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A unique opportunity for the study of the role of serial passage and cross-species transmission was offered
by a series of experiments carried out at the Tulane National Primate Research Center in 1990. To develop an
animal model for leprosy, three black mangabeys (BkMs) (Lophocebus aterrimus) were inoculated with lepro-
matous tissue that had been serially passaged in four sooty mangabeys (SMs) (Cercocebus atys). All three BkMs
became infected with simian immunodeficiency virus from SMs (SIVsm) by day 30 postinoculation (p.i.) with
lepromatous tissue. One (BkMG140) died 2 years p.i. from causes unrelated to SIV, one (BkMG139) survived
for 10 years, whereas the third (BKkMG138) was euthanized with AIDS after 5 years. Histopathology revealed
a high number of giant cells in tissues from BkM G138, but no SIV-related lesions were found in the remaining
two BkMs. Four-color immunofluorescence revealed high levels of SIVsm associated with both giant cells and
T lymphocytes in BkMG138 and no detectable SIV in the remaining two. Serum viral load (VL) showed a
significant increase (>1 log) during the late stage of the disease in BkMG138, as opposed to a continuous
decline in VL in the remaining two BkMs. With the progression to AIDS, neopterin levels increased in
BkMG138. This study took on new significance when phylogenetic analysis unexpectedly showed that all four
serially inoculated SMs were infected with different SIVsm lineages prior to the beginning of the experiment.
Furthermore, the strain infecting the BkMs originated from the last SM in the series. Therefore, the virus
infecting BkMs has not been serially passaged. In conclusion, we present the first compelling evidence that
direct cross-species transmission of SIV may induce AIDS in heterologous African nonhuman primate (NHP)
species. The results showed that cross-species-transmitted SIVsm was well controlled in two of three BkMs for
2 and 10 years, respectively. Finally, this case of AIDS in an African monkey suggests that the dogma of SIV

nonpathogenicity in African NHP hosts should be reconsidered.

Cross-species transmission of lentiviruses from nonhuman
primates (NHPs) to humans is the root source of the AIDS
pandemic which has become a major public health problem
worldwide (http://www.unaids.org/). Major research efforts with
the aim to control the disease have led to an understanding of
human immunodeficiency virus (HIV) epidemiology and patho-
genesis. It is presently acknowledged that cross-species transmis-
sions to humans of simian immunodeficiency virus (SIV) from
chimpanzees (SIVcpz) in central Africa and of SIV from sooty
mangabeys (SIVsm) in West Africa generated HIV types 1 and
2 (HIV-1 and -2), respectively (13, 16, 26). Although progress
made in the study of in vivo HIV pathogenesis has led to con-
cepts allowing partial control of the infection, the mechanisms
of HIV emergence in the human population and the phenom-
ena associated with lentivirus adaptation to new hosts follow-
ing cross-species transmission are still poorly understood.
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This is not a theoretical debate, since studies in Africa have
revealed the existence of a plethora of SIVs infecting more
than 35 NHP hosts and whose prevalence is 50 to 75% in adult
wild monkeys (2, 14, 37, 69). These viruses have a high pro-
pensity for cross-species transmission to other NHPs (9, 35, 51,
73,75) or to humans (13, 26). However, humans in central and
West Africa have been exposed to these viruses for centuries,
but HIV emerged only in the second half of the 20th century
(40). Therefore, assessment of the true risk of human exposure
to SI'V-infected NHPs for the emergence of new HIVs needs to
be carefully evaluated. Such assessments are hampered by a
lack of understanding of discrete mechanisms of viral adapta-
tion to the new host after cross-species transmission.

When SIVs are transmitted to new NHP hosts, the outcome
of the infection varies widely. In the wild, cross-species trans-
missions of SIVagm to the yellow baboon (Papio cynocepha-
lus), chacma baboons (Papio ursinus), and patas monkeys
(Erythrocebus patas) have been reported to be nonpathogenic
for these heterologous species (9, 35, 75). However, in each
case, the follow-up was too short for proper evaluation of these
cross-species transmissions.

In other instances, cross-species transmission to other NHP
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species may result in increased pathogenicity and induction of
immunosuppression. SIVsm has been reported to induce AIDS
in rhesus macaques (42, 48, 51); together with SIVagm,
SIVlhoest, SIVsun, and SIVagm, this virus also induces AIDS
in pig-tailed macaques (32, 33, 48; V. M. Hirsch, Abstr. Keystone
Symp. Twenty Years of HIV Research: from Discovery to Un-
derstanding, 2003). However, preliminary studies suggested that
SIVmnd-2 from mandrills and SIVrem from red-capped manga-
beys were minimally pathogenic when transmitted to rhesus or
cynomolgous macaques (28, 68, 71). Pig-tailed macaques have
not yet been infected with either of these two viruses.

HIV-1 generated the unprecedented AIDS pandemic that is
characterized by severe immunosuppression. HIV-2 also gen-
erates immunosuppressive disease in its new human host. In their
natural hosts, both SIVcpz and SIVsm appear to be nonpatho-
genic in most instances (1, 11, 44, 61, 63, 67). Extensive studies
of the emergence of HIV and its simian sources revealed, how-
ever, that different cross-species transmissions have had ex-
tremely unbalanced outcomes. At least three cross-species trans-
missions of SIVcpz from chimpanzees to humans occurred
during the last century, resulting in the emergence of different
HIV-1 groups, namely, M (major), O (outlier), and N (non-M,
non-O). However, only group M caused a pandemic, whereas
group O is responsible for a minority of cases in Cameroon (3)
and group N was detected in only six individuals, also in Cam-
eroon (62). The same is true for HIV-2: of seven known HIV-2
lineages, only A and B are epidemic (13, 18, 27). In contrast,
groups C to G (13, 27, 79) are nonepidemic strains that are
weakly pathogenic, replicate poorly in infected humans, and
are found only within the range of sooty mangabeys (SMs) or
in persons who emigrated from western Africa (14, 27).

In summary, the field of SIV adaptation to new hosts is
poorly explored and understood. Moreover, not only are the
mechanisms of SIV cross-species transmission unknown, but
the findings are rife with contradictions.

