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ABSTRACT Potential reasons for the lack of pathogenicity
of the simian immunodeficiency virus SIV,g,, in its natural
host, the African green monkey (AGM, Cercopithecus aethi-
ops), were investigated with respect to immunological mecha-
nisms. The functional immune response of monkeys to infection
was similar (though not identical) to that of humans to infection
with human immunodeficiency virus type 1 (HIV-1). In the sera
of infected animals, neutralizing antibodies were found to be
low or absent, and in particular there was no neutralization of
the various isolates by homologous sera. There was no detect-
able antibody/complement cytotoxicity, though AGM sera
were able to initiate antibody-dependent cellular cytolysis of
infected cells in the presence of healthy effector peripheral
blood lymphocytes. As in the human/HIV system, macro-
phages from AGMs are readily infected by SIV..,. Two
possibly important differences between the AGM/SIV,,y, sys-
tem and the human/HIV system are (i) the low immune
response of the AGM:s to the core protein of SIV .., and (i) the
significantly lower inhibitory effect of SIV,,,, proteins on the
proliferation of AGM lymphocytes.

The isolation and characterization of various members of the
simian immunodeficiency virus (SIV) group from lower pri-
mates have facilitated the detailed analysis of the immune
responses and diseases that result from infection by these
human immunodeficiency virus (HIV)-related lentiviruses,
and have allowed extensive vaccination and challenge ex-
periments to be performed (1). It is now important to gather
as much information as possible concerning each of these
viruses and the manner in which they interact with the host
so that comparisons at the molecular and immunological level
can be made. Much of the attention in this field centers
around SIV ., originally isolated from rhesus monkeys (2),
although the virus (SIV,gn) isolated from the African green
monkey (AGM) (3-5) has two properties that make it an
important subject for investigation: (i) the AGM represents
the natural host of the virus, as demonstrated by its presence
in wild animals (3), and (if) AGMs harboring SIV,,, remain
healthy despite the presence of an actively replicating lenti-
virus.

Although it is always difficult to compare two different
viruses, defining the reasons for the failure of SIV,y to
induce an AIDS-like disease could provide clues for the
design of putative AIDS vaccines or therapeutics and several
possible explanations can be postulated. The virus may be
inherently apathogenic as a result of a long period of evolu-
tion within the host animal, which could manifest itself as a
failure to infect and destroy the function of those cells
involved in the immune response (e.g., macrophages) or as a
failure of free viral proteins to interfere with the function of
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the immune system. Alternatively, the AGM may, for rea-
sons unknown, be genetically resistant to the pathogenic
effects of the infection. Finally, the AGM may respond to
SIV.m infection with a particularly vigorous immune re-
sponse that is able to keep the level of infection at a tolerable
level. In contrast, the failure of SIV,,, to induce a particular
immune response might indicate an inherent lack of autoim-
munity.

This is a study of SIV ., carried out to seek clues as to why
it causes no disease in its natural host. We report that the
immune response to SIV ., infection in AGMs is fundamen-
tally similar, albeit not identical, to the known responses of
humans to HIV infection and that AGM macrophages are
readily infected with SIV ;. Two possibly important differ-
ences are that AGM lymphocyte function did not appear to
be suppressed by the presence of SIV .y, proteins and that
AGMs appeared to be inherently low responders to SIV g,
core protein.

MATERIALS AND METHODS

Cells and Virus. MOLT-4 clone 8 (MOLT4/8) cells were
kindly provided by M. Hayami (Kyoto University, Japan)
and the SIV,n-sensitive subclone MOLT4/8-79 was pro-
duced by subsequent single-cell cloning. The isolation, char-
acterization, and purification of the SIV,,y, strains used in
these studies have been described (4).

Virus Titration and Neutralizing Antibody Assay. Heat-
inactivated sera from AGMs were diluted in 2-fold steps and
aliquoted into tissue-culture microtiter plates (10 ul per well,
four replicates per plate, four plates). Samples (10 ul) of each
of four SIV ., isolates diluted to the minimum challenge dose
[7 tissue-culture 50% infectious doses (TCIDsp) per well,
pretitrated using a precise arithmetic dilution series] were
added to the relevant plates, mixed by agitation in an orbital
plate-shaker, and incubated for 1 hr at 37°C. Two hundred
microliters of a MOLT4/8-79 suspension (2 X 10? cells per
well) was added to each well and the plates were incubated
for 7 days before they were scored by microscopic exami-
nation for the presence of characteristic syncytia.

