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Abstract

Simian immunodeficiency viruses (SIVs) can be found naturally in a large number
of African primate species; already 31 species have been identified with
serological evidence of SIV infection, and in 21 this was confirmed by partial or
full-length genome sequencing. So far, the primate lentiviruses, for which full-
length genome sequences are available, fall into six approximately equidistant
major lineages and are represented by, 1) the HIV-1/SIVcpz lineage, 2) the HIV-
2/SIVsm lineage, 3) the SIVagm lineage from African green monkeys, 4) the SIVsyk
lineage from Sykes' monkeys, 5) the SIVIhoest lineage including viruses from
mandrills, I'Hoest and sun-tailed monkeys and, 6) the SiVcol lineage from a
colobus monkey. SIVs from other African primates have been partially
characterised, but the exact phylogenetic relationship between these SIVs and
other nonhuman primate lentiviruses requires the analysis of the complete
genome. Most of the SIV-positive primates are the natural hosts of these viruses,
and do not seem to develop any clinical symptoms. Nevertheless, if cross-species
transmission occurs, the virus may be pathogenic for the new host. The two major
viral types infecting humans, HIV-1 and HIV-2, represent zoonotic transmissions
from chimpanzees (Pan troglodytes) and sooty mangabeys (Cercocebus atys)
respectively. Therefore, the identification and characterisation of new SIV strains
are important to better understand the origins of HIV-1 and-2 and to assess the
potential risk for additional lentiviruses into the human population.
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Introduction

Simian immunodeficiency yiruses ($IV) and the
closely related human immungddeficiency viruses
(HIV-1 and HIV-2) belong to the lentivirus subfamily of
ratroviruses. It is now glgar that thie SIVS are & large
group of viruses that can be found naturally in an ex-
tensive number of African primate species belonging
to Cercopithecinae, Colobinae and great apes'?,
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Most of the SIV positive primates are the natural
hosts of these viruses, and do not seem to develop
any cliri¢al symptorris! The two major viral types iri-
fecting humans, HIV-1 and HIV-2, represent zoonot-
ic transmissions frarn two-different sources of non-

‘human  primales, 'namely’ chimpanzees (Pan

troglodytes ) and sooty mangabeys (Cercocebus

| atys)’, respectively. Therefore, the identification

and characterisation of new SIV strains are impo:-
tant to better understand the origins of HIV-1 and-2
and| to assess the potential Tigk, fér additional
lertiviruses into the human population. Serplogical
evidence lor SIV Infection hasnow been Teported
for 30 different species of African non-human pri-




& AIPSREVIEWS

AIDS Rev 2001, 3

Table 1. African non-human primates infected with SIV.
Genus Species Common SIv Geographic distribution Ref
name in Africa
Chlorocebus  aethiops grivet monkey SIVagmGri sequence(full-length) south 17
pygerythrus  vervet monkey SIVagmVer sequence(full-length) east 18
sabaeus green monkey SiVagmSab sequence(full-tength) west 20
tantalus tantalus monkey  SiVagmTan sequence(full-length) central 14,19,20
Cercopithecus  I'hoesti I'hoest monkey SiVihoest sequence(full-length) west central 28
solatus sun-tailed monkey SiVsun sequence(fuli-length) central (Congo) 29
diana diana monkey ? serology central(Congo) 59
neglectus de brazza monkey SiVdeb sequence(partial) central 33,34
mona mona monkey StVmon sequence(partial) west-central {Niger Delta) 33,34
wolfi wolfi monkey ? serology central (Congo) 60
pogonias crowned monkey 7 serology west central 34
hamlyni owl-faced monkey ? serology central (western rift) 60
nictitans grey spot nosed Sivgsn sequence(partial) west central 34
monkey
albogularis sykes monkey SiVsyk sequence(fulldlength) east 25
mitis blue monkey SiVblu sequence(partial) east 33
cephus cephus monkey ? serology west central 34,59
Cercocebus atys sooty mangabey  SIVsm sequence(full-length) west 5
torquatus red-cap mangabey SiVrcm sequence(partial) west central 30
(Nigeria /Cameroon)
agilis agile magabey ? serology west central 34
Lophocebus albigena grey cheeked ? serology central 34
mangabey
Allenopithecus  nigroviridis Allen's swamp ? serology central 59
monkey
Miopithecus talapoin talapoin monkey Sivtal sequence {partial) west central 32
Erythrocebus  patas patas monkey SIVagmSab* sequence (partial) west to east 64
Colobus guereza guereza colobus  SlVcol sequence {full-length) central 2
Papio anubis olive baboon ? serology west to east 34
cynocephalus  yellow SlVagmVer* sequence (partial) south 61,62
ursinus chacma SlvagmVer* sequence (partial) south 63
Mandrillus sphinx mandnilt SIVmnd-1/ sequence (full-length) west central 27
SIVmnd-2 (Gabon/ Cameroon)
Leucophaeus  drill SlIvdrd sequence (partial) west central (Cameroon) 31
Pan troglodytes chimpanzee SlVepz sequence(fulldength) west to east 3,6,9,10

