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1. ABSTRACT

African green monkeys (AGMs) belong to a
superspecies  that include the following four species: vervet
(Chlorocebus pygerythrus), grivet (C. aethiops), sabaeus
(C. sabaeus) and tantalus monkeys (C. tantalus). Each
species carries a distinct SIVagm subtype, named
SIVagm.ver, SIVagm.gri, SIVagm.sab and SIVagm.tan but
remain clinically asymtomatic throughout their life.
SIVagm needs the CD4 molecule and a chemokine-
receptor, usually CCR5, Bonzo and/or Bob, for cell entry.
Molecular and functional analyses of AGM CD4 and CCR5
revealed evidence of a true co-evolution between SIVagm
and their natural hosts. The V3 loop of the SIVagm
external glycoprotein is relatively conserved compared to
that of HIV-1, but equally a determinant for coreceptor
usage. SIVagm are able to replicate in stimulated peripheral
blood mononuclear cells (PBMC) and macrophages.
Efficient replication of SIVagm in vitro is associated with a
cytopathic effect. SIVagm regulatory proteins show low
amino acid identities with that of HIV-1, but many
functions are conserved. The Tat protein of SIVagm is a
transactivator of SIVagm LTR, albeit to  a relatively lesser
extent than Tat of HIV-1. Vif of SIVagm increases virus
infectivity in AGM PBMC, demonstrating that SIVagm Vif
is a positive regulator of virion infectivity. Vpr of SIVagm

shares with HIV-1 Vpr its ability to transactivate the viral
LTR, causes cell cycle arrest in AGM cells and facilitates
nuclear import of pre-integration complexes and infection
of non-dividing cells. AGM Vpr has been reported to also
induce apoptosis, but the  pathways involved in the
mechanisms leading to  apoptosis seem to be divergent
compared to HIV-1 Vpr. SIVagm.ver3delta nef shows
limited replicative capacity in vitro and in vivo, which
suggests that Nef of SIVagm provides activation signals to
the cells that facilitate SIV replication. The levels of plasma
viral RNA in naturally infected AGMs are in a wide range
(<103 to >6.106 RNA copies/ml), with many animals
displaying steady-state levels  of >106 RNA copies/ml
levels ,  which in humans  are associated with progression
towards AIDS.  Viral load per se therefore is not directly
linked with pathogenicity . SIVagm-infections differ,
however, from pathogenic HIV/SIVmac infections by a low
viral load in peripheral lymph nodes. These relatively low
localized tissue viral load  levels are associated with lack of
signs of detectable immunopathology. More detailed
studies on the  precise immunological environment during
natural SIV infections, especially during primary infection,
and on the interactions  between SIVagm  and host-specific
cellular proteins are needed to better understand the
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Figure 1. The four SIVagm subtypes.

mechanisms  by which these naturally SIV infected
nonhuman primate species are protected against
progression towards AIDS.

2. INTRODUCTION

African non human primates are natural hosts of
simian immunodeficiency viruses (SIV). The first species
identified as natural carriers of SIVs were sooty
mangabeys, African Green monkeys (AGMs), mandrills
and chimpanzees. Today, SIVs from 30 distinct African
non human primate species have been reported (1, 2). Full-
length genome sequences have been described for SIVs
from the following species: African Green monkeys
(SIVagm), chimpanzees (SIVcpz), sooty mangabeys
(SIVsm), red-capped mangabeys (SIVrcm), mandrills
(SIVmnd), Sykes monkeys (SIVsyk), greater spot-nosed
monkeys (SIVgsn), l'Hoest monkeys (SIVlhoest), sun-
tailed monkeys (SIVsun) and colobus monkeys (SIVcol) (1,
2). Among these SIV isolates, SIVsm was found to be
genetically  the most similar to the SIV from macaques
(SIVmac) (3, 4). Epidemiological studies indicate that
Asian monkeys, such as macaques, are not infected in their
natural habitat (5, 6).  It was therefore reasoned that
macaques most likely acquired SIV from naturally infected
sooty mangabeys housed in primate centers (4).

SIV infection in macaques and in African non-
human primates differ in one fundamental aspect: their
clinical outcome. While macaques  experimentally or
accidentally infected by SIVsm/mac progress to AIDS
similar to humans infected by HIV, African non human
primates naturally or experimentally  infected with their
species-specific SIV do not develop AIDS (7). This has
been demonstrated for species such as African Green
monkeys (AGMs), sooty mangabeys and mandrills, for

which long term studies in high numbers of SIV-infected
animals had been possible. Naturally occurring primate
lentiviruses are, however, not inherently non-pathogenic as
experimental inoculation of macaques with SIVsm is
associated with disease progression. Experimental infection
of macaques with SIVagm results  in most cases in
transient or chronic asymptomatic infections.  However, it
has been shown that infection of pigtailed-macaques with
the virus  isolate termed SIVagm.ver90 induces AIDS (8).
It has been suggested that a long-term co-evolution
between the virus and its natural host might underlie the
non-pathogenic outcome of  natural SIV infection of
nonhuman primates. Several studies indicate indeed that
SIV infection in African non-human primates is ancient.
The first data that suggested a co-evolution between SIV
and their hosts were obtained from studies on SIVagm-
infected African green monkeys.

3. PHYLOGENY OF SIVagm

African green monkeys (AGMs) belong to a
superspecies comprising  the following four species that are
the following: vervet (Chlorocebus pygerythrus), grivet (C.
aethiops), sabaeus (C. sabaeus) and tantalus monkeys (C.
tantalus). The natural habitat of AGMs corresponds to
subsaharan Africa with the exception of the tropical forests
and deserts (9). The four species evolved approximatively
10,000 years ago. They are geographically separated today,
vervets living in East- and South-Africa, grivets in East-
Africa, sabaeus monkeys in West-Africa, and tantalus
monkeys in Central-Africa. Still, an overlapping of the
geographic locales is not totally excluded, such as for
vervets and grivets in Ethiopia and vervets and tantalus
monkeys in Uganda (9, 10)

The first SIVagm  was isolated from vervets
originating from East-Africa (6). Subsequently, SIVagms
were identified in the other AGM species, i.e. grivets (11),
sabaeus (12) and tantalus monkeys (13). SIVagm viruses
display high genetic diversity, similar to HIV (14-17). The
RT of SIVagm is as error prone as the homologous HIV-1
enzyme (18). Sequence analyses in the env gene of SIVagm
viruses isolated from the four species revealed four distinct
SIVagm subtypes, each specific for its host-species (Figure
1) (13). The subtypes are indeed divided according to their
host species and not according to their geographic
distribution as SIVagm.tan viruses originating from two
separated countries (Uganda and Central African Republic)
cluster together, whereas SIVagm.ver and SIVagm.gri from
Ethiopia do not (19, 20). The four subtypes were therefore
named SIVagm.ver, SIVagm.gri, SIVagm.sab and
SIVagm.tan. The existence of four species-specific
subtypes are most likely explained by evolution of SIVagm
viruses coincident with the evolution and divergence of
their respective hosts (12, 13).

