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Two of 25 healthy pet sooty mangabey (SM) monkeys (Cercocebus atys) living in West Africa were
seropositive by immunoblot when surveyed for antibody to simian immunodeficiency virus of macaques
(SIVmac). SIVsmLIB1 was isolated from one of the pet sooty mangabeys. Nucleotide sequence data showed
that this isolate is a member of the SIVsm/human immunodeficiency virus type 2 (HIV-2)/SIVmac group of
primate lentiviruses. Furthermore, sequence comparisons revealed extensive genetic diversity among SIVsm
isolates similar to that observed previously in SIV isolates from naturally infected African green monkeys.
These observations provide additional evidence for monkey-human cross-species transmission of SIVsm as the

source of HIV-2 infection of humans.

Simian immunodeficiency viruses (SIVs), members of the
lentivirus subfamily of retroviruses, have been found so far
in captive but not in wild-caught Asian macaque monkeys
(mac) (members of the monkey genus Macaca) (1, 3) and in
three species of African monkeys: (i) captive-born sooty
mangabeys (sm) (Cercocebus atys) (6, 18, 21) in North
America, (ii) East African green monkeys (agm) (Cerco-
pithecus aethiops) in Kenya (5), and (iii) mandrills (mnd)
(Mandrillus sphinx) in Gabon (25).

Serological (3, 6, 11, 18, 21) and nucleotide sequence (2, 4,
5,9, 13) data have established that the SIVs are the closest
known relatives of human immunodeficiency virus type 1
(HIV-1) and HIV-2. However, all members of the SIV group
are not equally related to HIV. SIVagm and SIVmnd have
genomic sequences that are about 50% identical not only to
those of HIV-1 and HIV-2 but also to each other (5, 25). The
SIVmac and SIVsm genomes are also about 50% homolo-
gous to the HIV-1 genome, but in contrast to SIVagm and
SIVmnd, they are 75% homologous to that of HIV-2 (2, 4,9,
13). These data indicate that SIVsm, SIVmac, and HIV-2
form a discrete subgroup of related primate lentiviruses.
Identification of the natural hosts of SIVmac and SIVsm is
important for understanding whether HIV-2 may have
evolved from SIV in West African sooty mangabeys. This
study was undertaken to determine whether sooty mang-
abeys in West Africa currently harbor SIV and, if so, the
nature of the virus that they carry. Here we report that 2 of
25 household pet mangabeys in West Africa had antibodies
to SIV and describe the characteristics of an HIV-2-related
SIV isolated from one of them.

Sera were collected from 25 pet sooty mangabeys living in
villages in Liberia, West Africa, in 1988 and 1989. Eleven of
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the pets were unwanted by their owners and were brought to
the Liberian Institute for Biomedical Research (LIBR) for
blood sampling. Animals were housed individually for a
quarantine period of 90 days and then were housed in groups
of two to three after their SIV antibody status was deter-
mined. No other monkeys were being kept at the LIBR
before the initiation of the project. The LIBR maintains a
colony of about 80 Liberian chimpanzees, which are housed
in separate facilities and are seronegative for SIV and HIV
(data not shown).

For SIV inoculation, one juvenile rhesus macaque mon-
key (Macaca mulatta) was obtained from the captive-bred
colony at the California Primate Research Center (CPRC).
The rhesus macaque was housed in accordance with the
standards of the American Association for Accreditation of
Laboratory Animal Care and, when necessary, was immo-
bilized with 10 mg of ketamine-HCIl (Parke-Davis, Morris
Plains, N.J.) per kg of body weight, injected intramuscu-
larly. Prior to use, the rhesus monkey was negative for
antibodies to HIV-2, SIV, type D retrovirus, and simian
T-cell leukemia virus type 1 (STLV-1), as determined by
Western immunoblot (data not shown).