Represent cross-species transmissions with SiVagm from the sympatric African green monkey populations)

mates, and this is confirmed by sequence analysis
for 21 species (Table 1).

Phylogeny of primate lentiviruses

So far, the primate lentiviruses for which full-
length genome sequences are available fall into six
major lineages, which are based on comparisons
of their sequences and the functianal similarity of
their genes? (Fig. 1). These six lineages are ap-
proximately equidistant and are represented by:

- SIVepz from chimpanzess (Pan treglodytes) to-
gether with HIV-13610

- SIVsm from sooty mangabeys (Cercocebus
atys) together with HIV-2431%13,/

- SIVagm from four species of African green mon-
keys {(members of the Chiorocebus genus)'*?,

- SIVsyk from Sykes' monkeys (Cercopithecus
mitis albogularisy?*,

- SIVmind from.a mandrill (Mandrilius sphinx 827
together/with SIVhoestfrom,I'Hoast monkeys (Cer-
copithecus/IhogstiP®, land SIVsun fram Suh-tailed
monkeys (Cercopithecus solatus)®

- SIVcol from a colobus monkey (Cofobus guereza?.

SIVs from other non-human primates from Africa
have been partially characterised, mainly in the pol
gene®3* They may represent additional distinct lin-
eages, but analysis of the complete genome will be
necessary to establish the exact phylogenetic rela-
tionship between these SIVs and other non-human
primate lentiviruses.

Genomic organizatian

The common structure for primate lentiviruses is
LTR-gag-pol-wi-vpr-tat-rev-env-nef-LTR. This ba-
sic structure is.observed in the SIvagm, SIVsyk,
SIVihoest and SIVcol lineages? 1720232829 The
vinoags helonging: to the SVepz and StVsm lin-
eages each have one additional gene; a vpx gene
upstream of the vpr gene for SIVsm and HIV-2%
and! a vpuigene upstream of vpr and overlapping
env in SIVcpz from chimpanzees and HIV-1363.10,
It will be interesting to see whether these.supple-
mantary-gengs|can be present!in other primate
lertiviruse$. Indeed, the anly SIVs actually known
to have been transmitted to humans carried either
a vpx or a vpu gene.
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Flg 1: Phylogeny of primate !entrvrruses This rrea was
derived by neighbour-joining analysis from a concatenated
Gag-Pol-Vil-Env-Nef protein alignment. The reliability was
estimated by 1,000 bootstrap raplicates; only values above
75% are shown. Branch lengths are drawn to scale, with
the bar indicating 0.1 amino acid replacement per site.

The SIVcpz/HIV-1 lineage

The only SIVs that are closely related to HIV-1
were isolated from chimpanzees. Chimpanzees
(Pan troglodytes) can be divided into four sub-
species®¥: Pt verus from west Africa, Pt
troglodytes from west central Africa, Pt. schwein-
furthii from east Africa and Pt. vellerosus in Nigeria.
Natural SIVcpz infection has been identified only in
the west and east African subspecies. The west
African animals were from Gabon, Cameroon and
one was an animal living in captivity in the US378:10,
Only for one of the two east African chimpanzees,
the virus (SIVcpz-ant) was genetically charac-
terised. The SIVcpz-antstrain was obtained from a