Full-length genome sequences have been
obtained for molecularly cloned SIVagm viruses, at least
for one of each subtype (Table 1). The analysis of the
SIVagm.sab genome provided additional data in support of
an ancient infection of AGMs by SIV. Thus, SIVagm.sab
viruses currently infecting wild sabaeus monkeys display a
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Figure 2. The mosaic genome of SIVagm.sab.

Table 1. Molecularly cloned SIVagm viruses
VERVET GRIVET SABAEUS TANTALUS
TYO-1 1 gri-1 5 sab1 6 tan1 7
90.63-2 2 tanB14 8
3 3
155 4

1Fukasawa et al (87); 2Hirsch et al. (8), this clone is
pathogenic in pig-tailed macaques; 3 Baier et al (88);
Fomsgaard et al 4(89); Johnson et al 5(11); Jin et al 6(21);
7Soares et al (90); 8 Corbet et al. (unpublished results).

mosaic genome (Figure 2) (21). With the exception of the
3' part of pol, all regulatory genes as well as the env gene
cluster within the SIVagm lineage, while the 3'gag-5'pol
part of the genome groups with the SIVsm/SIVmac/HIV-2
lineage. Furthermore, the LTR of SIVagm.sab contains a
duplication of the trans-activation response element (TAR),
only found in SIVsm/SIVmac/HIV-2 (22). Sooty
mangabeys, the natural hosts of SIVsm, reside in
overlapping habitats with sabaeus monkeys. The mosaic
genome most likely resulted from a recombination event
between the ancestors of SIVagm and SIVsm (21). This
recombinant SIVagm genome became fixed in the wild
sabaeus population, indicating that the viral proteins that
originate from two distinct SIV lineages are capable to
interact efficiently.

Finally, our studies on intra-individual diversity
in V3-V5 env of SIVagm have revealed low ratios of non-
synonymous versus synonymous mutation frequencies (23).
This has been confirmed by analysis of V2-C4 env of
SIVagm present in tissues (24). These low ratios indicate
that SIVagm has reached some equilibrium in AGMs
outweighting the positive selection for change in contrast to
HIV/SIVmac infections (25-27), further supporting the
ancient infection of SIVagm in AGMs.

4. SEROPREVALENCE AND MODES OF
TRANSMISSION OF SIVagm

The discovery of a mosaic SIVagm.sab genome
suggested that the evolution of SIV viruses is complex and
associated with cross-species transmission in their natural
habitat. That SIVagm is transmitted from AGMs to other
species in the wild has indeed been confirmed by the

subsequent isolation in baboons and patas monkeys of
SIVagm related viruses (20, 28, 29). The SIVs isolated
from patas monkeys originating from West-Africa were
related to SIVagm.sab and the virus from baboons living in
East and South-Africa to SIVagm.ver, showing that the
monkeys were infected by the specific SIVagm subtypes
circulating within AGMs of the same geographic locales.

SIVagm infection in patas monkeys seems to be
non-pathogenic (23). After experimental intravenous
transmission of SIVagm into patas monkeys, the viral
heterogeneity is lower than in AGMs that received the
same viral inoculum (23). This is not due to a lower viral
load in the patas monkeys (unpublished results). It rather
suggests a stronger selection of single viral variants during
or soon after transmission, similar to the bottleneck
described for HIV-1 infected adults and children (30-32).
These studies are consistent with an adaptation of SIVagm
to its natural host.

The existence of cross-species transmissions of
SIVagm correlates with their high seroprevalence in
AGMs. The seroprevalence rates have been studied in
several hundreds of free-ranging and wild born AGMs and
revealed to be high (30-60%) (33). No difference according
to the AGM species was observed (13). The distribution is
however not uniform and varies significantly between
distinct troops of animals (34). Furthermore, the
distribution differs also significantly according to the age
and the sex of the animals. SIV seropositivity is virtually
absent in very young animals (35). Neonatal AGMs born
from captive SIV-positive mothers have  not to date been
found to be virus isolation-positive after birth (36). AGMs
generally become seropositive when they enter the
breeding age (sub-adult females and adult males). The
seroprevalence rate then gradually increases with age and
can exceed 90% in adult females (35). These studies
indicate that SIVagm is transmitted mainly horizontally and
only rarely if ever maternally. Although sexual
transmission appears to be the predominant horizontal
mode of transmission according to these data, nonsexual
avenues for transmission of SIVagm, including bites and
allogrooming of open wounds by mouth, cannot be
excluded. Such asexual transmission has been reported for
other viruses, such as SIVmac and FIV (37).

The modes of SIVagm cross-species transmission
in natura are not exactly known. Agressive as well as
sexual contacts between animals of sympatric species have
been observed (9, 38). Transmission through predation is
also not excluded (39), especially as it has been recorded
that baboons kill and eat vervets (40).

