution, and adaptation.
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