wild, caught animal of Congolese’origin, intercept- |

ed by Belgian customs officers after illegal export
from Kinshasa®. The SIVcpz-ant sequance repre-
sents the most divergent 'strain from the ‘HIV-
1/SIVcpz-lineage, while all the other SIVcpz strains
form a distinct cluster/in the HIV-1/$Ngpz lineage
(Fig. 2). Since the sequences from west and east
African chimpanzees form distinct phylogenetic lin-
eages, it was assumed that the SIVépz viruses
have a common ancestor in chimpanzees and
evolved in.parallel with their hosts. Recently, angih-
er SIVgpz-infeqlgd gastAfrican chimpanzee was
identifiachih'the wild using nansnvasiva Sojeening
assays®. Genetic characterisation of this new virus
will allow confirming or refuting of this theory.
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Up to now, no SIVcpz infection of Pt. verus has
been reported and the only reported SIVcpz (SIVepz-
camd4) infection of Pt. vellerosus was in an animal in-
fected by his cage-mate, which was a naturally in-
fected Pt.troglodytes (SIVcpz-cam3)'°.

HIV-1 isolates have been classified into 3 distinct
groups, M, N and O, with the predominant M group
consisting of subtypes (A-K)®, and all three groups
of HIV-1 are more closely related to the SIVcpz
strains from west central chimpanzees. Therefore,
the cross-species transmissions giving rise to HIV-1
most probably all occurred in west central Africa
from Pt. troglodytes subspecies3. In addition, the
greatest diversity of group M strains is in west Equa-
torial Africa, this being consistent with the region of
group M origin**2, this region corresponds to the
area inhabited by West Central chimpanzees. More-
over, chimpanzee and group-N human viruses from
Cameroon form a unique sub cluster in phylogenet-
ic trees of envand nefregions (Fig. 2)*'°. The ques-
tion now remains, when and how the transmission
from chimpanzees to humans occurred. Two inde-
pendent studies, using different methods, recently
showed that the HIV-1 subtypes started to diverge
in humans around 1930%44_ This means that the
zoonotic transmission occurred before this period
and the separation between HIV-1 and SIVcpz was
calculated to have occurred around 1700*. How
SIV could be transmitted to humans will be dis-
cussed below in this paper.

The SIVsm/SIVmac/HIV-2 lineage

HIV-2 was isolated from patients with acquired
immune deficiency syndrome (AIDS) originating
from west Africa. Molecular analyses revealed that
HIV-2 was genetically related to SIV from macaques
with lymphomas and immunodeficiency-associated
disorders (similar to AIDS in humans)**#’. Soon af-
ter the identification of macaques with AIDS-like dis-
ease in primate centres, the molecular characteri-
sation of a virus from healthy captive sooty
mangabeys (Cercocebus atys), SIVsm, revealed
that it was closely related to HIV-2 and SIVs from
macaques®. Since only few macaques in captivity
and none in the wild in Asia, were found to be in-
fected with SIV*8, it seems likely that SIVs from
macaques resulted from transmissions of SIV from
sooty mangabeys to macaques in captivity. This
theory was confirmed by'the fact that several re-
ports showed that ‘free- ranging and pet sooty
mangabeys-ip theit natural habitat in west Africa

i{Guinea-Bissau to Céte d'Ivoire) are indeed infected

with Slvsm1-1380_

Sifmilarly as for AVt and'$IVepz, the close rela-
tionship between SIVsm and HIV-2 from humans
suggested that SIV-infected sooty mangabeys in
west Africa might be the natural source for HIV-2 in-
fection in humans®. The various HIV-2 subtypes are
not mere closely:related to each other thando SIVsm
straingy* %68 jam jmarphylogenatic tree| SIVsm
andl HI\-2Egquencey are InterSpérged and'the ge-
ographu: clustering between SIVsm and HIV-2
strains in Sierra Leone and Liberia has been demon-
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sequences. Horizontal branch langths are drawn lo scale.

