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Factors Associated with Siman Immunodeficiency Virus Transmission
in a Natural African Nonhuman Primate Host in the Wild
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ABSTRACT

African green monkeys (AGMs) are naturally infected with simian immunodeficiency virus (SIV) at high prevalence levels and
do not progress to AIDS. Sexual transmission is the main transmission route in AGM, while mother-to-infant transmission
(MTIT) is negligible. We investigated SIV transmission in wild AGM:s to assess whether or not high SIV prevalence is due to dif-
ferences in mucosal permissivity to SIV (i.e., whether the genetic bottleneck of viral transmission reported in humans and ma-
caques is also observed in AGMs in the wild). We tested 121 sabaeus AGMs (Chlorocebus sabaeus) from the Gambia and found
that 53 were SIV infected (44%). By combining serology and viral load quantitation, we identified 4 acutely infected AGMs, in
which we assessed the diversity of the quasispecies by single-genome amplification (SGA) and documented that a single virus
variant established the infections. We thus show that natural SIV transmission in the wild is associated with a genetic bottleneck
similar to that described for mucosal human immunodeficiency virus (HIV) transmission in humans. Flow cytometry assess-
ment of the immune cell populations did not identify major differences between infected and uninfected AGM. The expression
of the SIV coreceptor CCR5 on CD4* T cells dramatically increased in adults, being higher in infected than in uninfected infant
and juvenile AGMs. Thus, the limited SIV MTIT in natural hosts appears to be due to low target cell availability in newborns and
infants, which supports HIV MTIT prevention strategies aimed at limiting the target cells at mucosal sites. Combined, (i) the
extremely high prevalence in sexually active AGMs, (ii) the very efficient SIV transmission in the wild, and (iii) the existence of a
fraction of multiparous females that remain uninfected in spite of massive exposure to SIV identify wild AGM:s as an acceptable
model of exposed, uninfected individuals.

IMPORTANCE

We report an extensive analysis of the natural history of SIVagm infection in its sabaeus monkey host, the African green monkey
species endemic to West Africa. Virtually no study has investigated the natural history of SIV infection in the wild. The novelty
of our approach is that we report for the first time that SIV infection has no discernible impact on the major immune cell popu-
lations in natural hosts, thus confirming the nonpathogenic nature of SIV infection in the wild. We also focused on the correlates
of SIV transmission, and we report, also for the first time, that SIV transmission in the wild is characterized by a major genetic
bottleneck, similar to that described for HIV-1 transmission in humans. Finally, we report here that the restriction of target cell
availability is a major correlate of the lack of SIV transmission to the offspring in natural hosts of SIVs.

umerous African nonhuman primate (NHP) species have

been shown to be naturally infected with species-specific sim-
ian immunodeficiency viruses (SIVs) (1-3). SIVs are at the origin
of the human immunodeficiency virus (HIV) pandemic, with
HIV type 1 (HIV-1) and HIV-2 arising from cross-species trans-
mission from chimpanzees/gorillas and sooty mangabeys, respec-
tively (4-6). Yet, while HIV infection is highly pathogenic and
progresses to generalized immunodeficiency and AIDS, SIVs are
generally believed to be nonpathogenic in their natural hosts (7—
10), with only a few cases of progression to AIDS being reported
thus far in African NHP species (11). However, the nonpathoge-
nicity of SIVs in their natural hosts was concluded from the study
of only a few host species (African green monkeys [AGMs], sooty
mangabeys, and mandrills), and the vast majority of these studies
were performed on captive monkeys (12—19). Over the last 2 de-
cades, these studies consistently reported that the control of dis-
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ease progression in the natural hosts of SIVs is due neither to
control of viral replication nor to SIV-specific adaptive immune
responses, as viral loads (VLs) in AGMs, sooty mangabeys, and
mandrills are similar to those observed during pathogenic HIV/
SIV infections (12, 14,20-23) and adaptive immune responses are
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not quantitatively or qualitatively different from those mounted
during pathogenic infections (24-30). Instead, the lack of disease
progression was shown to be the result of adaptation of these
natural hosts to control of the deleterious indirect consequences
of SIV infection, i.e., excessive levels of immune activation, T cell
proliferation, and apoptosis (23, 31-33).