The opportunity to study the role of serial passage and cross-
species transmission was presented by a series of experiments
carried out at the Tulane National Primate Research Center
(TNPRC) in the 1980s with the aim to develop an animal mod-
el for leprosy (30, 78). In February 1990, a group of three black
mangabeys (BkMs; Lophocebus aterrimus) received a Mycobac-
terium leprae suspension by both intradermal (i.d.) and intra-
venous (i.v.) routes. The M. leprae infection had been serially
passaged in four SMs. The leprosy tissue homogenate from the
last SM in the series was used to inoculate the three BkMs.
Retrospective studies showed that although the BkMs did not
develop clinical leprosy, they became infected with SIVsm. The
initial importance of the study was dismissed because it was
believed that a pathogenic variant of SIVsm had been selected
by the four serial passages (J. Heeney, B. Gormus, P. Marx, G.
Koopman, P. ten Haaft, and G. Baskin, 17th Annu. Symp.
Nonhum. Primate Models AIDS, abstr. 109, 1999). However,
as we demonstrate here, the SIVsm transmitted to the BkMs
was not a serially passaged virus but came from the last SM in
the series. Therefore, our study shows that SIVsm has intrinsic
pathogenic potential in BkMs upon cross-species transmission.

We present here the natural history of SIVsm experimental
infection of BkMs. We show that inadvertent cross-species
transmission of SIVsm resulted in the development of immu-
nosuppression and AIDS in one BkM and in the clearance of
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SIVsm infection in the remaining two. Virologic, immunologic,
and histopathologic characteristics of SIVsm disease in BkMs
showed AIDS. Our results show that SIV cross-species trans-
mission into new African hosts may have different clinical
outcomes among individuals, suggesting that the selection of a
pathogenic SIV in a new species is an unpredictable event.

MATERIALS AND METHODS

Animals. The three BkMs used in this study were imported from central Africa
and housed at the TNPRC in accordance with the Guide for the Care and Use of
Laboratory Animals (51a) and the Animal Welfare Act. The protocols and pro-
cedures were approved by the TNPRC Institutional Animal Care and Use
Committee. The BkMs were adults, between 9 and 10 years old, when inoculated
with lepromatous tissue. One BkM was male (BkMG139), while the remaining
two were females (BkMG138 and BkMG140); each weighed 8 to 10 kg. All three
BkMs were negative for SIV when included in the protocol, as shown by both
Western blot (WB) and PCR analyses. All three were simian T-lymphotropic
virus antibody negative prior to inoculation, as demonstrated by enzyme-linked
immunosorbent assay. All three BkMs were clinically healthy at the time of
inoculation. None of the three BkMs was assigned to any other project following
the M. leprae study.

The source animal for the leprosy experiments carried out from 1980 to 1990
at the TNPRC (30) was SMAO015, a mangabey diagnosed as naturally infected
with M. leprae in 1979 that was SIVsm seronegative. Subsequently, inoculated
SMs were used as a source of M. leprae for new SMs (SMA015—SMA022—
SMD177—SMF102—SMG930) and rhesus macaques. SMAOQ15 was brought to
the TNPRC colony from the New Iberia Research Center (NIRC), New Iberia, La.

Inoculations. Monkeys were inoculated with M. leprae by combined i.d. and i.v.
routes. Inoculation was done in February 1990. The inoculum for the BkMs was
a saline suspension of a leproma from SMG930. Nonulcerated dermal leproma-
tous nodules were aseptically collected into cold phosphate-buffered saline. Tis-
sues were cut into small pieces and, after fat removal, homogenized in a Dounce
homogenizer, as previously described (30). The homogenate was passed through
sterile gauze and centrifuged at 500 X g for 5 min at 4°C. Acid-fast bacilli (AFB)
in the supernatant were counted, and morphological indices were determined as
described previously (30). The final AFB suspension contained 5.9 X 107 AFB/ml
with a mean index of 10%. Each BkM was inoculated i.d. with 3.5 ml distributed
over nine sites and with 6.5 ml i.v. via the saphenous vein.

Specimen collection. The end point of this experiment was the development of
clinical leprosy; therefore, sampling was designed to achieve this aim. Serum
samples were collected at day 30 postinoculation (p.i.), every 15 days during the
first 120 days p.i., every 3 months during the first 2 years p.i., and then twice
yearly to year 5 p.i. The last sample was obtained from BkMG139 10 years p.i. at
necropsy. The animals were anesthetized with 10 mg of ketamine HCl/ml. Seven
to ten milliliters of whole blood was collected from each monkey with no anti-
coagulant. Serum aliquots were stored at —70°C prior to their use for reverse
transcription-PCR and viral load (VL) testing.

Anti-SIVsm antibody detection. Antibody responses to SIVsm were monitored
by an SIV WB assay (ZeptoMetrix Corporation, Buffalo, N.Y.), according to the
manufacturer’s instructions.

Dynamic evaluation of SIVsm VL. Due to the nature of the available samples,
VL was measured with serum that had been stored at —70°C and thawed only
once before testing. Quantification was done by a branched-DNA (bDNA) assay
(SIVmac RNA bDNA assay; Bayer Diagnostics, Berkeley, Calif.). This method
uses overlapping probes covering the entire pol region of three consensus lin-
eages of viruses from macaques (based on SIVmac239, SIVmac32H, SIVmac251,
SIVmacRESIVMXX, STVmaclA11AA, STVmac142, SIVmne, and SIVstm clone
37.16) and SMs (based on SIVsmM?7, SIVsmH4; SIVsmH9, SIVsmPBj14, clones
4.41 and 1.5; SIVsmPBj6, clone 6; SIVsmPGm, clone PGm5.3; SIVsmF236).
There are 101 sites for these probes. For those sites having a significant amount
of degeneracy in the consensus, two probes (one SIVmac and one SIVsm) are
used for the same site. In total, there are 152 probes in this assay (Charlene
Wong, personal communication). Parallel testing of serum and plasma from
SHIV89.6P-infected rhesus macaques was done to compare the reliabilities of
VL measurements of sera.