Seroprevalence rates as high as in AGMs may
also exist in other African primate species such as
mandrills, sooty mangabeys and guereza colobus monkeys.
However, the number of free-ranging or wild born adults
studied so far is too low to  allow for meaningful
conclusions (39, 41, 42). In chimpanzees, the infection
rates seem to vary according to the subspecies (43-46).
Among nonhuman primates known to be naturally infected
by SIV, AGMs are thus the biggest reservoir for SIV as
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Table 2. Cellular tropism of SIVagm compared to that of other SIV/HIV viruses
Cell Type SIVagm SIVsm SIVmac HIV-1
AGM PBMC     + + + -
rhesus macaque PBMC     + ++ ++ -
pigtailed macaque PBMC     + ++ ++ -
human PBMC     + ++ ++ ++
macaque macrophages     + + + -
human macrophages     + + + +
MOLT4cl8     ++ + + ++
SupT1     ++ + + ++
MT4     + ++ ++ ++
CEM      + + -/+ +
CEM-ss     ++ + ++ ++
CEMx174     - ++ ++ ++
H9/HUT78     +/- ++ ++ +
MT2     +/- - ++ ++
U937     - - - ++
Jurkat-T     - nd + ++

+: replication  ++: efficient replication -: generally no productive infection detected

they are the most numerous and most geographically
dispersed.

5. CELLULAR TROPISM OF SIVagm

The non-pathogenic outcome of SIV infection in
their natural hosts in contrast to disease progression in
macaques infected by SIVsm or SIVagm indicates that
lentiviral virulence is dictated by a complex interplay
between viral and host determinants. Understanding the
molecular biology of these viruses, their replicative
capacities and the specific interactions with the host cells
are important to better understand the mechanisms
underlying AIDS pathogenesis in macaques and humans.

5.1. PBMC and T lymphocytes
SIVagm replicates in AGM peripheral blood

mononuclear cells (PBMC), but also in PBMC from
humans (47, 48) and macaques (Table 2) (49-53). Similar
to other HIV/SIV, SIVagm preferentially infects T CD4+

cells when they are in an activated state and generally does
not grow in unstimulated PBMC (54). A stimulation, such
as that provided by a mitogen (PHA, ConA) is a
prerequisite for a productive infection with wild-type
SIVagm (52, 55, 56). A significant growth is associated
with a cytopathic effect in vitro (57).

Isolation of SIV from primary CD4+ cells of
seropositive green monkeys has, however, revealed to be
difficult due in part to low proliferation of AGM CD4+ T
cells in vitro (6, 24, 58). The most efficient way to isolate
SIVagm is by coculture of AGM mononuclear cells with
specific human T cell lines. The first isolation of SIVagm
was thus performed by culture of mitogen (ConA)
stimulated PBMC with MT4 cells (6). Others succeeded in
efficient SIVagm isolation by co-cultivating unstimulated
adherent mononuclear cells with MOLT4cl8 cells vitro
(58), or by infection of MOLT4cl8 or CEMss cells with
cell-free filtrates of tissue homogenates (24, 59, 60).

SIVagm replicates efficiently in human T cell
lines, but not in all of them (Table 2). MOLT4cl8, SupT-1

and CEMss cells are highly permissive for SIVagm (6, 47,
48, 58, 61). SIVagm replication is associated with
syncitium formation in these cells, that is especially
dramatic in MOLT4cl8 cells (6, 19, 51, 58, 61). In contrast,
SIVagm does not replicate efficiently in CEMx174 and
HUT78 cells,  as compared with the relatively  efficient
replication of  SIVmac, SIVsm, HIV-2 and HIV-1  in these
cell lines. (61). SIVagm replication in H9, MOLT4 and
CEM cells is also less productive comparative to SIVmac
(6, 16, 47, 58, 61).  Moderate replication  if any of SIVagm
has been observed in U937 and Jurkat T cells (58, 61). On
the other hand, SIVmac does not readily infect SupT1 cells
in contrast to SIVagm, and induces less syncytia in these
cells than SIVagm (61). It has been shown that
determinant(s) in the V3 loop as well as within the gag-pol-
vif-vpr region govern the tropism of SIVagm for human T
cell lines (55, 62).

5.2. Macrophages
SIVagm is able to replicate in macrophages. Thus,

SIVagm  was shown to be successfully isolated from
monocyte derived macrophages of two naturally infected
AGMs (59). Furthermore, alveolar macrophages from the lung
of one naturally infected AGM were found positive for SIV by
in situ hybridization (59).  In vitro infection studies have been
performed with human and macaque macrophages as their
culture is technically more feasible than with AGM
macrophages (24). The molecularly cloned SIVagm9063-2 is
capable to replicate in macaque macrophages (53, 56). Human
macrophages can also be productively infected by SIVagm
(24). The level of replication varied according to the virus
used. Whereas no detectable replication could be observed
with a SIVagm strain derived from lymph nodes of a naturally
infected AGM, a rapid and productive replication was
observed with SIVagm  isolates derived from brain and CSF of
the same animal (24). Molecularly cloned virus SIVagm-gri1,
derived from chronically infected CEMss cells and primarily T
cell tropic, was also able to replicate in these cells, albeit to a
lesser extent. The SIVagm isolates were cytopathic for the
human macrophages (24). Whether SIVagm viruses can also
replicate in other cells, such as dendritic cells, remains to
be elucidated.
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Table 3. Peripheral blood CD4+ and CD8+ T lymphocyte numbers and percentages in AGMs
Age of the animals                Absolute Numbers                           Percentages

CD3+CD4+ CD3+CD8+ CD3+CD4+ CD3+CD8+

neonates (2 days)   nd   nd 62 (61-64) 52 (37-67)
juveniles and subadults (1.4-3.5 years) 1500 (800-3400) 2100 (1100-4000) 30 (17-44) 40 (33-70)
adults (4-16 years)   550 (100-1300) 1200 (680-2800) 18 (2-36) 47 (35-67)

The mean values are indicated, followed by the range in parenthesis. The values were compiled from different studies (57, 67-
70). nd = not determined.

6. CIS, CO- AND TRANS-RECEPTORS FOR SIVagm

As for other HIV/SIVs, SIVagm needs CD4, the
major cellular receptor molecule, as well  as chemokine-
receptors as co-receptors for cell entry (47, 63). SIVagm
apparently also uses attachment factors to optimize
infection.

6.1. AGM T CD4+ cells and CD4+ usage by SIVagm
The CD4 molecule belongs to the

immunoglobulin supergene family and contains several
variable regions, comprising the V1 loop implicated in
HIV/SIV envelope binding. The AGM CD4 molecule
shares only 90% amino acid identity with the human
homolog (64).  The CD4 protein  sequences from distinct
AGM species show 98-100% identity  with each other (65).
It was shown that despite the genetic distance between the
human and AGM  CD4 molecule, syncitia were induced by
SIVagm in cell-lines positive for either the AGM or the
human CD4 (66). Macaque cells expressing the human
CD4 protein were susceptible to SIVagm infection in vitro,
but not to HIV-1. A human cell line expressing the AGM
CD4 supported infection by HIV-1, but not by SIVagm
(66). Whether the virus could infect the cells was therefore
independent of the origin of the CD4 molecule.