A paradox of SIV infection in natural hosts is that high levels of
viral replication occur in the context of reduced availability of
target cells at mucosal sites. For example, uninfected AGMs have
intrinsically low levels of CD4™ T cells (17, 18), and furthermore,
their helper cells downregulate CD4 expression as they enter the
memory pool, thus protecting the central-memory CD4™ T cells
from virus-mediated killing (34, 35).

In addition to these adaptations aimed at preserving the target
cells from being infected, AGMs, similar to multiple African NHP
species, were reported to express very low levels of the CCR5 co-
receptor on CD4" T cells, especially at the mucosal sites (36).
Previous studies from our lab suggest that this adaptation may
represent a determinant factor impacting mucosal transmission in
natural hosts of SIVs, especially in very young animals (19, 37).
Again, these results were obtained in experimental transmission
studies, which may or may not accurately reproduce SIV trans-
mission in the wild.

In contrast to the observed low levels of target cells, epidemio-
logical studies in wild African NHPs identified very high levels of
SIVagm prevalence in adult AGMs (38—42). Since SIVagm preva-
lence dramatically increases with age, it is generally accepted that
sexual transmission is the main route of SIVagm spread (38—40).
Aggression and fights for dominance involving biting and expo-
sure to blood also contribute to SIV transmission (43).

We have recently documented in a substantial cohort of wild
vervet monkeys (Chlorocebus pygerythrus) from South Africa that
these very high rates of transmission may be fueled by the high
levels of viral replication observed in naturally SIVagmVer-in-
fected vervets (40), which are higher than in chronically HIV-1-
infected patients (44). In the same study, we documented a high
proportion of acutely infected AGMs, again suggesting very active
SIV transmission in the wild (40).

As such, a second paradox of STVagm infection in the wild can
be defined as high levels of prevalence of SIV infection in the
context of low availability of target cells at mucosal sites. This
raises the question of whether or not SIV transmission in the wild
is truly comparable to transmission in pathogenic HIV-1 infection
of humans or SIV infection of macaques. Recent studies have doc-
umented that in the pathogenic infections mucosal transmission
is characterized by an extreme genetic bottleneck (45-47). Thus,
characterization of the genetic diversity of the HIV population
during the early stages of infection, when the transmitted strains
can be inferred after single-genome amplification (SGA), estab-
lished that in most of the cases of heterosexual transmission infec-
tion is founded by a single strain from the donor viral population
(45, 48). In the case of intrarectal homosexual intercourse, more
strains are transmitted, while in the case of transmission through
intravenous drug use, which bypasses the mucosal bottleneck,
multiple strains can be identified (49, 50).

This bottleneck effect is currently explained by the low effi-
ciency of virus penetration through mucosal layers and the poten-
tial selective pressure at the sites of transmission in either the do-
nor or the recipient that could shape the transmitted viral strains
(50). In addition to the route of transmission, cofactors, such as
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the presence of a sexually transmitted infection or the use of hor-
monal contraceptives, may affect the complexity of the transmit-
ted virus population (49). Recent studies have shown that the
transmitted founder viral strains have selective properties that
confer a higher propensity for transmission (i.e., they are more
resistant to interferons) (51). Low-dose mucosal-transmission
studies in rhesus macaques were also reported to recapitulate mu-
cosal HIV-1 transmission (46).