Neopterin quantification. Neopterin is a soluble marker of immune activation
that was reported to have predictive value for the progression to AIDS in HIV-
infected patients (22). Serum neopterin levels were measured by a quantitative
competitive enzyme-linked immunosorbent assay (ELItest; Brahms Diagnostica,
Berlin, Germany, supplied by ALPCO Diagnostics, Windham, N.H.), according
to the manufacturer’s instructions. The minimum detection level was 2 nM.
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Flow cytometry. To quantify CD4"-, CD8*-, and CD20"-lymphocyte subsets,
samples from BkMs were analyzed by flow cytometry using fresh samples col-
lected at selected time points between days 0 and 850 p.i. A whole-blood staining
procedure was used for flow cytometric analysis to quantify the CD4* (OKT4;
Ortho Diagnostics)-, CD8" (Leu-2a; Becton Dickinson)-, CD2" (T-11; Coulter)-,
and CD20" (B-1; Coulter)-lymphocyte subsets. Cells were stained with directly
conjugated monoclonal antibodies for 30 min at room temperature. Erythrocytes
were lysed and leukocytes were fixed by use of the Q-Prep or Multi Q-Prep
instruments and reagents (Coulter). Data were acquired and analyzed with an
EPICS 541 flow cytometer and software (Coulter).

Necropsy. All BkMs either died or were cuthanized, and a detailed AIDS
necropsy was performed in each case, including the archiving of frozen tissues in
optimum-cutting-temperature media, to evaluate the state of the disease. The
tissues collected were also fixed in 10% buffered formalin for 48 h, embedded in
paraffin, and stained by the conventional hematoxylin-eosin technique. Complete
histopathology evaluations were performed with all BkMs. To identify collagen
deposition in lymph nodes (LNs), a modified trichrome stain was used, as de-
scribed previously (41).

Immunohistochemistry. An immunohistochemical determination for the SIV
antigen was performed with formalin-fixed, paraffin-embedded material from all
three animals by use of an avidin-biotin complex enzyme technique and a p27
antibody (Mardex Diagnostics, Carlsbad, Calif.).

To determine the phenotype of the SIV-infected cells, double- and triple-
immunofluorescence staining techniques were used. Briefly, a 1-h incubation ei-
ther with macrophage (HAMS56; DAKO Corporation, Carpinteria, Calif.) and
anti-SIV (p27) or with T cells (CD3; DAKO Corporation), macrophage (HAMS6),
and anti-SIV (p27) primary antibody was performed, followed by incubation with
secondary antibodies conjugated with Alexa fluorochromes 488, 568, and 633.
The nuclei were stained with ToPro-3 for the double-staining technique and
BoPro-1 for the triple-staining technique, and sections were mounted with
antiquenching solution (Sigma, St. Louis, Mo.). Corresponding negative control
sections were stained with irrelevant isotype antibodies. Also, LNs from a SIVsm-
negative SM and a noninfected macaque were used as negative controls for the
SIV staining (data not shown).

The relative proportion between CD4 " and CD8" T cells was measured with
a double-immunofluorescence technique that combined CD3 (Pan T cell; DAKO
Corporation) and CDS8 (clone 1AS5; Novocastra, Newcastle-upon-Tyne, United
Kingdom) antibodies.

Slides were examined with a Leica (Wetzlar, Germany) True confocal laser-
scanning microscope equipped with three lasers that span from the visible to the
far-red side of the spectrum. Differential interference contrast for the observation
of nonstained specimens during fluorescent confocal image collection was used.

Virus characterization. STVsm strains infecting the three BkMs and the SMs
involved in the serial passage of M. leprae were sequenced. Viral RNA extrac-
tions were done with 280 pl of serum kept at —70°C. Nested reverse transcrip-
tion-PCRs were performed to amplify fragments from the gag (793 bp in the
p24-encoding region), pol (602 bp in the integrase-encoding region), and env
(438 bp in the gp36 gene) genes, as previously described (13, 17, 27).

PCR products were purified using a QIAquick gel extraction kit or a PCR
purification kit (QIAGEN, Valencia, Calif.) and sequenced by direct sequencing
and dye terminator methodologies (ABI PRISM Big Dye terminator cycle se-
quencing ready reaction kit with AmpliTaq FS DNA polymerase [Applied Bio-
systems, Foster City, Calif.]) on an automated sequencer (ABI 373, stretch
model; Applied Biosystems).

Phylogenetic analysis. The gag, pol, and env nucleotide sequence alignments
for SIVsmmB670, SIVsmmF236, and SIVsmSL92b were obtained from the Los
Alamos National Laboratory HIV Sequence Database (http://hiv-web.lanl.gov).
Newly derived SIVsm sequences were aligned by use of the CLUSTALW (72)
profile alignment option. The resulting alignments were adjusted manually where
necessary. Regions of ambiguous alignment and all gap-containing sites were
excluded. Pairwise matrixes based on resulting sequence alignements were gen-
erated with the DNADIST program of the PHYLIP package version 3.56 (23).
Tree topology was inferred by neighbor joining (64) with the Kimura two-
parameter distance matrix (PHYLIP) and a transition/transversion ratio of 2.
Bootstrap analysis was performed with the SEQBOOT (1,000 resamplings),
DNADIST, NEIGHBOR, and CONSENSE programs (PHYLIP package). Phy-
logenetic analysis was also performed by the maximum-likelihood method, using
the DNAML program (23) (data not shown). The tree outlier was SIVsmSL92b
(not shown in trees) (12, 14).

The ratio of synonymous to nonsynonymous substitutions (ds/dn) were calcu-
lated using SNAP (Synonymous/Non-synonymous Analysis Program) (25) from
the Los Alamos HIV Database (http://hiv-web.lanl.gov). SNAP calculates syn-
onymous and nonsynonymous substitution rates based on a set of codon-aligned
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nucleotide sequences, which is based on a method described by Nei and Gojobori
(52) that incorporates a statistic developed by Ota and Nei (57).