Sera and peripheral blood mononuclear cells (PBMCs)
were prepared from pet mangabeys in Liberia, preserved in
liquid nitrogen, and shipped to the University of California
for in vitro analysis or inoculation into rhesus macaques as
described before (20). The SIVmac strain used in this study
was obtained from an infected rhesus macaque at the New
England Regional Primate Research Center (3). SIV sooty
mangabey California (SIVsmCALIF) was isolated from a
zoo-born sooty mangabey in the United States (18). Viruses
were isolated and grown in CEMx174 cells, a somatic T-cell
X B-cell hybrid, as described previously (20). Either 10 or
12% polyacrylamide gels were used for immunoblots with
SIV that had been purified as described before (24). Infected
CEMx174 cells were prepared for thin-section electron mi-
croscopy by fixation in 2.5% glutaraldehyde and staining
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with 2% uranyl acetate as reported previously (19). FA2 and
HE3 monoclonal antibodies (MAbs) are specific for the
27-kDa polypeptide of SIVmac and SIVsm, whereas HDS
reacts with a 17-kDa SIVmac polypeptide (24). The p17 MAb
does not cross-react with SIVsmCALIF (24).

For genetic analysis of the pol region, two oligonucleo-
tides primers were synthesized on a Cyclone DNA synthe-
sizer (Milligen/Biosearch model 8400) for polymerase chain
reaction (PCR). Two conserved oligonucleotides 1.2 kb
apart were chosen as the primers. At the 5’ ends of both of
the primers, a 6-base EcoRI recognition sequence (under-
lined) was added to facilitate subsequent molecular cloning
of the PCR product. The sense-strand oligonucleotide was
5'GGGCGAATTCGGGAGCAATGGTGGGCGGATTACT
GGC3’; the antisense-strand oligonucleotide was 5’GCGAT
GAATTCTGCTGCTTCCCCTTTCC3'. These generally use-
ful primers from conserved regions are capable of specifi-
cally amplifying pol gene sequences from a number of
primate lentiviruses, including HIV-1HXB2, HIV-2ROD,
SIVmacl42, SIVsm7, and SIVagm385 (15a). A 500-ng
amount of total infected-cell DNA (template) was mixed
with the primers (0.2 uM each) and other reagents from the
GeneAmp kit (Perkin-Elmer Cetus). The PCR conditions
were as follows: denaturation at 94°C for 1 min, annealing at
42°C for 2 min, and polymerization at 72°C for 1 min, with
autoextension for 5 s in each cycle. The PCR was carried out
for 30 cycles under a thin layer of mineral oil. The PCR-
amplified, 1.2-kbp pol fragment was cloned into the plasmid
vector pGEM4Zf by using the EcoRI sites according to
standard procedures. The nucleotide sequence of the puri-
fied recombinant plasmid DNA was determined by the
dideoxy chain termination method (23), with Sequenase
(U.S. Biochemical). The nucleotide sequence of SIVsmLIB1
was analyzed with the Pustell sequence analysis program
(IBI-Pustell).

For the serological survey, plasma was tested by immu-
noblot for reactivity to gradient-purified SIVmac (24). Of the
25 samples tested, 2 from sooty mangabeys (SM-1 and
SM-444) had antibody against SIVmac. The plasma antibod-
ies of SM-1 (Fig. 1) and SM-444 (not shown) reacted with at
least four SIV proteins: the reverse transcriptase (RT) p66,
the truncated transmembrane (TM) gp32, the capsid (CA)
p27, and the matrix protein (MA) pl17. Plasma samples from
all 25 mangabeys were seronegative for antibodies to type D
retrovirus and STLV-1 (data not shown).

One of the seropositive animals, SM-1, was originally
owned by two children in Robertsfield, Liberia. The children
reported that it was an unwanted pet belonging to a local
hunter, but beyond this information, the original owners
could not be traced. The animal was a clinically healthy,
sexually mature, tame female with no evidence of immumo-
suppressive disease after 2.5 years of observation. It was
repeatedly tested over a 2-year period and remained sero-
positive (data not shown). Its age was estimated at 4 to 5
years at the time of the first sampling. The other seropositive
pet was not available for further study, and attempts to
isolate SIV from its serum have failed. Of the 23 seronega-
tive mangabeys, 10 were brought to the LIBR over a 1- to
2-year period. They were also repeatedly tested and have
remained healthy and negative for SIV antibody. Thus, 2 of
25 sooty mangabeys born in West Africa were seropositive
for an SIV-like virus in this survey.