The numbers and percentages of CD3+CD4+

SIVagm target cells in AGMs are highly variable according
to the individual animal (Table 3). The absolute CD3+CD4+

cell numbers range from 0.1 - 3.4 x 103cells/microl, and the
percentages from 2 to 64 % (mean: 26%) (57, 67-69). As in
other primates, the CD4+ T cells decrease with age (Tab.3)
(69). The CD4/CD8 ratio is lower than in humans (0.4
versus 1.5). According to the animal, absolute numbers of
CD3+CD4+ cells in AGMs are, however, not systemically
lower than in humans, but can be similar or even higher due
to the fact that total CD3+ cells are on average two times
higher in AGMs than in humans (68-70).

CD4+ lymphocytes of AGM often weakly co-
express CD8 (57), which explains why SIVagm could be
isolated from CD8+ positively-selected cells (59). No
significant differences in the percentages of total CD4+

lymphocytes or of CD4brightCD8low were observed between
infected and uninfected animals (57, 67). No difference in
the replication kinetics of SIVagm in PBMC from adults
and neonates were reported, despite the higher frequences
and absolute numbers of CD4+ lymphocytes in the neonates
(67).

Activation by a mitogen (ConA) in vitro
apparently leads to a gradual decrease of CD4 mRNA
synthesis in AGM CD4+ cells, culminating with almost no

detectable levels of mRNA  at day 12 of culture (57). This
finding correlates with low levels of replication of SIVagm
when infection was performed following cultivation of the
PBMC for one week prior to infection (57). It has been
suggested that these findings might explain, at least
partially, difficulties of SIVagm growth in AGM PBMC in
vitro.

6.2. CCR5 usage by SIVagm
SIVagm uses CCR5 as a major coreceptor for

entry, similar to many other SIVs (71-74). AGM CCR5 is
active in chemokine-mediated signaling (74). AGM kidney
cells (CV1) become permissive to SIVagm when
transduced to express CD4 and CCR5, whereas these cells
do not support HIV-1 replication, the block of HIV-1
replication being at a post-entry level (75).

We analyzed the open reading frame of  CCR5
from 30 animals belonging to the four AGM species. No
deletion  has yet been  detected in any animal studied (76).
However, the AGM ccr5 gene is highly polymorphic (74).
The analysis of non-synonymous and synonymous
mutations suggests that the AGM ccr5 gene evolved under
relatively intense selection pressures (74, 76). Functional
studies revealed that SIVagm apparently has become
adapted to specific mutations in their respective AGM hosts
species, since SIVagm strains can efficiently use wild-type
AGM CCR5, whereas the latter is only a poor co-receptor
for HIV-1 (74, 77).

In contrast to HIV, but similar to many other
SIVs, most SIVagm viruses do not use CXCR4 (71, 74) or
at least not as efficiently (78). This is striking, since
CXCR4 derived from AGMs (as well as CXCR4 from
macaques and sooty-mangabeys)  facilitate infection by
HIV (73, 79). The hypervariable V3 region of HIV-1 is an
important domain in determining coreceptor binding and
cellular tropism. We have shown that in contrast to HIV-1,
the V3 loop of SIVagm viruses is highly conserved (Figure
3) (48). The replacement of the V3 loop sequence of a
CCR5, Bonzo and Bob using SIVagm (SIVagm.ver3mc)
with that of a X4 HIV-1 (BH10) resulted in a SIVagm
strain which exclusively utilized CXCR4  for viral entry
demonstrating that the V3 of SIVagm is equally implicated
as a determinant for coreceptor usage (55). SIVagm.ver3mc
is capable of replication in unstimulated AGM and
pigtailed macaque PBMC, which may suggest that the
SIVagm.ver3mc-X4 triggers an intracellular signal, which
leads to cell activation that enables virus replication (55).
However, the acquirement of CXCR4 usage was not
sufficient to induce higher plasma viral load in pigtailed
macaques compared to wild-type virus, and no signs of
disease progression were evident (55). So far, only the
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Figure 3. The V3 loop amino acid sequences of SIVagm
surface glycoprotein are highly conserved.

CCR5 using SIVagm.ver90 was capable of inducing AIDS
in pigtailed macaques (8).

6.3. Bonzo and Bob usage by SIVagm
The ability of SIVs to replicate in human T cell

lines without using CXCR4 has lead to the discovery of
additional co-receptors, in particular Bonzo/STLR33 and
Bob/GPR15 (71, 80). Most SIVagm viruses are capable to
use Bonzo and Bob in addition to CCR5. The usage of
Bonzo in vitro seems to be more efficient in comparison to
SIVmac, whereas SIVmac more readily uses Bob in
comparison to SIVagm (71). The preferential usage of
Bonzo and Bob by, respectively, SIVagm and SIVmac
correlates with the expression patterns of these two
coreceptors on human T cell lines. Thus, Bonzo is
expressed on cells highly permissive for SIVagm (SupT1
and MOLT4cl8), whereas high levels of Bob, but not of
Bonzo, are expressed on cells that preferentially replicate
SIVmac (CEMx174 and HUT78) (71).

Functional analysis of simian Bonzo and Bob
molecules are limited. It has been shown that Bonzo from
sooty mangabeys is used efficiently by SIVsm, whereas
SIVmac does not efficiently utilizes rhesus Bonzo (81).
Strikingly, the utilization of Bob or Bonzo does not seem to
provide a major advantage for SIVsm/SIVmac replication
in vivo (73, 82). Functional analysis of Bonzo and Bob
from AGMs have not been performed yet. Since it is
known that minor species-specific sequence changes of
these molecules affect the ability to act as coreceptors for
HIV/SIV, it is important to ascertain whether the relevant
receptors function in the animal model of choice. Finally, it
is not excluded that SIVagm, and may be other SIVs, use
not  as yet identified molecules as additional coreceptors.