ELISA and Western Blot. Sera were tested for binding
antibodies by ELISA and immunoblot with standard proto-
cols (6, 7).

Antibody-Dependent Cellular Cytotoxicity (ADCC). For tar-
get cells, chronically infected and uninfected MOLT4/8 cells
were labeled with Na’'CrO, (Amersham; 200 uCi per 10°
cells; 1 uCi = 37 kBq) and thoroughly washed. Targets were

Abbreviations: ACC, antibody/complement cytotoxicity; ADCC,
antibody-dependent cellular cytotoxicity; AGM, African green mon-
key; HIV, human immunodeficiency virus; PBL, peripheral blood
lymphocyte; PHA, phytohemagglutinin; RT, reverse transcriptase;
SIV, simian immunodeficiency virus; TCIDsg, tissue-culture 50%
infectious dose.

*To whom reprint requests should be addressed.



9068 Immunology: Norley et al.

incubated in U-well microtiter plates (10* cells per well, 50 ul)
with 50 ul of antiserum (diluted 1:100) for 20 min before
addition of normal human (or occasionally AGM) effector
peripheral blood lymphocytes (PBLs, 2.5 X 10° per well; 100
pl). After 4 hr of incubation at 37°C, plates were centrifuged
(200 x g, 5 min) and 100 ul of supernatant from each well was
transferred to a tube for measurement of radioactivity in an
LKB v counter. Percent ADCC lysis was calculated as
described (8).

Antibody/Complement Cytotoxicity (ACC). Assays for
ACC were performed in a similar manner to the ADCC assays
except that 100 ul of low-toxicity rabbit complement was
used in place of the PBL effector cells and that assays were
performed in flat-bottomed microtiter plates. Optimal con-
ditions for lysis of target cells (complement dilution, etc.)
were determined using CD4-specific monoclonal antibody
(Clonab T4, Biotest, Dreieich, F.R.G.).

Suppression of Mitogenic Stimulation. Freshly prepared
AGM or human PBLs were added to the wells of U-well
microtiter plates at 10° per well in the presence of various
concentrations of UV-inactivated virus (SIVgm or HIV-1).
After 3 hr at 37°C, cells were stimulated by addition of
phytohemagglutinin (PHA, 10 ug/ml). After 48 hr of incu-
bation in the absence of exogenous interleukin 2, the cultures
were incubated 18 hr with [*H]thymidine (1 uCi per well)
before harvesting and measurement of incorporated isotope
to allow calculation of the percentage inhibition of mitogenic
stimulation.

Macrophage Infection Studies. AGM monocytes were pre-
pared from peripheral blood leukocytes of seropositive and
seronegative AGMs by adherence to fetal bovine serum-
treated (30 min, 4°C) tissue-culture flasks (25-cm?2, 5-10 x 10°
cells per flask). After 90 min at 37°C, nonadherent cells were
removed and the flasks were washed twice with cold phos-
phate-buffered saline before addition of medium containing
granulocyte/macrophage-colony-stimulating factor (Boeh-
ringer Mannheim, 100 units/ml). After 3-5 days of incuba-
tion, activated macrophages were infected by addition of 3 ml
of stock SIV g, suspension (5 X 10° TCIDs, per ml) for 1 hr
followed by extensive washing. Medium (without interleukin
2) was changed every 5 days. Cultures were shown to be
>98% monocytes by nonspecific esterase stain. Infection of
macrophages was monitored by microscopic examination, by
the level of reverse transcriptase (RT) in the supernatant, by
cocultivation with MOLT4/8 cells, and by immunoper-
oxidase staining as described (4, 9).

RESULTS

AGMs Develop Little or No Neutralizing Antibedy. In order
to demonstrate any neutralization of SIV g, it was necessary
to use a challenge dose of only 7 TCIDs, per well, the minimum
found to guarantee infection of each of the 24 control wells.
Table 1 shows that of the sera from infected AGMs tested, only
3 exhibited any degree of neutralization. Patterns of neutral-
ization varied, with one monkey serum (AGM 30) neutralizing
all four SIV,,, isolates and another (AGM 43) showing rela-
tively strong neutralization (1:32) of one strain but not of the
others. The majority of sera (total of 44) failed to neutralize any
of the isolates even at a final concentration of 1:2 in the
virus/serum mixture. Of particular interest is that none of the
isolates were neutralized by serum from the homologous
animal even though the sera were collected some months after
isolation of the respective viruses.