To date, it is not known whether or not a similar bottleneck of
transmission occurs in the wild. Our previous experimental re-
sults suggested that this might indeed be the case (37). Therefore,
here we characterized SIV transmission in wild AGM:s to investi-
gate if a genetic bottleneck of transmitted variants is observed in
naturally infected AGMs in the wild or if the high prevalence is due
to a higher mucosal susceptibility to SIV infection. Given the con-
tinuous spread of the HIV pandemic and the absence of an effec-
tive cure or vaccine for AIDS, such studies of natural SIV trans-
mission in the wild may be of pivotal importance in developing
new strategies to control HIV transmission and disease progres-
sion (52).

MATERIALS AND METHODS

Samples. The study was carried out in wild sabaeus AGMs (Chlorocebus
sabaeus) (n = 121) living in different areas in the Gambia: the Western
division (Abuko Forest Park, n = 27; Bijilo Forest Park region [Bijilo I,
n =59, and Bijilo I, n = 8]) and the Central division (Janjanbureh town
region [Janjanbureh I, n = 17, and Janjanbureh II, n = 4]; River Gambia
National Park Region, n = 3; and Yorobeli Kunda, n = 3) (Fig. 1) (53).
Animals ranged from infants (6 months) to old adults (>10 years), and
the AGMs included in the study were stratified as infants, juveniles, and
adults, based on age classes determined upon dental eruption patterns
(54). Animals were individually trapped using established methods (55).
Details on animal capture and blood collection through venous puncture
are provided elsewhere (40, 53). Each monkey included in the study had a
microchip implanted for further identification and prevention of dupli-
cate sampling. The volume of blood collected from each animal varied
based on the body weight (which was determined before the blood draw)
and age and generally ranged between 8.5 and 25.5 ml. The volume of
blood collected from infants was significantly lower (1 to 3 ml).

Upon sample collection, a detailed clinical assessment of the monkeys
(including signs associated with immunodeficiency, i.e., lymphadenopa-
thy, low weight, fever, or rashes) was performed. Plasma was separated
through centrifugation (1,700 rpm), aliquoted, and stored at —80°C. A
500-pl aliquot of plasma from each monkey was available for this study.
Peripheral blood mononuclear cells (PBMCs) were isolated from 56 ani-
mals (Fig. 1) as previously described (18, 56). Due to the low volume of
blood collected from infant AGMs, PBMCs were isolated only from a
small fraction of infants. All animal procedures employed in this study
followed the regulations set forth by the Animal Welfare Act and were
approved by the University of Wisconsin—Milwaukee (UWM) Institu-
tional Animal Care and Use Committee (IACUC). Studies were carried
out through an agreement with UWM.

Sample processing and testing strategy. Upon arrival, plasma sam-
ples were thawed and separated into three aliquots. The first aliquot was
used for RNA extraction and reverse transcription-PCR to assess the SIV
prevalence levels. The same aliquot was used for quantification of SIVagm
VLs by real-time PCR using primers and probes designed on the basis of
SIVagm integrase sequences. The second aliquot was used for SIV en-
zyme-linked immunosorbent assay (ELISA) to establish the stage of SIV
infection and infant exposure to SIVagm. Correlation between VLs and
serology enabled identification of acutely SIV-infected AGMs (40). SGA
was then performed on the RNA extracted from the first aliquot to assess
the bottleneck of SIVagmSab transmission. The third aliquot was used to
assess the natural history of SIVagm infection in the wild by testing sur-
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FIG 1 Satellite map of the Gambia indicating the geographical origin of the samples included in this study. Sabaeus monkey samples collected from the different
locations are detailed. Monkeys for which both PBMCs and plasma samples were available are depicted as vivid colors (red, females; blue, males); sabaeus
monkeys from which only plasma samples were available are depicted as light, patterned colors (light red, females; light blue, males). Sex and age group coverage

is illustrated.

rogate markers of microbial translocation (sCD14), immune activation,
inflammation (cytokine/chemokine levels and C-reactive protein [CRP]),
and hypercoagulability (D dimer [DD]). These markers were previously
shown in the SMART trial to predict progression to AIDS and death in
HIV-infected patients (57-59).