Nucleotide sequence accession numbers. The nucleotide sequences of the gag,
pol, and env sequences from SIVsm infecting SMs and BkMs were deposited in
GenBank under accession numbers AY674001 to AY674049.

RESULTS

Unintentional infection of BkMs with SIVsm by experimen-
tal exposure to M. leprae. SIVsm infection of BkMs at the
TNPRC resulted after experimental exposure to M. leprae non-
ulcerated lepromatous nodules by combined i.d. and i.v. routes.

The M. leprae inoculum administered to BKMs had been
serially passaged as follows: SMA015—SMA022—SMD177—
SMF102—SMG930—BkMG138, BkMG139, and BkMG140
(Fig. 1a).

In 1986 it was observed that such serial leprosy passage ex-
periments efficiently transmitted SIVsm from naturally infect-
ed SMs to rhesus macaques, in which serial passages succeeded
in adaptation of a pathogenic virus (B670) (6, 7, 51). We have
retrospectively shown that this pathogenic SIVsmB670 strain
belonged to the same lineage as other SIVsm strains known to
be pathogenic in rhesus macaques (SIVsmF236, SIVsmPB;j,
and SIVsmPGM) or SMs (SIVsmE041) (19, 31, 45, 54). This
lineage is presently called lineage 1, according to Ling et al. (44).

In order to investigate whether the development of AIDS in
BkMG138 was due to enhancement of virulence from serial
passage, SIVsm strains from these four SMs were character-
ized. Retrospective serological analysis showed that all but one
of the SMs (SMAO15) in this serial passage were SIVsm in-
fected prior to leprosy or SIVsm exposure. To establish phy-
logenetic relationships between SIVsm strains infecting these
four animals, gag, pol, and env gene fragments were sequenced
and characterized. These analyses were done to evaluate the
role of SIVsm serial passage in SIVsm pathogenesis in BkMs.
Also, different gene fragments were analyzed to investigate the
occurrence of recombinant viruses as a result of experimental
SIVsm exposure. Five lineages (lineages 1 to 5) of SIVsm have
been previously shown to cocirculate in the TNPRC colony,
and their degree of diversity is markedly similar to that report-
ed for the different HIV-1 subtypes (44). This high diversity
offers a unique opportunity to trace divergent viruses in the col-
ony and the correlates of SIVsm transmission and serial passage.

The analysis of gag (Fig. 1b), pol (Fig. 1c), and env (Fig. 1d)
gene fragments of the SIVsm strains infecting SMAO022,
SMD177, SMF102, and SMGY930 revealed that SIVsm from
each one clustered in a different lineage: thus, SIVsmA(022
clustered with lineage 1 strains, SIVsmD177 clustered with
lineage 2 strains, SIVsmF102 clustered with lineage 3 strains,
and SIVsmG930 clustered with lineage 4 strains (Fig. 1b to d).
Analysis of the phylogenetic clustering across the genome
failed to reveal any recombination between the naturally in-
fecting strains and viruses involved in the serial passage.

The epidemiology of SIVsm in this group of SMs also sup-
ports the phylogenetic data. SMG930 was transferred to the
TNPRC from the NIRC at the same time as SMG932 and
SMGI31. Our retrospective analysis showed that all three an-
imals were seropositive upon arrival at the TNPRC. Sequence
analyses showed that these three SMs from the NIRC and the
three BkMs had SIVsm strains belonging to the same lineage
4 (Fig. 1b to d). Our sequence characterization of SIVsm di-
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FIG. 1. (a) Diagram of the serial passage of leprosy lesions between SMs and BkMs. (b to d) Phylogenetic relationships between SIVsm strains
infecting the SMs involved in serial passage of M. leprae and of BkMs inadvertently infected with SIVsm during the leprosy experiments. The
analysis of gag (640-bp) (b), pol (588-bp) (c), and env (396-bp) (d) gene fragments revealed that all these viruses cluster in different SIVsm lineages
and that BkMs were infected with the virus strain naturally infecting SMG930, the final SM in the series. Trees were constructed using the
neighbor-joining method with 1,000 replicates. The bootstrap values at the nodes represent the numbers of replicates. Only significant values
(>750) are shown. Each lineage is shown in the same color: lineage 1, red; lineage 2, violet; lineage 3, green; lineage 4, blue.

versity in the TNPRC, as well as in the Yerkes National Pri-
mate Research Center, failed to reveal any other lineage 4 vi-
ruses. The most probable origin of lineage 4 viruses was one of
the infected SMs in the NIRC colony. All three SMs brought
to the TNPRC from the NIRC (SMG930, SMG931, and
SMG932) had served as controls in a kuru experiment (J.
Hardcastle, personal communication), which may explain the
close relationship between these three SIVsm strains.

In conclusion, virus characterization showed that all the
monkeys involved in the serial passage of M. leprae used to
infect the BkMs were already SIVsm infected prior to M. leprae
inoculation and that the virus inoculum used to infect BkMs
was not adapted through serial passages in SMs during leprosy
experiments. Thus, the development of AIDS in this heterol-
ogous species reflects an intrinsic pathogenic potential of lin-
eage 4 of SIVsm.

Clinical and serological data. None of the BkMs showed
clinical signs of leprosy. Instead, all three became SIVsm infect-
ed and seroconverted by day 30 postinfection. Figure 2 shows
the evolution of WB profiles of SIVsm infection in BkMG138.
The seroconversion pattern of early samples is suggested by
the low intensity of pol bands with intense p24 and gp160
reactivities. Anti-gp105 antibodies were not detected in the
sample collected at day 30 p.i. The full serological profile was
observed from day 90 p.i. on. During the evolution, there was
no loss of WB antibodies for BkMG138. Similar WB pro-

files were observed for the remaining two BkMs (data not
shown).