Infected AGMs Do Not Exhibit Specific ACC. As with the
human-HIV system, there are no detectable SIV,.,-specific
complement-activating antibodies detectable in the sera of
SIV gm-infected AGMs (data not shown). The target cells
used in the assay were fully susceptible to specific lysis
because the same cells were used in the ADCC assays (see
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Table 1. Neutralization of different SIV g, isolates by
seropositive AGM sera

Reciprocal neutralizing titer
Animal SlV,smg Slvumgs Slvmgﬂ Slvmgs

3 —% p— —_ —_

27 - - - -

30 16

33 - - - -

35 - —* - -

37 - - —* -

38 - - - —*

40 pu— P - —_

43 - 32 - -

21 - - - -

22 - 4 8 -

23 - - - -

Titers represent the reciprocal of the highest dilution (in the
virus/serum mixture) giving complete neutralization in four replicate
wells. Minus sign indicates no detectable neutralization at a 1:2
dilution. Sera from 35 additional infected AGMs showed no neutral-
izing activity against any isolate.
*Homologous virus/serum assay.
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below) and the susceptibility of the MOLT4/8 cells to ACC
could be shown by the high levels of lysis after binding of
antibodies specific for the CD4 molecule. Although the use of
rabbit complement for the experiments means that the assays
did not constitute a homologous system, the use of fresh
homologous complement from an uninfected AGM in the
presence of sera from infected animals also failed to result in
specific lysis of infected target cells (data not shown).

Infected AGMs Develop ADCC-Activating Antibodies.
When SIV,n-infected cells were exposed to antisera from
infected animals and effector PBLs, high levels of target cell
lysis were observed (Fig. 1), and the patterns and levels of
lysis were comparable to those seen in the human/HIV
system (8). The assay used also involved the routine mea-
surement of natural killer (NK) lysis (target cells in the
presence of effector cells alone) and on no occasion was there
evidence of enhanced lysis of SIV ,-infected cells compared
with uninfected cells.

SIV, gm-Infected AGMs Have Little or No gag-Specific Im-
mune Response. AGMs naturally infected with SIV,y, de-
velop a strong serological response as demonstrated by
antibody binding to viral proteins in Western blot and ELISA
(Figs. 2 and 3). The response is predominantly directed
against both the gp140 large external and the nontruncated
(10) gp4$5 transmembrane viral envelope glycoproteins. Thus,
one striking difference from the human/HIV system is the
apparent lack of antibodies specific for the core antigen p28.
Normally, there is no reaction detectable by Western blot or
by p28%28 ELISA (Figs. 2 and 3a). One out of two AGMs
experimentally infected with SIV,,, did develop a transient,
weak anti-gag response, but it is of particular interest that
primates other than AGMs (e.g., M. nemestrina), when
infected with SIV,.y,, do develop and maintain a strong
gag-specific antibody response (Fig. 3b).

AGM Monocytes Can Be Infected with SIV ... The antigen
processing and presentation of monocytes is an essential first
step in the stimulation of a specific immune response, and
there is increasing interest in the role played by HIV infection
of these cells in the development of immunodeficiency (11).
When purified monocytes from infected or uninfected AGMs
were exposed to SIV ., RT activity in the culture superna-
tant developed after 10 days (Table 2). Furthermore, at that
time, it was possible to observe the formation of syncytia in
the monocyte culture; i.e., multinucleated giant cells formed
(presumably) by the fusion of infected cells with each other
or with uninfected cells. When the monocyte cultures were
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FiG.1. ADCC directed against SIV ygn-infected (stippled bars) and uninfected (hatched bars) target cells by sera from SIV ,gm-infected AGMs
in the presence of human PBL effector cells. Neg, serum from an uninfected AGM.

stained by the immunoperoxidase technique, a high percent-
age of cells (17-43%) were shown to be infected and express-
ing SIV,,m antigen.

SIV,gm Protein Does Not Inhibit Cellular Proliferation of
AGM Lymphocytes. It has been suggested that nonspecific
inhibition of lymphocytes by HIV envelope glycoprotein
(12-14) is responsible for (or contributes to) the onset of
immunosuppression and hence to AIDS. When PHA-
stimulated lymphocytes from seronegative AGMs were ex-
posed to heat-inactivated, purified SIV,z, (for example, at
2.5 pg/ml), the degree of inhibition (3%) was significantly
less than the inhibition of human lymphocyte proliferation
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F1G. 2. Western blot analysis of sera from SIVgny-infected pri-
mates with purified SIV,gy, as antigen. Strip 1, seronegative AGM
serum; strips 2-5, sera from naturally infected AGMs; strips 6 and 7,
sera from a pig-tailed macaque (Macaca nemestrina) before infection
and 3 months after experimental infection, respectively.