6.4. DC-SIGN usage by SIVagm
The human DC-SIGN molecule (CD209)  has

been shown to be an efficient attachment factor  for HIV-1.
It allows productive virus transmission in trans to activated
T-cells and also facilitates infection when expressed in cis
(83). AGMs, as well as other Old world monkeys, possess
orthologues of the human dc-sign gene (84). In vitro studies

have been performed in order to analyze whether SIVs
from African non-human primates are able to use this
mechanism of viral transmission. However, only
interactions between DC-SIGN from human and rhesus
macaques, expressed on THP-1 cells, with HIV-luc
pseudotyped with SIVagm Env have been analyzed so far
(85, 86). Interactions of SIV with human molecules do not
necessarily reflect interactions of the virus with the
homologous host-specific molecule. As mentioned above,
SIVmac, although able to use human Bonzo, can not
efficiently use the macaque  homolog molecule for entry
(81). Similarly, HIV-1 uses AGM CCR5  relatively
inefficiently due to an amino acid difference (G163R)
between the human and AGM protein, whereas SIVagm is
adapted to efficiently employ this AGM CCR5 isoform
(74). Analyses of the interactions of viruses with receptors
derived from the same species are therefore needed. We
have recently shown that DC-SIGN from AGMs is capable
to efficiently transmit primary SIVagm isolates in trans to
T cells in vitro (Ploquin et al, submitted). In order to better
assess the relevance of transmission facilitated by DC-
SIGN in vivo, it is important to  obtain more insights into
the regulation of the levels of expression of this molecule in
primary cells and tissues. Furthermore, it is not excluded
that additional trans-receptors on non-human and human
primate cells will be identified in the future that may be
relevant for virus dissemination (85).

7. ROLE OF SIVagm ACCESSORY PROTEINS IN
REPLICATION

In addition to the three structural genes gag, pol
and env, SIVagm genome codes for five regulatory genes:
vif, vpr, tat, rev and nef. (8, 11, 21, 87-90). This structure
also applies to SIVsyk, SIVlhoest and SIVmnd-1 (17). The
vpr gene of SIVagm had initially been called vpx because it
clusters with vpx of SIVsm/HIV2/SIVmac in phylogenetic
trees. Subsequent detailed genetic comparisons with many
other primate lentiviruses revealed however a significant
sequence similarity with vpr (91). Tristem et al suggested
to reclassify the SIVagm vpx gene as a vpr gene. The vpx
gene of SIVsm/HIV-2/SIVmac was suggested to originate
by gene acquisition of the SIVagm vpr gene (92). This re-
classification of a vpr gene in all HIV/SIV created a
simpler and more uniform picture for the genomic
organization of the primate lentiviruses.

Regulatory open reading frames are generally
equally maintained in SIVagm as in other HIV/SIVs, which
is a sign of an important function of these proteins during
the virus life cycle. Although amino acid identities are
often very low between SIVagm and HIV-1 regulatory
proteins, many functions seem to be conserved. The rev
gene product for example seems to play a similar role in
SIVagm expression as done by Rev in HIV-1 expression
(93, 94). The studies on the functional roles of Tat, Vif,
Vpr and Nef from SIVagm are listed below.

7.1. The trans-activation potential of SIVagm Tat
The Tat protein of SIVagm is a transactivator of

SIVagm LTR (94). However, the LTR of SIVagm, as
studied by the analysis of the LTR from four SIVagm
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Table 4. Function of SIVagm Vpr relative to Vpr/Vpx functions of other HIV/SIVs
Nuclear transport LTR transcription

activity
Cell cycle arrest Apoptosis

HIV-1 vpr     +     +     +     +
SIVagm vpr     +     +     +1     +2

HIV-2 vpr     -     nd     +     nd
HIV-2 vpx     +     nd     -     nd
SIVmac vpr     -     nd     +     nd
SIVmac vpx     +     nd     -     nd

1 in AGM cells (105-107), 2 by a distinct mechanism than for Vpr of HIV-1 (107).

viruses (TYO-1, TYO-2, TYO-5, TYO-7), have been
reported to be only relatively poor responders to Tat of
SIVagm.verTYO, and also to the Tat proteins of SIVmnd-
1, HIV-2 and HIV-1 (95). In contrast, in the absence of
viral Tat, LTRs of SIVagms acted as more efficient
promoters than LTRs of HIV-1, HIV-2 and SIVmac239
(95). It has been suggested that the lack of negative
elements in the AGM LTR may contribute to this high
basal promotor activity relative to the HIV-1 LTR (96).

Tat of SIVagm.verTYO activates the LTRs from
SIVagm, HIV-2 and SIVmac, but fails to efficiently trans-
activate HIV-1 LTR (95). These data indicate that SIVagm
and SIVsm HIV-2 Tat proteins are interchangeable with
respect to their trans-activation potential of SIVagm.ver on
SIVsm/HIV-2 LTRs, despite the fact that the structure to
which Tat binds (TAR) is distinct between SIVagm.ver and
SIVsm/HIV-2 (22). These findings are consistent with
results suggesting that the number of TAR hairpins does
not determine the relative specificities of HIV and SIV Tat
proteins.

Viruses from the SIVagm.sab subtype show the
peculiarity by the presence of stop codons within the tat
gene (21, 97). Due to these mutations, the putative Tat
protein of SIVagm.sab consists of only the first coding
exon product. Such mutations are generally not observed
for the three other SIVagm subtypes. Despite the
differences in TAR and Tat structure, no detectable
difference in viral load according to the SIVagm subtype
could be observed by us and others (24, 59, 98, 99).
Altogether, these findings suggests that the particular TAR
and Tat structures of SIVagm.sab play no significant role in
the lack of virulence in AGMs.

7.2. Interactions of SIVagm Vif with host-specific
cellular factors

The Vif proteins of SIVagm and HIV-1 share
between 26 and 29% amino acid identity. HIV-1 Vif is
essential for the production of infectious progeny viruses in
primary cells and certain human T cell lines, and,
presumably, for the establishment of productive infections
in vivo. It has been shown that Vif of SIVagm (tan1)
increases virus infectivity by 16 fold in AGM PBMC,
demonstrating that SIVagm Vif is also a positive regulator
of virion infectivity (100).