BkMG140 died with nephritis by day 835 p.i. A detailed AIDS
necropsy was performed and failed to show signs of AIDS or
leprosy. BkMG139 was euthanized in December 2000, at the
age of 20 years; this animal had no signs of immunodeficiency
or leprosy. BkMG138 was euthanized after 5 years 6 months
(by day 2000 p.i.) with chronic intermittent diarrhea of approx-
imately 2 years’ duration, which responded only transiently to
treatment. Forty-eight hours prior to death, the animal present-
ed with hypoproteinemia, dehydration, and anorexia. The an-
imal had significant weight loss (>10%) by the time of death.

Histological examination. Microscopically, a large number
of multinucleated giant cells were observed in multiple tissues
from BkMG138. Numerous syncytia were present in the intes-
tine (Fig. 3a and b), LNs (Fig. 3c), brain (Fig. 3d), spinal cord
(Fig. 3e), and lung (Fig. 3f), suggesting a diagnosis of SIV-
related giant cell disease, which is frequently seen in SIVmac-
infected rhesus macaques with terminal AIDS (6, 7) but is a
rare finding in natural African NHP hosts of SIV (49).

LN architecture was severely disrupted in BkMG138. Atro-
phic lymphoid follicles (with decreased numbers of follicular
center cells and a poorly defined mantle zone) and fibrosis of
the LN were obvious (Fig. 4a). Collagen deposition in LN is
frequent in AIDS patients and was reported to be correlated
with CD4"-T-cell depletion (65; D. Douek, Abstr. 21st Annu.
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FIG. 2. SIVsm-specific antibody in BkMG138 after inoculation of lepromatous tissues.

Symp. Nonhum. Primate Models AIDS, abstr. 4, 2003). The
majority of the lymphoid follicles were absent, being replaced
by large areas of SIVsm-infected cells (Fig. 5a). The majority
of the parafollicular lymphoid population was represented by
CD8™" T cells, a feature unique to the LN pathology in AIDS
patients (60) (Fig. 4b). The same high CD8"-T-cell proportion
was observed in the remaining regions of the LNs. The double
immunofluorescence for CD3 and CD8 showed that the ma-
jority of the lymphocytes in the LNs (Fig. 4c) and intestine
(data not shown) were CD8" T cells and thus confirmed the
CD4™"-T cell-depletion in the two sites.
Immunohistochemistry. The anti-SIV stain revealed a large
number of infected cells in LNs and intestine of BkMG138
(Fig. 4a and b) and none in BkMG139 (Fig. 4c) or BkMG140
(Fig. 4d). All giant cells were positive for SIVsm (Fig. 4a and
b). The immunophenotyping done by double- and triple-im-
munofluorescence stainings determined that the majority of in-
fected cells were macrophages (Fig. 6a to c), but in some areas
a large number of infected T cells were also present (Fig. 6a).
The in situ hybridization for SIV confirmed the presence of
large amounts of SIV RNA in the giant cells (data not shown).
Virological investigations. The dynamics of VL was investi-
gated with serum samples. At least 10 specimens sampled at
different time points after infection were tested for each BkM.
These samples spanned the postacute and chronic phases of
infection. The VL dynamics for the three BkMs is presented in
Fig. 7. Set point VL values for BkMG138 ranged from 11,759
to 41,848 copies/ml. With the progression to AIDS, a signifi-
cant increase in VL (>1 log) was observed at late time points.
At necropsy, the VL was 253,500 copies/ml. A different picture
was observed for the two other BkMs. BkMG139 controlled
the VL, which decreased to an undetectable level by day
480 p.i. (Fig. 7). The VL of BkMG139 remained undetectable,
with the exception of two insignificant levels of 130 copies/ml.
These values are likely to be due to a higher sample back-
ground, thus being false positive by bDNA assay. For a sample

obtained in November 1998, more than 8 years p.i., the VL was
detectable, but at a very low level (700 copies/ml). A similar
tendency for the clearance of viral replication was observed for
BkMG140, whose VLs decreased below 1,000 copies/ml (Fig.
7). This animal died early p.i. from causes unrelated to AIDS.
In order to evaluate the relationship between VL measured
with plasma versus values obtained by quantification with sera,
we tested plasma in parallel with sera from rhesus macaques
experimentally infected with SHIV89.6P. Our results showed
lower values of VL when sera were tested. These values were
40 to 80% lower than those obtained when plasma was tested.
However, these differences were not statistically significant
(data not shown).

Neopterin testing. Neopterin is a product of cytokine activity
that was reported to have prognostic value for the progression
to AIDS in HIV-infected patients. We have tested the dynam-
ics of neopterin levels in the three BkMs in order to study the
prognostic value of this marker in African NHPs and to de-
velop a prognostic marker other than the VL. Neopterin levels
were remarkably similar between the three BkMs during the
initial stages of SIVsm infection, with values of 5.18 = 1.03
nmol/liter in BkMG138 and 3.51 = 0.354 and 3.68 = 0.949
nmol/liter in BkMG139 and BkMG140, respectively. Then,
correlated with disease progression, a large increase in neop-
terin was observed for BkM G138, with a 25-fold increase over
the normal levels (103.65 nmol/liter). This increase in neopte-
rin levels was delayed compared to the increase in VL levels
(data not shown).

ds/dn ratio. Evaluation of the ds/dn ratio gives an indication
of the type of selection pressure that contributes to the evolu-
tion of viral sequences. A majority of synonymous mutations
(ds/dn of >1) indicates the predominance of a purifying type of
selection, which is associated with a preferential elimination of
viruses with variant amino acids. Conversely, a majority of
nonsynonymous mutations (ds/dn of <1) reflects the predom-
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FIG. 3. Giant cell disease in BkMG138. Hematoxylin-cosin stain revealed a large number of giant cells in the colon (a), duodenum (b), LNs
(c), brain (d), spinal cord (e), and lung (f). The magnifications are shown on each panel.

inance of a diversifying type of selection, such as the pressure
from the immune system which selects for viral escape variants.