caused by HIV-1 (52%:; Table 3). This seems to be a property
both of the AGM PBLs and of the virus itself, as the
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F1G. 3. ELISA reactivity of sera from SIVp-infected primates
against whole virus (stippled bars) and against purified p28%# (black
bars). (a) Sera from naturally infected AGMs (Neg, uninfected AGM).
(b) Sera from artificially infected AGMs and M. nemestrina. Sera were
titrated from 1:50 to 1:819,200 in 4-fold dilution steps. ELISA score
is defined as the area under the dilution curve for each serum.
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Table 2. In vitro infection of monocytes with SIV g,
RT activity, cpm x 1073/mit

Monocyte Coculture

Monocyte IP* culture with MOLT4/8

source (10 dpi) (10 dpi) (12 dpi)
AGM

46 23 5.7 ND

72 31 4.7 43.7

3 19 7.3 80.9

4 43 33 ND

8 17 2.6 379
Human

Donor 1 37 9.8 89.4

Donor 2 28 5.8 50.4

Proc. Natl. Acad. Sci. USA 87 (1990)

Table 3. Suppression of mitogenic stimulation by SIVgm
and HIV-].["B

% inhibition of PHA stimulation

Amount,
Virus Mg Human PBLs AGM PBLs

HIV-1j18 0.0 0 0
2.5 52 19

5.0 59 29

10.0 60 26

20.0 58 35

SIVegm 0.0 0 0
2.5 22 3

5.0 31 6

10.0 39 10

20.0 40 10

Monocytes from AGMs (animals 46, Z2, 3, 4, and 8) and humans
were purified by adherence to plastic and cultured for 3-5 days in the
presence of human granulocyte/macrophage-colony-stimulating fac-
tor (100 units/ml) before infection with SIVygm culture supernatant.
dpi, Days postinfection; ND, not done.

*SIV agm-specific immunoperoxidase staining; % positive cells.
tBackground counts were typically in the range 0.5-1 x 10° cpm/ml.

inhibitory effect of HIV-1 on the monkey cells, and of SIV g,
on human cells, was less than the corresponding effect of
HIV-1 on human lymphocytes.

DISCUSSION

There is at present no suitable model that allows a direct and
precise comparison of pathogenic and apathogenic HIV
strains in vivo. It is therefore important to accumulate as
much data as possible concerning the HIV-related lentivi-
ruses, in particular those infecting primates, to give an overall
picture of each in terms of its genetics and interaction with the
host, and to use this knowledge to make tentative compari-
sons with HIV. We suspected that the AGMs might develop
a particularly vigorous immune response that is able to limit
virus replication to a tolerable level and, knowing that certain
immune mechanisms operate well in the human/HIV system
while others do not, we hoped to identify those which are
putatively beneficial by establishing a similar picture for
apathogenic SIVgm.

Despite a strong immune response, a high percentage of
HIV-infected individuals (perhaps eventually all) progress to
the disease state, AIDS. For reasons unknown, the immune
system is clearly unable to maintain control of the virus.
However, levels of neutralizing antibody are generally low
(15, 16) and specific ACC is rarely observed (17). SIVygm-
infected AGMs remain healthy, and if one postulates that this
is the result of a particularly vigorous immune response that
restricts the virus load, these two effector mechanisms are
obvious candidates. However, similar to the situation with
humans, infected AGMs developed no detectable comple-
ment-activating antibodies and, furthermore, the levels of
neutralizing antibodies were even lower than in HIV-infected
humans. It is of particular interest that none of the four
SIV4gnm isolates was neutralized by homologous serum (i.e.,
serum of the individual animal from which the virus was
isolated), indicating that this mechanism is ineffective in vivo.
In terms of cell-mediated immunity, PBLs from seropositive
AGMs proliferate only poorly in response to inactivated viral
antigen (data not shown), similar to the situation with HIV-
infected humans (18). Infected humans develop a surprisingly
good cytotoxic T-lymphocyte response (19), and it is unlikely
that the response in AGMs is any stronger. Preliminary
experiments using as target cells autologous PHA blasts
infected with recombinant vaccinia virus expressing the
SIV,.m envelope gene (constructed by Michael Baier, Paul-
Ehrlich-Institut, and Mike Mackett, Paterson Institute for

Indicated amounts of UV-inactivated gradient purified virus were
incubated with human or AGM PBLs for 3 hr before PHA stimulation
and subsequent measurement of [*H]thymidine incorporation.