To isolate SIV from SM-1, two separate samples of
PBMCs were cryopreserved in Liberia 3 months apart. The
first sample was thawed at the CPRC and immediately
inoculated into a captive-bred rhesus macaque seronegative
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FIG. 1. Immunoblot (10% polyacrylamide gel) for SIVmac cross-
reactive antibodies in serum of pet sooty mangabeys (animals 1, 2,
3,5,6,7, and 8) in West Africa. A representative sample of 25 sera
is shown. Two of 25 sera, SM-1 and SM-444 (not shown), were
seropositive for SIVmac antibodies. Sizes are shown in kilodaltons.

for SIV, STLV-1, and type D retrovirus. Since the PBMCs
from SM-1 had not been cultured in any laboratory before
inoculation into the rhesus macaque, the possibility of labo-
ratory contamination with SIV was eliminated. At 2 weeks
postinoculation, rhesus monkey PBMCs were cocultivated
with CEMx174 cells as described previously (20). Culture
fluids were tested weekly for RT activity and were positive
after 6 weeks of cocultivation. PBMCs from the infected
rhesus monkey were cultured for SIV four times over an
11-month period, and all were RT positive after 4 to 8 weeks
in culture (data not shown). An electron micrograph of the
RT-positive culture showed a virus with typical lentiviral
morphology (19) (data not shown).

For confirmation, a second sample of cryopreserved
PBMCs from SM-1 was cultured with CEMx174 cells, and
significant RT activity was observed after 10 weeks (data not
shown). These data show that SM-1 is infected with an
SIV-like virus and that this virus can infect a rhesus ma-
caque, as previously described for SIVsm isolates from
American-bred animals (21). This new West African SIV
isolate was designated SIVsmLIB1 to distinguish it as the
first isolate from a live sooty mangabey in West Africa.

To determine the extent of serological cross-reaction
between SIVsmLIB1 and other primate lentiviruses, gradi-
ent-purified virus was reacted in an immunoblot with serum
samples from HIV-1- and HIV-2-infected humans, from a
Kenyan African green monkey infected with SIVagmKEN,
and from SIVsmCALIF- and SIVmac-infected rhesus
macaques (Fig. 2). All antisera used for comparative analysis
in Fig. 2 had strong reactions with their homologous anti-
gens, especially SU, TM, CA, MA (15), and the p55%¢¢
precursor (data not shown). SIVsmLIB1 cross-reacted
weakly with antibody against the CA protein and the p55%9%
precursor of HIV-1. SIVagmKEN-specific serum reacted
with the CA and MA proteins of SIVsmLIB1. HIV-2 anti-
bodies reacted with the RT, CA, MA, and TM proteins of
SIVsmLIB1. The strongest cross-reactions were observed
with SIVmac and SIVsmCALIF antibodies, which showed
cross-reactivity with CA, MA, SU, TM, and two bands in
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FIG. 2. Immunoblot (12% polyacrylamide gel) done with gradi-
ent-purified SIVsmLIB1 reacted with sera from the following sourc-
es; SM-1, the seropositive mangabey (note presence of the SU
protein); HIV-1- and HIV-2-infected patients; an SIV-infected Af-
rican green monkey; an SIVsmCALIF-infected rhesus macaque;
and an SIVmac-infected rhesus macaque. Sizes are shown in
kilodaltons.

the p55%¢# precursor region (Fig. 2). These data show a close
antigenic relationship between the West African sooty mang-
abey virus and SIVmac and SIVsmCALIF. Note, however,
that the gpl120 (SU), usually the most variable structural
protein, from SIVsmLIB1 reacted most strongly with plasma
from the Liberian sooty mangabey, less so with the Califor-
nian sooty mangabey and SIVmac sera, and very little or not
at all with sera from the other species.

SIVsmLIB1 had a nontruncated version of the TM (gp41)
(Fig. 2) even though it was grown in CEMx174 cells, a
human cell line. In previous studies it has been shown that
growth of SIV in human cell lines can select for a TM gene
with premature termination signals (14). However, the
strength of the selective pressure varies with the individual
SIV isolate and the cell line used.