PBMC samples were first tested for viability and then by flow cytom-
etry to assess the major immune cell populations and levels of immune
activation and proliferation.

Viral RNA extraction and cDNA synthesis. From each plasma spec-
imen, viral RNA was extracted using the QIAamp Viral RNA minikit
(Qiagen, Germantown, MD). RNA was eluted and immediately subjected
to cDNA synthesis. The RNA was first verified for its size in order to avoid
any unspecific RNA smears or bands which could bias the accurate esti-
mate of the RNA concentration. Reverse transcription of RNA to single-
stranded cDNA was performed using SuperScript III reverse transcriptase
according to the manufacturer’s recommendations (Invitrogen, Carls-
bad, CA). In brief, each ¢cDNA reaction mixture included 1X reverse
transcription buffer, 0.5 mM each deoxynucleoside triphosphate, 5 mM
dithiothreitol, 2 U/ml RNaseOUT (RNase inhibitor), 10 U/ml of Super-
Script III reverse transcriptase, and 0.25 WM antisense primer SIV-
POL-OR (5'-ACB ACY GCN CCT TCH CCT TTC-3") or SIV-ENV-B
(5"-AGA GCT GTG ACG CGG GCA TTG AGG TT-3'). The mixture was
incubated at 50°C for 60 min, followed by an increase in temperature to
55°C for an additional 60 min. The reaction mixture was then heat inac-
tivated at 85°C for 5 min and treated with 2 U of RNase H at 37°C for 20
min. The newly synthesized cDNA was used immediately or frozen at
—80°C.

Nested PCR and DNA gel extraction. A 600-bp pol integrase fragment
was amplified by nested PCR using outer primers POL-IS4 (5'-CCA GCN
CAC AAA GGN ATA GGA GG-3') and POL-OR and inner primers SIV-
POL-IS4 and SIV-POL-Unipol2 (5'-CCC CTATTC CTCCCCTTC TTT
TAA AA-3") (3, 60). A 400-bp gag fragment was amplified by nested PCR
using outer primers GAG-UP-F1 (5'-ATT CAG TGC AGA AGT AGT
GCC CAT-3") and GAG-LOW-R1 (5'-CCA ATT CTT TAC TGC TGG
GTC TGT-3') and inner primers GAG-UP-F2 (5'-CAG AAG GAG CAA
TCC CAT ATG ACA-3") and GAG-LOW-R2 (5'-CTG AGA GCC TTG
TAG AAT CTATCC AC-3") (61). Finally, a 900-bp env fragment encom-
passing the V3-V5 gp120 region and the 5 end of gp41 envelope regions
was amplified by nested PCR using outer primers ENV-A (5'-GAA GCT
TGT GAT AAA ACA TAT TGG AT-3") and ENV-B (5'-AGA GCT GTG
ACG CGG GCA TTG AGG TT-3') and inner primers ENV-C (5'-GTG
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CAT TGT ACA GGG TTA ATG AAT ACA ACA G-3") and ENV-D (5'-
TTC TTC TGC TGC AGTA TCC CAG CAA G-3') (62). Nested PCR
products were subjected to 1% agarose (Invitrogen, Carlsbad, CA) gel
electrophoresis and extracted and purified using the QIAquick gel extrac-
tion kit (Qiagen, Germantown, MD).

SGA of SIVagm env genes. To determine the number of transmitted
founder viruses in newly infected animals, single-genome amplification of
viral sequences was performed as described previously (37, 63).