Cancer Research, Manchester) have demonstrated the pres-
ence of major histocompatibility complex-restricted, enve-
lope protein-specific cytotoxic T lymphocytes in infected
monkeys (to be published elsewhere). It would therefore
appear that there is no particular aspect of the humoral or
cellular functional immune response that is significantly more
active during SIV,,, infection and that could therefore ac-
count for the lack of pathogenesis.

It has been suggested that the decline of the immune
system that predisposes the AIDS patient to opportunistic
infection results from a depletion of uninfected CD4* cells by
the immune system following recognition by antibody and
ADCC effectors of bound HIV envelope glycoprotein (20).
However, infected AGMs also develop an active ADCC
system, they have a strong antibody binding response to
envelope proteins, and, like HIV, the target molecule for
SIV g is the simian analogue of the CD4 molecule (4). All the
requirements for this mechanism are therefore met, although
it is possible that there are differences between HIV and
SIV,,m with regard to the amount of envelope glycoprotein
shed in vivo.

One striking aspect of the serological response to SIV g, is
the low levels of antibody in infected AGMs to the gag protein.
In Western blots, the p28 band is usually absent or extremely
faint, and virtually no antibody binding to p28 in ELISA can
be demonstrated. However, when the same virus is inoculated
into heterologous species (M. nemestrina or M. fascicularis;
ref. 21), a strong and persistent response to the gag protein is
seen. The failure to develop antibodies against gag therefore
appears to be a property of the primate species rather than of
the virus. HIV-infected humans maintain a strong gag re-
sponse throughout the infection until the development of
AIDS (22). Why the AGMs, the healthy natural hosts, should
be apparently low responders to gag is not clear, though one
can speculate that such antibodies are potentially involved in
disease induction and that the long period of coevolution has
therefore selected for a low gag response. It remains to be seen
whether the heterologous primate species that show a strong
gag response in our colony go on to develop disease, although
there is a report from another group that SIV,, is in fact
pathogenic in M. nemestrina (P. Johnson, Georgetown Uni-
versity, personal communication).

Macrophages, as antigen-presenting cells, play an essential
role in the development of a specific immune response. These
cells are readily infected by HIV-1, and it is possible that this
infection in vivo plays a part in compromising the immune
system [although the number of infected macrophages in the
peripheral blood, at least, appears to be too low to fully
account for this (23)]. In vitro, AGM macrophages are appar-
ently as susceptible to SIV,z, infection as human macro-
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phages are to HIV-1 infection. Naturally, these in vitro ex-
periments do not necessarily reflect the situation in vivo,
although use of the polymerase chain reaction to detect viral
nucleic acid in highly purified macrophages has shown that at
least some are infected in vivo (M. Baier, personal communi-
cation).

The inhibitory effect of inactivated SIV,,m on the mito-
genic response of AGM lymphocytes was significantly lower
than the effect of HIV-1 glycoprotein on human lymphocytes.
Nonspecific inhibition of the immune system by free virus or
by shed envelope protein is one possible mechanism of
immunosuppression in vivo (12-14). These in vitro data
suggest that such a putative suppressive mechanism in vivo
might be much less pronounced in SIV , p-infected monkeys.
Comparisons using synthetic peptides of the putative immu-
nosuppressive epitope of HIV-1 (24) and the corresponding
SIVaem sequence may help resolve this issue.

In summary, these studies were designed to give clues as
to why SIV g -infected AGMs (the natural hosts) remain
healthy. In terms of immunity, the functional immune re-
sponse was shown to be similar, if not weaker, than the
corresponding responses of humans to HIV. AGM cells did
not appear to be resistant to infection, as SIV,gy, readily
infects AGM lymphocytes and monocytes. However, the
suppressive effect of SIV g, protein on cell function was less
pronounced. Finally, the requirements for one possible
mechanism destroying uninfected CD4* cells (antibodies to
envelope glycoprotein and a functional ADCC system) were
demonstrated. However, one difference that may be impor-
tant was the apparent lack or low level of responsiveness of
AGMs to gag protein. The immunological mechanisms stud-
ied here may or may not be involved in protection from or
development of immunosuppression, and further work is
needed to determine whether the putative control of SIV zr,
replication is intracellular at the genetic level rather than at
the immunological level. The apparent development of dis-
ease in heterologous primate species infected by SIVgr, (P.
Johnson, Georgetown University, personal communication)
does indicate, however, that the apathogenicity in AGM is a
property of the host and not of the virus per se.
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