Jg. HIV-1 group M
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SlvcpzCam3 P.t.trogodytes

SIVecpzCam4 P.tvellerosus* Cameroon

SIVcpzCam5 P.t.troglodytes
YBF-30 — HIV-1 group N

SiVcpzUS P.t. Troglodytes ?
SIVcpzGab1 P.ttroglodytes Gabon
—
1 HIV-1 group O

SIVcpzAnt P.t.schweinfurthii

Fig. 2: Phylogeny of the HIV-1/SiVcpz lineage. This tree was derived by neighbour-joining analysis of envelope nucleotide

*Represents an inter-cage transmission from the SIVcpzCam-3 infected animal.

Congo (ex Zaire)

strated (Fig. 3). Moreover, SiVsm has been shown to
be transmissible to humans after accidental expo-
sure to monkey blood>?.

The SIVagm lineage

African green monkeys have been recently classi-
fied as a separate new genus (Chlorocebus), which
is comprised of four species: grivet (Chlorocebus
aethiops), vervet (Chlorocebus pygerythrus), tanta-
lus (Chlorocebus tantalus), and sabaeus (Chloroce-
bus sabaeus). The 4 species are geographically
separated; grivets live in east Africa but are restricted
to Ethiopia and the Sudan, vervets can be found from
east to south Africa, tantalus monkeys are prevalent
in Central Africa and sabaeus monkeys are restricted
to west Africa. Each of the four species carry their
own species-specific SIV forming four distinct mono-
phyletic clusters, which.are more closely related to
each other than to other SVs (Fig.' 4). These obser-
vations indicate that, similarly as for SIVcpz, the dis-
tinct forms of SIVagm may have gvolvediin. paraliel tg
their hosts'.

However, SIVagm from sabaeus monkeys
(SIVagmSab) are unusual because they have a mo-
saic genome structure. Parts of the genomé (3" end
of gag and 5 ‘end of pol} cluster with the SIVsm/HIV-
2 lineage, whereas the rest of the genorme groups
with the SIVagm lineage®. This indicates that re-
combinatien befween divergent SIVs occurred dyr-

ing the evolution’ of $VagmSab; implying crass-

species trapsmission of SIVs dmong simians. It has
to be determined if all sabaeus mopkeys in west
Africa are infected with a similar mosaic virus.

High seroprevalences have been observed in the
wild among the different African green monkey
species?83:54,

The SIVsyk lineage

So far, only one full-length sequence of SIVsyk
has been described and characterised?. Similar to
African green monkeys, Sykes' monkeys (Cercop-
ithecus albogularis) exhibit a high SIV seropreva-
lence®,

The SiVihoest lineage

This lineage includes viruses isolated from three
different primate spectes, the I'noest monkey (Cerco-
pithecus lhoesti), the sun-tailed monkey (Cercopithe-
cus solatus), and the mandrill (Mandrillus sphinx). In
the primate evolytion, lihoest and suntailed mon-
keys-ard.closely related and belong to the same su-
per-species, whereas mandrills have a different ori-
gin. The -ranges, of mandrills and sun-tailed
rhonkeys overlap 'in west equatorial Africa, and
I'noest monkeys inhabit an area approximately
11,600 km tothe gast The close relationship of SIVI-
hoest and SIVsun parallels the close relationship
between their two host species (Fig. 1), and are an
addifional  example of host-dependent evolu-
tion?2_ ['hoest monkeys are infected with SIV at
quitg high frequencies in the wild®.

Sincemandrills are-onty dustantly rélated to the
Ihodst suger-specigs, this suggests that!the origin
of the SIVmnd-GB-1 strain is possibly the result of a
cross-species transmission. In addition, recent data
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suggest that mandrills are infected with at least two
different SIVs. A highly divergent SIV (SIVmnd2) has
recently been reported from mandrills® in north
Gabon and southern Cameroon, whereas the SIVm-
nd-1 virus was isolated from a mandrill originating
from central Gabon??7. Characterisation of more
SIVs from mandrills in different geographic loca-
tions will be necessary, to find out the exact origin of
SiVs in mandrills.