The ds/dn ratio between sequences obtained from the BkMs
at different time points was computed based on the method of
Nei and Gojobori (52), incorporating a statistic developed by
Ota and Nei (57). Time points selected for these analyses
included the first available sample from each BkM (day 30 p.i.)
and the last available sample (collected in 1995 for BkMG138,

1998 for BkMG139, and 1992 for BkMG140). We have also
calculated the ds/dn ratios for the source SM (SMG930) on
samples collected in 1980 and 1996. Analysis of BKM pairs of
sequences revealed high ds/dn ratios in gag (18.66, 6.02, and
11.50 for BkMG138, BkMG139, and BkMG140, respectively)
and the pol integrase region (16.12, 17.81, and 31.46 for
BkMG138, BkMG139, and BkMG140, respectively) and lower
ratios in the 436-bp fragment of the gp4/ env (3.64, 5.29, and
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FIG. 4. Pathology of LNs in BkMG138, which developed AIDS. (a) Atrophlc 1ymph01d follicles and fibrosis (modified trichrome stain); collagen
is stained in blue. (b) Immunohistochemistry for CD8" T cells showing that they predominate in parafollicular areas. (c) Confocal microscopy
showing indirect proof of paucity of CD4" T cells. The CD4"-T-cell depletion is indirectly shown by the high proportion of CD3 (red) and CD8

(green) double-positive cells.

8.80 for BkMG138, BkMG139, and BkMG140, respectively).
No significant differences were observed between BkMG138,
whose disease progressed to AIDS, and the remaining two
BkMs. Such ds/dn ratios are indicative of a predominant puri-
fying selection for viral fitness, which is usually the case in
these regions of the lentivirus genome (4, 38). It was interest-
ing that over a significantly longer period of time (16 years),
the ds/dn ratios in the naturally SIVsm-infected SMG930 were
significantly lower than those observed in BkMs (4.63 and 4.25
in gag and env, respectively, whereas this calculation was not
possible for the pol sequences, since no nonsynonymous sub-
stitution was observed in this gene fragment), indicating a
strong conservation of amino acid sequences for this virus.
Altogether, these calculations showed a significant selective
pressure in BKM following infection with SIVsmG930, irre-
spective of the status of their disease progression. The high
ds/dn ratios observed in all three animals were probably due to
the intervention of immune effectors in the postacute phase of
SIVsmG930 infection.

Dynamics of CD4* and CD8" cells in SIVsm-infected
BkMs. Immunophenotyping was available only for selected
samples spanning days 0 to 850 p.i. No cells from BkMs were
stored, so a retrospective investigation could not be carried
out. Thus, the lack of late samples hampered any definitive
conclusion regarding the correlations between the onset of
AIDS and CD4™" cell counts in BkMG138.

However, the short-term analysis of the immunophenotypic
markers showed a significant depletion of CD4" cells in
BkMG138 during the primary infection with SIVsm. This CD4
depletion during the acute phase of infection was observed
in all three BkMs, but the evolution of this depletion in
BkMG138 was different from that in the remaining two. Thus,
CD4"-T-cell depletion did not recover during the follow-up in
BkMG138 (Fig. 8a and b). Also, CD8"-T-cell counts were
higher in BkMG138 than in BkMG139 and BkMG140 (Fig.

8c). No significant effect of SIVsm infection on the dynamics of
CD20 cells was observed (Fig. 8d).

DISCUSSION

AIDS in an African NHP host following SIV cross-species
transmission. Our study provides the first compelling evidence
that direct cross-species transmission of a naturally occurring
SIV to another African NHP species has the ability to induce
AIDS in the recipient monkey species. The experiments de-
scribed here resulted from the inadvertent transmission of
SIVsm to three BkMs. One of three BkMs developed AIDS
after 5 years. The disease was characterized by weight loss,
chronic diarrhea, and giant cell disease. Although BkMG138
did not present the classical clinical picture of immunosuppres-
sion in macaques characterized by opportunistic infections and
lymphomas (6, 47), the immunodeficiency was strongly sup-
ported by the clinical presentation. The earliest definition of a
clinical case of AIDS in humans (“the Bangui definition”)
(http://www.who.int/hiv/strategic/en/banguil 985report.pdf) de-
fined the clinical case of AIDS based on major and minor
criteria. The diagnostic of AIDS is established in the presence
of one minor and two major signs. According to this definition,
BkMG138 presented with AIDS based on two major criteria
(weight loss of >10% and chronic diarrhea for >1 month) and
one minor criterion (generalized lymphadenopathy). Clinical
presentation was corroborated by laboratory investigations
showing giant cell disease, a pathological condition which is
present only in immunosuppressed macaques (6, 7). Labora-
tory data, such as the dynamics of VL, LN pathology, and
neopterin levels, also supported the diagnosis of AIDS.

Interestingly, in the remaining two animals, no clinical or
biological signs of immunosuppression were observed, and
moreover, the analysis of the dynamics of VL revealed a ten-
dency for clearing SIV infection, as reported for SIV transmis-
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(a) and intestine (b). No evidence of SIV infection could be detected in LNs from BkMG139 (c) and BkMG140 (d).

sion in other heterologous hosts (15, 28, 36, 68). These VL
results were confirmed by immunohistochemistry and in situ
hybridization showing high concentrations of SIVsm in the
LNs and intestine of BkMG138 and no evidence of SIVsm
infection in the same tissues from BkMG139 and BkMG140.

Cases of immunosuppression after experimental transmis-
sion of SIVs, HIV-1, and HIV-2 into African NHPs have al-
ready been described. Thus, HIV-2 has been reported to in-
duce AIDS in baboons following direct transmission (5) and to
display increased pathogenicity following serial passages (46).
Also, a subset of chimpanzees infected with HIV-1 was re-
ported to develop AIDS after a mean incubation period of 13
years (56). In both cases, NHPs received human viruses. HIVs
are pathogenic viruses of simian origin, which were already
adapted into a new host following cross-species transmission.
The same is true for SIVsmPBj, which, after adaptation in
pig-tailed macaques, was shown to induce disease in its natural
SM host (24).