In human cells, however, SIVagm Vif does not
increase infectivity. Thus, although the infectivity of
SIVagm is 10 fold higher when produced in permissive

(CEMss) than non-permissive (H9) cells, the wild type and
vif-deficient SIVagm viruses produced in both human cell
lines show similar titers of infectious progeny (100).
Furthermore, the SIVagm Vif can not complement for
HIV-1, HIV-2 and SIVmac Vif in human cells, whereas Vif
of HIV-1 significantly increase the infectivity of vif-
deficient SIVagm in human cells (100). The SIVagm Vif
protein being active in AGM cells but not in humans cells,
together with other studies on HIV-1 Vif (101), indicates
that the functional consequences of a given Vif protein are
governed by cellular factors. Recently, several cellular
partners as well as a cellular factor with anti-HIV activity
(CEM15), have been identified in human cells (102a and
b). Whether AGM cells express  homologous proteins is
possible, but needs to be demonstrated.

7.3. Vpr of SIVagm shares multiple functions with Vpr
of HIV-1

Vpr of SIVagm bears around 30% amino acid
identity with the HIV-1 protein. At a functional level, it
shares its abilities to transactivate  viral LTR (Table 4)
(103). Vpr, as shown with studies using SIVagm9063-2,
also becomes incorporated into the virion particles and
facilitates subsequent nuclear import of pre-integration
complexes (53, 104). It is required for efficient SIVagm
replication in  non-dividing cells, such as macaque
monocyte-derived macrophages (53, 104). The ability to
cause cell cycle arrest is also conserved for Vpr of SIVagm,
as well as among many other primate lentiviruses (HIV-2,
SIVmac, SIVsm, SIVsyk) (105, 106). This property is cell-
type specific and depends on the particular primate species
from which the cells are derived. SIVagm Vpr is capable of
cell cycle arrest within AGM cells but is completely
inactive in human cells. By contrast, HIV-1, HIV-2 and
SIVmac Vpr proteins function in both AGM (CV1) and
human (HeLa) cells. This indicates that Vpr exerts its G2
arrest function by interacting with cellular factors. Vpr of
SIVagm also induces apoptosis, but the induction is cell
cycle dependent in contrast to the induction of apoptosis by
HIV-1 Vpr that requires G2 cell cycle arrest (107). These
studies show that while multiple functions of Vpr are
conserved between HIV-1 and SIVagm, the mechanisms
leading to the execution of such functions can be divergent.

7.4. SIVagm Nef
SIVagm.ver3deltanef (displaying a 125bp

deletion in the nef reading frame) showed delayed
replication in vitro in MOLT4cl8, AGM PBMC and
pigtailed PBMC compared with wild type SIVagm.ver3
(52). The in vivo replicative capacity of SIVagm.ver3
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Table 5. SIVagm viral load during acute and chronic phase of infection
            Blood        Lymph NodesStudy Number

     of
Animals

Species   Phase
     of
Infectio
n RNA

plasma
(ml)

DNA
copies

DNA
copies

RNA
(copies or
positive cells)

Diop et al (98) 4 sabaeus primary 2.0x107 70000 70000  106 copies
Holzammer et al (99) 8 ns primary 9.3x106   3729       nd  nd
Beer et al (109) 1 ns primary   nd      nd       nd  25 cells #
Hartung et al (54) 9 vervet, grivet chronic   nd     144       nd  nd
Beer et al (109) 16 vervet, grivet,sabaeus chronic   nd       28       40  0 cells #
Diop et al (98) 4 sabaeus chronic 5.0x104     700     325  104 copies
Holzammer et al (99) 8

26
ns
ns

chronic
chronic

7.4x105

1.7x106
    429
      nd

      nd
      nd

 nd
 nd

Goldstein et al (59) 12 vervet chronic 8.2x104      nd       nd  0-2 cells #
Broussard et al (24) 5 + 2 sabaeus, vervet chronic 3.8x106     1531 28002  nd
Müller-Trutwin et al3 10 tantalus chronic   nd       76       21 1-8 cells #

RNA and DNA copy numbers are expressed as copy numbers per 106 cells. Only the mean values are indicated. #RNA positive
cells per 500mm2 (129) or per analyzed section (59, 109). 1DNA copy numbers in PBMC were studied in 5 animals (24). 2DNA
copy numbers in LNC were studied in 2 animals that were distinct from those 5 animals analyzed for proviral load in PBMC
(24). 3unpublished results and Dias-Tavares et al. (129). ns: not specified, nd: non determined.

deltanef was very limited, with only one out of four animals
showing signs of transient infection (52). Although the
biological properties of SIVagm Nef have not been studied yet,
this suggests that Nef of SIVagm might provide activation
signals to the cells that facilitate SIV replication.

SIVagm nef mutants have been used to better
identify the pathogenic determinants in the nef gene of acutely
pathogenic SIVs. The introduction of the immunoreceptor
tyrosine-based activation motif (ITAM), a pathogenic
determinant of the acutely pathogenic virus SIVsmPBj, into
the nef gene of SIVagm.ver9063-2, allowed replication in
unstimulated pigtailed-macaque PBMC in vitro (56). The nef
variant induces a  relatively more profound lymphopenia
during acute infection in pig-tailed macaques than the SIVagm
wild type. However, it was not associated with higher viral
load compared to infections with the wild-type virus, and the
SIVagm nef variant did not fully recapitulate the virulence of
SIVsmPBj. The insertion of the whole nef gene from
pSIVsmPBj into SIVagm (SIVagm.ver3) was also not
sufficient to induce high viral load in vivo and to convert an
apathogenic SIV into a virus pathogenic for pigtailed
macaques (108), indicating that specific virus-host interactions
and/or factors in addition to Nef are necessary for acute
pathogenicity.

8. VIRAL LOAD OF SIVagm IN VIVO

Studies on the evolution of intra-animal SIVagm
diversity indicated a continuous and rapid replication of
SIVagm in vivo (23). However, for a long time, the studies
on SIVagm viral load were limited to the analysis of cell-
associated virus loads during the chronic phase. These
studies suggested either similar or lower levels than that in
HIV-infected humans progressing towards AIDS (109).
Only recently, plasma virus levels have been determined
that allow to compare viral set point levels in non-
pathogenic SIVagm infection with that in pathogenic HIV-
1/SIVmac infections.