The SiVcol lineage

During a recent sero-survey in Cameroon, 25
wild-born Colobus monkeys (Colobus guereza)
were screened and 7 were identified with HIV/SIV
cross-reactive antibodies. The full-length genome
was sequenced for one of these viruses, named
SIVcol. Genetic and phylogenetic analyses con-
firmed that SIVcol is genetically distinct from all oth-
er known previously characterised SIV/HIV isolates
and clusters independently, forming a novel fin-
gage, the sixth in the current classltlca1|on2 Cerco-
pithecidae monkeys (Old' Worldronkeys) are sulp-
divided into two subfamilies, the Colobinae and the
Cercopithecinae and until recently, afi| Caroapithe
cidae monkeys from which lentiviruses havs been
isolated belonged to the Cercopithecinae subfami-

ly. SIVcol from Colobu§ triankeys (Colab@s guerézéd) !

is the first primate lentivirus identified in the Colobi-

nae subfamily and the divergence of SIVcel may re-

flect divergence of the host lineage. The fact'that
SIVcol is very divergent from all known SIVs also
suggests-that SiMcol in Guereza Colobus monkeys
is not theé Tesultjof & recan trass-spdcies treEnsmis-

sion. The grésencel of this virug in this $pecids cquld.

be very ancient (although we don't knéw the specif-
ic rate of evolution for this virus), and the diver-

related to SIVsm and seems to have a mosaic

'SiVdrl was Tiotfolind to be closely related to SIVmnd-

ison with the SIVmnd-GB1 and SIVmnd-2 viruses wil

gence of SIVcol may reflect divergence of the host
lineage. Colobids split off from other Old World
monkeys at least 11 million years ago%® so the
screening of other Colobus species, including
Asian Colobus monkeys, will help to clarify whether,
iy the common ancestor of SIV was already present
in the common ancestor of the Cercopithecidae
family, or ii) a cross-species transmission occurred
between Cercopithecinae and Colobinae, or from a
yet unidentified species. Colobus monkeys share
habitats with Cercopithecus species and
mangabeys, therefore an exchange of ancestral
SIVs between these species could have been pos-
sible in the past.

Partially characterized primate lentiviruses

Slvrem was isolated from the red-capped
mangabey (Cercocebus torquatus), which are
closely related to sooty mangabeys. However,
based on partial sequences, SIVrcm is not closely

genbme™®!
Mandrills (Mandrillus sphlnx) and drills (Mandrillus
lebicophasus) ere Clasely related primate species, but

131, The genetic characterisation of the full length
genarme sequencefrorthe drill virus and the compar-

hel 'P toelucidate the origin SIV in mandrills and drills.
alapoin monkeys (Miopithecus talapoin) are in-
fected with SIVtal. A small fragment of po/ SIVtal
was;found to ba most closely related to SIVsyk, al-
beit withraquite significant distancef2. | |
\_Partial gof sequences have'alsa/been reported
from de Brazza monkeys (Cercopithecus neglec-

tus) and mona monkeys (Cercopithecus mona) from
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| Fig. 3: Subtype classification of HIV-2. Uﬁ-roofed phylogenetic tree based on partfa} gag nucleotide sequences from HIV-2 and
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Cameroon as well as from Blue monkeys (Cercop-
ithecus mitis) from Kenya. Based on these partial
sequences, they seem to cluster with the SIVsyk lin-
eage, but again full-length genome sequencing will
be necessary to define their exact phylogenetic po-
sition in the primate lentivirus family®. Partial se-
quences were also obtained from putty nosed mon-
keys (Cercopithecus nictitans)®.

Serological evidence for other primate
species infected with SIV

The viruses identified to date probably only repre-
sent a small part of the lentiviruses in African non-hu-
man primates. In fact, serological surveys have indi-
cated that numerous species may harbour
lentiviruses, including Allen's swamp monkey (Allenc-
pithecus nigrovidis), Diana monkey (Cercopithecus
diana), Moustached monkey (Cercopithecus ce-
phus), Hamiyn's or owl-faced monkey (Cercopithecus
hamiyni), Wolf's mona monkey (Cercopithecus wolfi),
crowned monkeys (Cercopithecus pogonias), agile
mangabeys (Cercocebus agilis), and grey cheeked
mangabeys (Lophocebus albigena)' 3458,