To further characterize the antigenic relationships be-
tween SIVsmLIB1, SIVsmCALIF, and SIVmac, these viral
proteins were reacted with MAbs FA2, HE3, and HDS by
immunoblot. FA2 and HE3 bind the homologous SIVmac
p27, while p17 was bound by HDS (Fig. 3) (24). SIVsmLIB1
and SIVsmCALIF had a pattern of reactivity distinct from
that of SIVmac (Fig. 3). FA2 and HE3 bound the p27 protein
of all three SIVs, but no reactivity was detected when the
pl7 MADb was reacted with either of the sooty mangabey
viruses. Polyclonal serum reacted strongly with the pl7
polypeptide of both SIVsmLIB1 and SIVsmCALIF, show-
ing that fully antigenic p17 was present in the virus prepara-
tions (Fig. 2). Thus, these two SIVsm isolates were distin-
guishable from SIVmac by using MAbs.

For genetic analysis, 1.2 kbp of the pol gene, correspond-
ing to the carboxy-terminal third of polymerase polyprotein
(Pol) from SIVsmLIB1, was amplified by PCR, cloned, and
sequenced. The predicted amino acid sequence and the
nucleotide sequence were compared with those of the cor-

J. VIROL.

== =7 e
TH ) T 2
Q) 022 22 022
$3 533 3323 333
2 2 2 >l > 2>
n n OO0 nnn wnn
12 345 678 91N
MW
65 o=
55
gp 41
35
gp 32
2 e -
17..* -
. |
- o N
+C-C  MabFA, MabHE;, MabHD;

FIG. 3. Immunoblot (12% polyacrylamide gel) obtained with
gradient-purified SIVmac, SIVsmCALIF, and SIVsmLIB1 and
MAbs specific for SIVmac p27 (FA2 and HE3) and pl7 (HDS)
polypeptides. p27 MAbs reacted with all three isolates, whereas the
pl7 MAD reacted only with the homologous SIVmac isolate. The
strain of SIV and the identity of the MADb are shown at the top and
bottom, respectively, of each immunoblot. Sizes are shown in
kilodaltons. +c and —c are SIVmac antibody-positive and -negative
control sera, respectively.

responding regions of the pol region in various isolates of
HIV-1, HIV-2, SIVmac, SIVsm, and SIVagm. The results
are shown in Tables 1 and 2. Clearly, SIVsm, SIVmac, and
HIV-2 are more closely related to each other than to other
SIV or HIV isolates. Within the SIVsm group, Pol amino
acid sequence (Table 1) identity ranged from 83 to 90%,
whereas SIVmac Pol had 87 to 92% amino acid sequence
identity with SIVsm Pol. Pol from HIV-2 isolates had 81 to
90% amino acid sequence identity with Pol from SIVsm and
85 to 94% identity with each other. Thus, the genetic
relatedness of SIVmac and HIV-2 to SIVsm is similar to the
genetic relatedness among SIVsm isolates themselves.
HIV-2 isolates are in some cases as close to SIVsm isolates
as to other HIV-2 isolates (Table 1). Similarly, SIVsm
isolates are in some cases as close to HIV-2 isolates as to
other SIVsm isolates. HIV-2, SIVsm, and SIVmac are thus
not distinct groups at the genetic level by these pol sequence
analyses. Not only do SIVsm, SIVmac, and HIV-2 form a
single subgroup of primate lentiviruses, but the genetic
diversity of SIVsm isolates is as extensive as that observed
previously for SIVagm (10, 16, 17).

The similarity between SIVsm and HIV-2 suggests cross-
species transmission. What is the evidence for cross-species
transmission in the direction of monkey to human rather
than from human to monkey? HIV-2 and its associated
disease are apparently new to the human population (7, 12)
and largely confined, at least at present, to West Africa, the
geographic region which is the natural habitat of sooty
mangabeys and their close relatives. While SIVsm causes no
apparent disease in infected sooty mangabeys (6), HIV-2
causes AIDS in humans (22). These and other features are
consistent with natural infection of sooty mangabeys with
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TABLE 2. Percent nucleotide identity in pol of primate lentiviruses®