SIVs are pathogenic in natural African NHP hosts of SIVs.
This case of AIDS adds further support to the hypothesis that
SIVs have pathogenic potential in African NHPs. Current
views are that African NHPs are adapted to SIV and do not
develop AIDS. Such reports have been published regarding
natural infection of African green monkeys with SIVagm (8,

10, 29, 53), of SMs with SIVsm (11, 24, 39, 61, 67), or of
chimpanzees with SIVcepz (63). However, all of these viruses
retained their pathogenic potential, as shown by the outcome
of the disease following experimental or accidental cross-spe-
cies transmission (26, 33, 48, 51). Moreover, recent reports
have shown that cases of AIDS may occur in African NHPs
(45, 49, 58, 74). Since these cases are rare and were docu-
mented after a long period of persistent infection, it was pro-
posed that the incubation period of SIV infection generally
exceeds the normal life span of monkeys in the wild (58). To
explain the lack of pathogenicity of SIVs in African NHP hosts,
several studies showing a lack of activation or of bystander
pathology associated with SIV infections were carried out (11,
59, 67, 76). Recently, it was also determined that African NHP
hosts display significantly lower levels of CD4* CCR5™
CD45RA"¢ cells (I. Pandrea et al., submitted for publication),
which were shown to be the major target cells of lentiviruses in
humans and macaques (77).

The occurrence of AIDS in BkMs should redirect our cur-
rent interpretation concerning the outcome of SIV infection in
African NHP hosts. BkMs were recently shown to carry a
specific lentivirus which is highly divergent from SIVsm (S.
Saragosti, personal communication), so the mechanisms of ad-
aptation to lentiviral infection should have evolved in this
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FIG. 6. Confocal microscopy for triple- and quadruple-fluorescence immunohistochemistry: green (SIV), red (macrophage), blue (T lympho-
cytes), and magenta (nuclei) stains are evident in BkMG138 diagnosed with giant cell disease. (a) Triple staining of a LN. Large numbers of
macrophages and T lymphocytes are infected. (b) Quadruple staining of the intestine from BkMG138. Large numbers of infected cells, mainly
macrophages, are visible in the lamina propria. (c) Detail of a quadruple staining of the LN of BkMG138. A large giant cell heavily infected with

SIVsm and harboring the macrophage marker HAMS6 is visible.

species like they did in other African monkeys. However, after
SIVsm cross-species transmission, one of the infected BkMs
developed AIDS after an incubation period of 5 years. Also,
our study showed that the transmission of SIVsm to a heter-
ologous host species varies widely in pathogenic outcome,
since the two other BkMs effectively controlled the infection.
The different outcomes of SIVsm infection in the three BkMs
may be a result of the viral inoculum being heterogenous, and
thus each monkey had received different quasispecies of lin-

eage 4 virus. However, VL testing in the postacute phase of
SIVsm infection showed that the viruses replicated to high
levels in all three at the initial stages of infection, in the ab-
sence of immune memory effectors. Therefore, the ability of
the two BkMs that did not develop AIDS to control cross-
species-transmitted SIV may be related to restrictions of cross-
species transmission or to effective immune control. Sequenc-
ing of virus fragments did not reveal significant differences in
virus genes in the postacute phase of infection (data not shown).
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FIG. 7. Dynamics of serum VL in SIVsm-infected BkMs. Due to the sampling schedule, the peak VL could not be measured, and dashed lines
covering the interval of days 0 to 30 p.i. are used to reflect this uncertainty. During the follow-up, the VL in BkMG138 (@) showed a significant
increase (>1 log) with the progression to AIDS. In contrast, in BkMG139 (m) and BkMG140 (A), a tendency to clear viral infection was observed.

VL was measured by a bDNA assay (detection limit, 125 eq/ml).
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FIG. 8. Dynamics of peripheral immunophenotypic markers during SIVsm infection in BkMs. (a) Percentages of CD4™ cells; (b) numbers of
CD4™" cells per microliter; (¢) numbers of CD8" cells per microliter; (d) numbers of CD20" cells per microliter.Symbols: ®, BkMG138; m,

BkMG139; A, BkMG140.

Serial passage was previously thought to be the major factor
behind increased pathogenicity of SIVs following cross-species
transmission to a new host. However, this study proved that the
virus strain associated with AIDS in BkMG138 had not been
serially passaged prior to its administration to the BkMs. It is
also noteworthy that this study provides the first evidence that
a SIVsm belonging to a lineage other than lineage 1 can be
pathogenic in a heterologous species. All the infections of
rhesus macaques with viruses naturally infecting SMs involved
viruses from lineage 1 (24, 51, 54). Pathogenic infections fol-
lowing experimental transmission to macaques were also ob-
served following infection with SIVmac viruses. However, the
source SM virus for this STVmac lineage is not yet known, and
also one should note that viruses in the SIVmac group had
been heavily passaged in macaques before the selection of the
pathogenic strains SIVmac251 and SIVmac239 (47). The SIVsm
strains belonging to lineage 1 seem to display a very high patho-
genic potential in heterologous hosts. Thus, SIVsmmPBj and
SIVsmmB670 have been shown to be pathogenic in macaques
following direct transfer from the naturally infected SMs (24,
51). Even for these pathogenic viruses, serial passage was shown
to contribute to an increased pathogenicity (31, 34).

All three SMs brought to the TNPRC from the NIRC
(SMG930, SMG931, and SMG932) had served as controls in a
kuru experiment (J. Hardcastle, personal communication),

which may explain the close relationship between these three
SIVsm strains. One may thus question whether it is possible
that the SIVsm was serially passaged in these monkeys during
kuru experiments. In order to rule out this possibility, we have
tested samples from the SMs in the NIRC collected over a
10-year period. In this study, we were able to show SIVsm
transmission within the NIRC colony. However, SMG930 was
SIVsm infected by the time of the first sample collection (data
not shown).