Briefly, viral RNA was extracted from plasma samples with an EZ1
virus minikit (version 2.0; Qiagen, Valencia, CA) and reverse transcribed
using primer SIVagmENVout-R (5'-GTACCTGGCCCATCAGTGTAAT
TCTGC-3") and SuperScript III reverse transcriptase. The first-strand
synthesis reaction mixture contained 1X reverse transcription buffer, 0.5
mM each deoxynucleoside triphosphate, 5 mM dithiothreitol, 2 U/ul of
RNaseOUT reagent, 10 U/l of SuperScript III reverse transcriptase, and
0.25 M antisense primer. Dilutions of this cDNA to determine the dilution
at which no more than 30% of reactions yielded amplicons were per-
formed to ensure that most positive reaction mixtures contained a single
template molecule. A 909-bp fragment of env genes was amplified using
the SIV-ENV-A/SIV-ENV-B outer primers and the SIV-ENV-C/SIV-
ENV-D nested primers. PCR was performed using Platinum Taq High
Fidelity polymerase (Invitrogen, Carlsbad, CA) in the presence of 1 X PCR
buffer, 2 mM MgSO,, 0.2 mM each deoxynucleoside triphosphate, 0.2
M each primer, and 0.025 U/pl of polymerase in a 20- .l reaction mix-
ture. PCR conditions were 94°C for 2 min, followed by 35 cycles of 94°C
for 155, 55°C for 30 s, and 68°C for 1 min (first round) or 35 cycles with a
56°C annealing temperature (second round), followed by a final extension
of 10 min at 68°C. Amplicons were inspected using 96-well E-gels (Invit-
rogen, Carlsbad, CA) and directly sequenced.

DNA sequencing. SIV gene amplicons were directly sequenced by the
University of Pittsburgh Genomics and Proteomics Core laboratories
(GPCL) using the nested PCR primers. The individual sequence for each
amplicon was edited and inspected using BioEdit 7.1.3.

Phylogenetic analyses. The SIVagmSab sequences for fragments of
gag, pol, and env genes were aligned using the MUSCLE sequence align-
ment software. For comparison, SIV/HIV reference sequence alignments
corresponding to the same regions, with sequences published until 2012,
were obtained from the Los Alamos National Laboratory (LANL) HIV
Sequence Database (http://hiv-web.lanl.gov). Eighty-five to 88 sequences
were retained from these reference alignments, including all major SIV
and HIV lineages. Each reference alignment was manually aligned with
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the SIVagmSab sequence alignments using JalView (64). The SIVagmSab
alignments corresponded to nucleotide positions 670 to 1023, 2308 to
2980, and 991 to 3175 of the gag, pol, and env reference alignments. Ge-
netic diversity was measured, both within the Gambian SIVagmSab clus-
ter and between other SIVagm clusters from the reference alignment,
using MEGA v5.10 (65). Recombination was screened for by using Recco
(66), SBP/GARD (67), and SplitsTree (68). Maximum likelihood molec-
ular phylogenetic trees were computed separately for gag, pol, and env
alignments, using RAXML v7.4.6 (69) using the general time reversible
(GTR) substitution model and gamma distributed rate heterogeneity.
Support values for bipartitions were assigned using 1,000 bootstrap rep-
licates and RAXML. Phylogenetic trees were visualized via FigTree (http:
//tree.bio.ed.ac.uk).

For the SGA samples, maximum likelihood trees were constructed
using RAXML, and sequence variation was visualized using the High-
lighter tool provided by the LANL HIV Sequence Database (http://hiv
-web.lanl.gov).