% Identical nucleotides in pol

Isolate
SIVsmLIB1 SIVsmM7 SIVsmH4 SIVmac239 HIV-2ROD HIV-2GH1 HIV-2ST HIV-2D205 HIV-2BEN SIVmnd SIVagmTyol SIVagm385

SIVsm7 83
SIVsmH4 84 83
SIVmac239 84 83 85
HIV-2ROD 80 81 81 80
HIV-2GH1 79 80 80 80 90
HIV-2ST 80 81 81 81 91 89
HIV-2D205 79 78 79 80 79 80 80
HIV-2BEN 80 81 81 81 91 95 90 80
SIVmnd 67 67 67 68 65 66 66 66 67
SIVagmTyol 69 67 66 69 67 67 69 68 68 68
SIVagm385 69 67 67 68 68 68 68 68 68 68 83
HIV-1BRU 67 65 68 67 66 69 66 68 66 66 68 67

“ The sequences used for comparison correspond to SIVsmH4 pol nucleotides 4055 to 5242 (HIV-1BRU pol nucleotides 3350 to 4538 [9, 26]). All sequences were obtained from the human retrovirus and AIDS

data base at the Los Alamos National Laboratory.

TABLE 1. Percent amino acid identity in Pol of primate lentiviruses®

% Identical amino acids in Pol

Isolate
SIVsmLIB1 SIVsm7 SIVsmH4 SIVmac239 HIV-2ROD HIV-2GH1 HIV-2ST HIV-2D205 HIV-2BEN SIVmnd SIVagmTyol SIVagm385

SIVsm7 83
SIVsmH4 90 85
SIVmac239 87 87 92
HIV-2ROD 83 82 89 86
HIV-2GH1 83 81 88 86 92
HIV-2ST 85 84 90 89 94 91
HIV-2D205 83 84 87 85 87 86 85
HIV-2BEN 84 81 88 86 93 95 90 87
SIVmnd 61 58 63 62 62 61 61 63 61
SIVagmTyol 61 55 64 65 63 63 62 63 62 62
SIVagm385 53 51 56 55 54 53 54 55 54 52 78
HIV-1BRU 59 56 63 60 60 61 60 61 60 61 63 54

@ The sequences used for comparison correspond to SIVsmH4 Pol amino acids 573 to 969 (HIV-1BRU Pol amino acids 574 to 970 [9, 26]). All sequences were obtained from the human retrovirus and AIDS data

base at the Los Alamos National Laboratory.
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SIVsm. We have now shown that SIVsm isolates exhibit
extensive genetic diversity within the group, similar to the
extensive genetic diversity demonstrated previously for
SIVagm isolates from naturally infected African green mon-
keys (10, 16, 17). In order for this extensive variation to have
been generated, SIVagm is likely to have been in the green
monkey population and SIVsm in the sooty mangabey
population for a prolonged period of time. Thus, the appar-
ently recent appearance of HIV-2, the genetic similarity of
SIVsm and HIV-2, the colocation of the natural habitat of
sooty mangabeys and the HIV-2-endemic area, the lack of
disease in sooty mangabeys and its presence in humans, and
the nature of the genetic diversity together suggest but do
not prove cross-species transmission from mangabeys to
humans. Extensive diversity has been recently documented
for HIV-2 (3a, 8a, 20a). It may be necessary to postulate
either two or more separate introductions into the human
population in West Africa or the presence of HIV-2 in the
human population for prolonged periods sufficient to explain
the HIV-2 intragroup variation.

Social issues are also relevant to the understanding of the
natural history of SIV and its sooty mangabey host in West
Africa. Sooty mangabeys are found primarily in Sierra
Leone, Liberia, and the Ivory Coast. They are commonly
used as both food and companion animals in these countries.
During this study, tame mangabeys were frequently ob-
served as family pets. Thus, ample opportunities exist for
exposure of humans to SIVsm through contact with the
blood, tissue, or saliva of SIV-positive animals kept as pets
or killed for food. Future studies are needed to obtain SIV
from free-living monkeys of all ages to establish the preva-
lence and genetic diversity of SIV in these wild populations.

Nucleotide sequence accession number. The SIVsmLIB1
sequence has been submitted to the Los Alamos National
Laboratory AIDS data base (accession number M62651).
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