8.1. Plasma viral load
Our studies on primary experimental infection

revealed  high levels of antigenemia in AGMs infected by
SIVagm.sab92018, with peak values up to 5ng of P27/ml of
plasma between 7 and 14 days after intravenous infection
(98). P27 levels then decline below detection level in the
chronic phase (59, 98). RNA copy numbers at the peak
analyzed so far in two studies, including 12 animals in
total, ranged from 3x105-2x108 per ml (Table 5) (98, 99).
The peak was followed by a 1-3 log drop in magnitude of
viral copy numbers and stabilized at set points of 2x103-
3x106 RNA copies per ml (Table 5). These values are in the
same range as those reported in naturally infected AGMs
(<103 to >6.106 RNA copies/ml) (24, 59, 98, 99). The levels
appeared stable over time, with a steady-state level that was
characteristic for each individual monkey (59, 98).

The pattern as measured by RNA copy numbers
correlate with data on infectious virus in plasma. We
observed significantly high titers (7x104 TCID50/ml of
plasma) at the peak of primary infection (98), and
considerably lower and highly variable titers according to
the animal were reported  during the chronic phase (0-20
TCID50/ml of plasma) (54, 59, 98).

The viral RNA pattern observed in AGMs are
comparable to that described in other natural hosts of SIV.
Four mandrills experimentally infected with SIVmnd-1
thus displayed 106-108 RNA copies per ml of plasma at the
peak and around 105 copies during the chronic phase (110).
One naturally and two experimentally SIVcpz-infected
chimpanzees showed values peaking at 6.106 RNA copies
in primary infection and fluctuating between 102 and 105

RNA copies during chronic infection (111). Initial studies
on SIVsm-infected sooty mangabeys (SM) suggested a
consistently high RNA load in blood in contrast to AGMs
(112, 113). However, more recent studies on chronically
SIVsm-infected sooty mangabeys revealed a wide range
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(<5x102-106 RNA copies/ml) comparable to that in AGMs
(114).

Altogether, these studies revealed that in many
SIVagm-infected AGMs, as well as in many other natural
hosts for SIV, the levels of plasma viremia are similar to
that in HIV-infected humans and SIVmac/sm-infected
macaques (115, 116), but without pathologic consequences
for the natural hosts, whereas HIV and SIV infected
humans and macaques showing similar levels of plasma
viremia respectively progress towards AIDS.

8.2. Cellular associated viral load in peripheral blood
The infectious titers of PBMC in chronically

infected AGMs are relatively low and vary between 0 and
20 TCID50/106 PBMC (54, 98). This correlates with the
observation that virus isolation from PBMC of chronically
infected animals is not consistently positive. Nonetheless,
virus isolation from PBMC of chronically infected animals
is generally more successful than from plasma (60-100%
versus 24-70%) (24, 54, 61, 98). The difference might be
related to the fact that coculture (exposure to infected
PBMC) is a more efficient way of infection than exposure
to free viral particles (plasma). The AGM species does not
influence the success rate of virus isolation (24).

The DNA viral load in PBMC reaches 0.5x102-
1.4x105 copies/106 cells at the peak (98, 99) and between 1-
103 copies per 106 cells during the chronic phase (Table 5)
(24, 54, 98, 99, 109). These levels are not significantly
different from those reported in chronically infected sooty
mangabeys (4x101-6x103 proviral copies per 106 PBMC)
(41, 112). The number of productively infected cells, as
measured by coculture of AGM PBMC with human cell
lines, was obtained to correspond to 101- 7x103 cells per
106 PBMC at the peak (99). Values thereafter were very
variable, with the number of infected cells dropping
frequently below the detection limit in chronically infected
AGMs (1 per 106 PBMC) (99).

SIVagm-infected AGMs thus show relatively low
levels of viral DNA in PBMC compared to SIV-infected
macaques or HIV-1 infected, untreated humans despite
similar levels of plasma viremia (117). In untreated
humans, 20 infectious cells / 106 PBMC have been
measured during the chronic phase (118). The DNA copy
numbers recorded ranged from 10 to 5x105 per 106 PBMC,
the mean proviral load being on average one log higher
than that observed in AGMs (119-121).

8.3. Viral burden in tissues
8.3.1. SIVagm distribution in tissues

Lymphoid tissues, such as lymph nodes (LN) and
those found in the gut, are considered to be the primary
sites for lentiviral replication in humans and macaques both
in early and chronic stages of infection (122-125).  So far,
most studies on viral load in tissues during SIVagm
infection have been performed during the chronic phase of
infection. During the chronic phase, virus could be isolated,
by coculture with CEMss or MOLT4cl8 cells, from many
lymphoid tissues such as LNs (inguinal, axillary,
mesenteric), spleen, thymus and intestinal tissues

(duodenum, jejunum, ileum, cecum, esophagus, ...) (59,
60). Virus could also be occasionally isolated from bone
marrow, kidneys and liver (59). Attempts of virus isolation
from skin and heart  have so far been unsuccessful (59).

Tissue specific virus distribution as measured by
in situ hybridization (ISH) was similar. SIV-expressing
cells could be observed predominantly in lymphoid tissues
(axillary and mesenteric LNs, the lamina propria and
submucosa of the gastrointestinal tract, the bronchus-
associated lymphoid tissues) and not in non-lymphoid
tissues such as the skin (59). Some non-lymphoid tissues
that were negative by ISH or virus isolation, were positive
by a more sensitive method (PCR). This was the case for
cerebrellum for example (24).

However, the majority of naturally infected
AGMs show restricted virus expression. In addition, the
tissue distribution varies significantly between the animals.
Thus, in a study of 7 naturally infected animals, SIV
expressing cells were detectable only in the LNs of three
out of the seven AGMs, although at least one of the animals
negative for SIV in the LN showed moderate to high
viremia (8.105 RNA copies/ml) (59). Furthermore, SIV
expressing cells were not consistently detected in
mesenteric lymph nodes, even if peripheral LNs were
positive (59). The viral load is also variable in the brain.
While the brain of two naturally infected AGMs displayed
a low viral load and were consistently negative for virus
isolation, the cerebellum of another naturally infected
AGM displayed greater numbers of infected cells than
PBMC (24). Furthermore, the levels of viral RNA in the
CSF of some animals were as high (>105 copies/ml) as that
found in the CSF of HIV-infected humans with AIDS
associated dementia (126).