Viral load quantification. We used the generated pol alignment to
design specific primers and probe for VL quantification in wild C. sabaeus:
SIV-pol-standard-F (5'-AGG AGG ATC ATG ACA AGT ACC ATG
C-3'),SIV-pol-standard-R (5'-GCT TCA ACA GGAACT TAG CTG TTT
C-3'), and SIV-pol-standard-Probe (5'-/56-FAM/CCA GCA GTG/ZEN/
GTG GCA AAG GAG A/3IABKF/-3"). A second set of primers and probe
mapping the gag sequences were synthesized, as follows: SIV-gag-stan-
dard-F (5'-ATA GCA GGG ACC ACT AGC ACA AT-3'), SIV-gag-stan-
dard-R (5'-TCT TTG AAT GGT TCC TTG GGT CC-3’), and fluorogenic
SIV-gag-standard-Probe (5'-/56-FAM/ATA GCA GGG/ZEN/ACC ACT
AGC ACA ATA C/3IABKF/-3"). All primers and probes were synthesized
by IDTDNA (Coralville, IA) and were used in a two-step real-time PCR
assay. First, reverse transcription of RNA to single-stranded cDNA was
performed using the SuperScript III First-Strand Synthesis SuperMix for
qRT-PCR kit according to the manufacturer’s recommendations (Invit-
rogen, Carlsbad, CA). Real-time PCR was performed in MicroAmp Op-
tical 96-well plates (Applied Biosystems, Branchburg, NJ) by mixing Taq-
Man PCR Master Mix (Applied Biosystems, Branchburg, NJ) with 5 pl
isolated RNA in a 50-pl final reaction volume. Real-time PCR conditions
were as follows: 15 min at 95°C, followed by 45 cycles of 95°C for 15 s and
60°C for 1 min. Dilutions of all components were made using sterile
RNase-free water. Data were collected and analyzed using the PE Applied
Biosystems software. RNA copies/well were adjusted to copies per millili-
ter of plasma. Samples were tested in duplicate, and the numbers of RNA
copies were determined by comparison with a standard curve obtained
using known amounts of SIV-pol or SIV-gag RNA standards. The RNA
standard was produced by cloning one of the gag or pol gene fragments
into Vector pBluescript SK+ and linearizing it by Sacl as a DNA template
for RNA in vitro transcription. Standard RNA was produced using the
MEGAscript kit (Applied Biosystems, Branchburgh, NJ) according to the
manufacturer’s instructions. Briefly, the transcription reaction system
was assembled at room temperature and mixed thoroughly, followed by
incubation at 37°C for 4 h. One microliter of Turbo DNase was added to
the reaction mixture, followed by incubation at 37°C for 15 min to digest
the DNA template. RNA was recovered by lithium chloride precipitation.
The RNA was quantified at A, aliquoted, and immediately stored at
—80°C. The detection limit of the SIVagmSab quantification assay was
100 copies/ml.

Flow cytometry analysis of major immune populations. Within
hours of sample collection, PBMCs were isolated as described previously
(56, 70, 71) and frozen in liquid nitrogen until used. Immunophenotyp-
ing of mononuclear cells isolated from the blood of wild C. sabaeus mon-
keys was performed using fluorescently conjugated monoclonal antibod-
ies in multiparameter panels. Data were acquired on an LSR-II flow
cytometer (Becton, Dickinson) and analyzed using FlowJo (Tree Star,
Inc.). The following monoclonal antibodies (MAbs) were used for flow
cytometry: anti-CD3-Pacific blue (clone SP34), anti-CD4-APC (clone
1200), anti-CCR5-PE (clone 3A9), anti-HLA-DR-APC-Cy7 (clone L243),
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anti-CD28-PE (clone L293), anti-Ki-67-FITC (clone B56), anti-CD14
(clone M5E2), anti-CD20 (clone 2H7), anti-CD11c (SHCL-3), anti-
CD103 (clone 2G5) (BD Bioscience), anti-CD95-CyChrome (clone DX2)
(BD Pharmingen), and CD8a3-PE-Texas Red (clone 2ST8.5H7) (Beck-
man Coulter). We have shown all MAbs to be cross-reactive for sabaeus
monkeys in our previous work (17, 32, 72). For surface staining, mono-
nuclear cells from blood were stained using monoclonal antibodies by
incubation at 4°C for 30 min in fluorescence-activated cell sorter (FACS)
buffer. Cells were then washed with FACS buffer and fixed with BD sta-
bilizing fixative (BD Bioscience). For intracellular stains, cells were first
stained for surface markers and washed with FACS buffer and then fixed
and permeabilized with Cytofix/Cytoperm fixation/permeabilization so-
lution (BD Biosciences) at room temperature for 20 min, washed with
Cytofix/Cytoperm Buffer (BD Biosciences), incubated with Ki-67-FITC
in Cytofix/Cytoperm Buffer at 4°C for 40 min, and finally washed with
Cytofix/Cytoperm buffer prior to acquisition.