Technical limitations. As mentioned before, this is a retro-
spective study examining animals in an experiment originally
designed to induce leprosy in BkMs. Therefore, the schedule
and the type of sampling were not the most suitable for char-
acterizing the natural history of SIVsm infection in BkMs.
However, a major strength of this study is that samples were
stored under ideal conditions over years, which permitted ro-
bust results. For the evaluation of the comparative dynamics of
VL in BkMs, we used sera sampled at the set point of VL (day
30 p.i.) and during the chronic phase of the infection. The
sampling schedule did not cover the peak of VL during the
primary infection. This would have provided interesting infor-
mation concerning early SIVsm replication in BkMs. However,
the dynamic evaluation of the VL during the postacute and
chronic phases of SIVsm infection of BkMs was done for a
large number of samples. Also, although plasma VL is the best
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predictor of disease progression and of the in vivo dynamics
(43, 50), it is still a surrogate marker of viral replication, since
part of the viral RNA quantified by these methods may rep-
resent fragments of virus or nonreplicative forms. Moreover, in
human clinical practice, it is estimated that testing VLs based
on sera will generate levels of VL representing 30 to 80% of
the plasma VL levels, but these differences are not statistically
significant (66). A comparison between SHIV89.6P VL levels
in serum and plasma showed that serum VLs are 40 to 80%
lower than plasma VLs (data not shown). These differences are
not statistically significant. Therefore, in order to correctly
evaluate the dynamics of viral replication, sera may be used if
the following two conditions are fulfilled: (i) the same type of
sample is used to test the dynamics of VL, and (ii) only good-
quality samples are chosen for testing (stored at —70°C and not
thawed prior to testing). The serum samples originating from
the BkMs included in this study fulfilled both these criteria.

Quantification was done by bDNA assay. Although this as-
say was not designed based on sequences of the divergent
lineage 4 viruses, we assumed that the quantification by bDNA
assay resulted in a correct estimation of VLs in BkMs. The
bDNA assay is designed to map the entire polymerase region
by the use of a cocktail of overlapping probes. In HIV-1 mon-
itoring, viral diversity may significantly influence the perfor-
mance of different commercial VL quantification kits. The
bDNA assay has a better sensitivity than the gag-based Roche
Monitor assay for the quantification of divergent HIV-1 group
M viruses, which may differ in up to 20% of the pol sequences
(F. Damond, C. Apetrei, D. Descamps, F. Brun-Vezinet, and
F. Simon, Letter, AIDS 13:286-288, 1999). This range of ge-
netic distances is similar to those observed between different
SIVsm lineages cocirculating in primate centers in the United
States (44). Therefore, it is unlikely that the bDNA assay
underestimated the VLs in BkMs infected with lineage 4 vi-
ruses. As shown above, this assay was designed to quantify
SIVmac, SIVsmB670, and SIVstm, three divergent lineages of
SIVsm. We have tested the dynamics of VLs in more than 20
SMs infected with SIVsm strains belonging to different lin-
eages and observed no significant difference between lineage 4
viruses and the remaining SIVsm lineages circulating in the
TNPRC SM colony (C. Apetrei, unpublished data). When the
SIVsmBkMG138 serum VL set point values were compared,
they were slightly higher than those observed in chronically
infected SMs (data not shown) but lower than those reported
in an SIVsm-infected SM whose disease had progressed to
AIDS (45).

Analysis of the dynamics of VLs clearly showed differences
in natural history of SIVsm-infected BkMs. A significant in-
crease in VL was observed in late specimens in BkMG138,
which was in marked contrast to the two other BkMs in which
a lack of viral replication was observed by serial testing of VL.
Immunohistochemistry confirmed the reliability of VL re-
sults, with no evidence of virus in the LNs of BkMG139 and
BkMG140 and a high concentration of virus in BkMG138 (Fig.
5).

The analysis of early points revealed that SIVsm infection
induced a CD4 " depletion which was not recovered during the
chronic stages of the infection. Primary SIV infection in Afri-
can NHP hosts was reported to induce transient CD4 ™" deple-
tion during the acute phase, which is rapidly recovered and
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controlled in African green monkeys and mandrills (20, 55).
This finding contrasts with the outcome of lentiviral infection
in humans and macaques, in which the CD4" depletion ob-
served during the acute phase of the infection does not recover
to normal levels (77). Interestingly, it was recently reported
that in SIVsm-infected SMs, CD4" levels never recover after
the depletion observed during the acute infection (D. Zhou, A.
Muthukumar, J. Milush, M. Paiardini, A. Barry, H. McClure,
S. Staprans, M. Feinberg, G. Silvestri, and D. Sodora, 21st
Annu. Symp. Nonhum. Primate Models AIDS, abstr. 22, 2003).
Whether this is a characteristic of SIVsm infection or an aspect
that is host dependent remains to be established.

Since our study did not provide direct evidence of CD4
depletion in BkMs with progression to AIDS, we investigated
neopterin as a surrogate marker of activation. This marker is a
product of cytokine activity and represents the biologic conse-
quence of increased cytokine production and cellular re-
sponses (22). Neopterin levels do not correlate closely with
CD4 changes, and it was considered that the two parameters
represent essential but differing elements of disease pathology
(21). One of the main reasons for testing the serum neopterin
levels in the three BkMs was that, as previously reported,
plasma VLs in African NHP hosts of SIVs do not appear to
have a prognostic value. However, in HIV-infected patients,
VL and neopterin levels were reported to have similar prog-
nostic values (70). We have demonstrated very large increases
in serum neopterin levels with the progression to AIDS in
BkMG138. Nevertheless, the increase in neopterin levels oc-
curred after the increase in VL (data not shown). However,
our results provided a prognostic marker for the evaluation of
disease progression that is useful in nonpathogenic models.
Another marker of activation, ,-microglobulin, has been pre-
viously shown to increase with the progression to AIDS in a
subset of chimpanzees (56).

In conclusion, this study documents the first case of AIDS in
an African NHP host of SIV after cross-species transmission.
Moreover, the data showed that the outcome of the cross-
species-transmitted SIV infection could vary widely. This may
eventually explain why only a few cross-species transmission
events from NHP to humans were successful, in spite of the
commonplace exposure of humans in central Africa to a pleth-
ora of SIVs (2). Also, this study provides new evidence of
AIDS occurring in an African NHP, which suggest that SIVs
are pathogenic in African monkeys. Finally, we developed a
strategy for the systematic investigation of SIV infection in
archival cases by the use of contemporary tools and alternative
samples.
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