Simian to simian cross-species
transmission

Although host-specific evolution of SIVs is often
observed, examples of simian-{o-simian cross-

documented. A yellow baboon (Papio hamadryas
cynocephalus) in Tanzan®!®?, a chacma babopn
(Papio ursinus) in South Afnca63 and a patas mon-
key (Erythrocebus patas) in Senegal64 were, infect-
ed by viruses derived from the local-sympattio
species of African green monkeys. Similarly, a white
crowned-mangabey in Kenya, became infected
with an/SVlagmiyirys,in“gaptivity®y

monkeys, red cap mangabeys, and SIVmnd-2 are all

additional arguments for the occurrence of simian-to-

species transmission in the wild have also been’

The absefvationof re¢ombinant SIVS in sabeus;

simian cross-species transmission. This means that
super-infection with distant related viruses can occur
and can lead to the recombination of different SIVs
resulting in the emergence of new variants.

Exposure of humans to simian
immunodeficiency viruses
in west Central Africa

Possible routes of transmissions are direct expo-
sure to primate blood, by hunting or handling bush-
meat and from pet animals through bites and con-
tact with faeces and urine. The risk for
cross-species transmission from SIVs to humans is
highest among individuals involved in hunting and
butchering of primate carcasses, as well as in indi-
viduals in contact with pet animals. Bush-meat hunt-
ing is not limited to chimpanzees and mangabeys,
the majority of non-human primates in the bush-
meat trade are represented by multiple Cercopithe-
cus species, colobus monkeys, mandrills, drills
etC_66,67‘

Given that viruses from chimpanzees and sooty
mangabeys have both crossed the species to hu-
mans on multiple occasions, the risk of ongoing
zoonotic transfers has to be considered.

A recent study documented for the first time that
humank are contlnuously exposed to a large variety
of SIVs through contact with monkeys, either as

pets oLby handlmg -bush-meat. Blood samples from

rmore’'than 3060 primates wild-born in Cameroon and
representing 17 species were tested for antibodies

[ crossreacting-with! HIV= 1/HIV-2. Cross-reactive an-

tibodies were detected in 17.7% of the samples de-
rived from 13 species and an additional 13.5% of
the 'samples exhibited at least some degree of
cross-reactivity. Amplification of a subgenomic frag-
ment in pol confirmed that the-majarity, of-serologi-
cally ¢rossregctive, samples were indead terived

froml $IV infecled prmates¥.

Bush-meat hunting, to provide animal protein for
the family and as a source of income, is a common




component of rural household economies in the
Congo Basin, and more generally throughout sub-
Saharan Africa, since a very long time period®”-7°,
However the bush-meat trade has increased in the
last decades, due to the expanding logging indus-
try in certain central African countries and demand
for bush-meat delicacies in cities. Thus the potential
for human exposure to a wide range of different
SIVs has increased substantially along with the con-
ditions that facilitate their dissemination.

Public health implications

SIVs do not cause AIDS in their natural hosts,
suggesting that these viruses have been associat-
ed and evolved with their hosts over an extended
period of time. Nevertheless, if cross-species
transmission occurs, the virus may be pathogenic
for the new host. For example, SIV isolated from
sooty mangabey monkeys (SIVsmm) causes AIDS
when transmitted to a new host such as rhesus or
pig-tailed macaques (Macaca mulatta or nemestri-
na), which are not infected by SIV in their natural
habitat*®. Both groups of viruses giving rise to AIDS
in humans appear to have resulted from several in-
dependent transmissions from non-human primate
species'. As a result, AIDS emerged in the 1980's
and has become established in the human popula-
tion, representing one of the most important infec-
tious diseases, especially in developing countries.
HIV has already infected 40 million individuals and
more than 70% of them live in sub-Saharan
Africa’.

One major public health implication is that these
SIVs are not recognised by commercial HIV-1/HIV-2
screening assays. As a consequence, human infec-
tion with such variants can initially go unrecognised
and lead to another epidemic. The ability of several
SIVs to infect human PBMCs in vitro suggests that
these viruses have the potential to infect human
populations’ 328 |dentification of SIVs in wild pri-
mates will help to elucidate the origins and evolution
of HIV infection in man, but more importantly they can
serve as sentinels by signalling which pathogens
may be a risk for humans.
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