8.3.2. SIVagm burden in lymph nodes
The viral load in tissues has been quantified for

lymph nodes. A wide range of viral DNA load in lymph
nodes has been recorded in accordance with the wide range
of viral burden in blood (Table 5). In chronically infected
AGMs, it ranged from 2.100 -3.103 copies of DNA per 106

total LN cells (24, 59, 98). The DNA copy numbers are
thus significantly lower than those reported for HIV-1 and
SIVmac infections (>104 copies) (127, 128).

The numbers of infectious cells in lymphoid
tissues, as estimated by limiting-dilution coculture,
corresponded to 10-100 cells / 106 total lymphocytes (59).
By in situ hybridization, 1 to 8 cells positive for viral RNA
were detected per tissue section (2-500mm2) (59, 109, 129),
whereas up to 200 positive cells / 2 mm2 are observed
during pathogenic SIV/HIV infections (130). The SIVagm
expressing cells are generally detected within the
paracortical regions of the lymph nodes (59, 109). No signs
of virus trapping by follicular cells in germinal centers
could be detected in contrast to tissues from SIVmac/HIV-1
infections (59, 109, 130).

In another model of natural infection (SIVsm
infected sooty mangabeys), the numbers of RNA positive
cells in the LNs were similar to those found in macaques,
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that were slow or intermediate progressors (112). The DNA
levels reached 5x103-2x104 DNA copies per 106 total
lymphocytes (112). However, so far, only two mangabeys
have been studied, which corresponded to animals also
showing a relatively high proviral load in PBMC. Such
relatively high infection levels in LNs can also be
occasionally observed in AGMs (Table 5) (24). It is
possible, that these high levels are not representative for all
SIVsm infections in mangabeys. Furthermore, mangabeys
infected by SIVsm (and also chimpanzees infected by
SIVcpz), similar to AGMs infected by SIVagm, do not
show signs of trapping of SIV by follicular dendritic cells
(112).

Altogether, these data indicate moderate viral
burden in the peripheral lymph nodes (59) of SIVagm-
infected AGMs in comparison to HIV-1 and SIVmac
infections. It is particularly striking that SIVagm-infected
AGMs do not show a dichotomy in viral load between
PBMC and LN lymphocytes (Table 5). This contrasts with
human and macaques infected with pathogenic viruses
showing considerably higher numbers of RNA positive
cells and 5 to 10 fold more extensive proviral burden in
their LNs than in peripheral cells (120, 127, 130). In
contrast, SIVagm-infected AGMs, as shown by analyzing
the same individual monkeys in blood and LNs, display
viral DNA levels that are very close in both compartments
(98, 109) (unpublished results). The average titers of
infectious virus in PBMC and LNMC were also not
statistically different (17 TCID50 per 106PBMC versus 21
TCID per 106 LNMC) (109). It did not matter whether the
animals were infected experimentally or naturally (109).

The relatively low viral burden in LNs contrasts
with the high levels of plasma viremia seen in several
AGMs. The high levels of free virus particles in the blood
might be in part a result of the lack of virus trapping in
germinal centers. Furthermore, a clear dichotomy was
observed when comparing the viral DNA copy numbers in
peripheral lymph nodes and in the gut of a naturally
infected AGM (24). The proviral burden was 1 to 3 log
higher in the gut than in LNs of this animal. Such a
dichotomy was not observed in two macaques studied at
end-stage disease (24). One major source of high levels of
cell-free virus in the blood of AGMs may therefore be the
gut and only to a lesser extent peripheral secondary
lymphoid tissues (24) (Gueye et al, submitted). This
hypothesis needs to be further investigated. Furthermore,
more studies are needed on the viral load in tissues during
primary infection in the natural host, in particular in gut-
associated lymphoid tissues, for a better comprehension of
the mechanisms underlying the lack of immunodeficiency.
So far, only lymph nodes have been studied for viral load
during primary infection. The viral RNA and DNA loads in
LNs peak during the second week of infection, concomitant
to the peak in blood (98). Again, no dichotomy between
PBMC and LN DNA viral load is observed (Tab. 5) (98).

9. CONCLUSIONS and PERSPECTIVES

We and others have described a wide range of
viremia levels in SIVagm-infected AGMs. Many naturally

and experimentally infected AGMs display high steady-
state levels of viral RNA. Plasma RNA levels such as those
observed in AGMs are usually associated with disease
progression towards AIDS in HIV-1 infected humans.
However, no significant depletion of T CD4+ cells in the
blood or LNs, or significant pathological changes of the
brain seem to be associated with high SIVagm RNA levels
in blood, CSF and/or brain (24). These data demonstrate
that viral loads per se are not directly linked with
pathogenicity. They rather indicate that the consequences
of persistent viremia are totally different between SIVagm
infections in the natural host and HIV-1 infections in
humans. Interestingly, this suggests that the virus-host
interactions are distinct during SIVagm and HIV-1
infections in AGMs and humans, respectively. Although
SIVagm, as HIV, is cytopathic in vitro, the continuous
replication of SIVagm in vivo seems to be associated with
a limited bystander immunopathology. Thus, blood T CD4+

cells from SIVagm-infected animals do not manifest
increased susceptibility to cell-death by apoptosis as
compared with uninfected animals (131). The LN
architecture is not disrupted and the FDC network remains
intact (109, 129). Furthermore, several data are in support
of a lack of chronic hyperactivation of lymphocytes in
infected AGMs despite high steady-state levels of viral
RNA in blood. Indeed, LNs from AGMs display no signs
of follicular hyperplasia specific for SIVagm infection in
either early or the chronic phase of infection (98, 109). No
infiltrations of CD8+ cells are observed in germinal centers
of LN from acutely and chronically infected AGMs (129).
However, more detailed studies on the phenotype of T cells
are needed to better understand the virus-host interactions
during non-pathogenic infection. Together with
comparative analyses on interactions of SIVagm with host-
specific cellular proteins, these studies will be crucial to
delineate the mechanistic basis for the avirulence of
SIVagm infection. This might lead to the development of
new prophylactic and therapeutic strategies that aim to
protect against AIDS.
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