Serology. Based on the env sequence data, a peptide mapping the
immunodominant region of the Gp41 transmembrane glycoprotein was
synthesized and used in a peptide ELISA as described previously (73). The
inferred peptide sequence was TALEKYLEDQARLNIWGCAFRQVC,
and this sequence was very well conserved between different SIVagmSab
strains, including the previously reported reference strains SIVagmSabl
and SIVagmSab92018 (63). The Gp36 peptide was synthesized to a purity
of at least 90% (Fisher Scientific, USA), and the assay was performed as
previously reported (73). The cutoff for the reaction was arbitrarily set at
0.20, as per previous reports (73).

MT. Microbial translocation (MT) was assessed using levels of soluble
CD14 (sCD14) as a surrogate marker (74). CD14 is a transmembrane
protein that also exists in soluble form (sCD14; both as a shed membrane
form and an alternatively spliced form), as a part of the complex that
presents endotoxin (lipopolysaccharide [LPS]) to Toll-like receptor 4
(TLR4) on monocytes. When monocytes are activated, ectodomain shed-
ding results in increased sCD14 levels. sCD14 is therefore a surrogate for
direct measurement of endotoxin or Gram-negative bacteria that translo-
cate from the intestinal lumen to the general circulation as a result of the
immunologic injury inflicted at the mucosal level by pathogenic HIV/SIV
infection (74-77).sCD14 levels were measured using a quantitative sand-
wich enzyme immunoassay technique (Quantikine Human sCD14 im-
munoassay; R&D Systems, Minneapolis, MN). The detection limit of this
kit is 200 ng/ml and can reach up to 5,000 ng/ml, with an interassay
coefficient of variability of 7.19% to 10.9%.

Coagulation status. Coagulation status was estimated by determining
plasma levels of D dimer (DD). D dimer is a fibrin degradation product
(FDP), a small protein fragment present in the blood after a blood clot is
degraded by fibrinolysis. It is so named because it contains two cross-
linked D fragments of the fibrinogen protein. DD increases during the
activation states of coagulation, disseminated intravascular coagulation,
and deep vein thrombosis. DD was reported to independently correlate
with lentiviral disease progression and death in HIV-infected patients
(57) and SIV-infected macaques (76). DD was measured using a Star
automated coagulation analyzer (Diagnostica Stago) and an immunotur-
bidimetric assay (Liatest D-DI; Diagnostica Stago). Our previous studies
optimized this assay for use in AGMs (76).

CRP testing. C-reactive protein (CRP) is an acute-phase protein that
rises in the plasma in response to inflammation. It was first identified as a
substance in the serum of patients with acute inflammation that reacted
with the C polysaccharide of Pneumococcus. It binds to the phosphocho-
line expressed on the surface of dead cells and some types of bacteria in
order to activate the complement system via the C1Q complex. The
SMART trial identified CRP as one of the biomarkers associated with
death in HIV-infected patients (57). CRP was measured using a monkey
CRP ELISA kit (Life Diagnostics).

Cytokine and chemokine testing. Cytokine testing in plasma was
done using a sandwich immunoassay-based protein array system, the Cy-
tokine Monkey Magnetic 28-Plex Panel (Invitrogen, Camarillo, CA), as
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instructed by the manufacturer, and results were read by the Bio-Plex
array reader (Bio-Rad Laboratories, Hercules, CA), which uses Luminex
fluorescent-bead-based technology (Luminex Corporation, Austin, TX).

Statistical analyses. Correlation analyses within the same group of ani-
mals for two different parameters were performed using Spearman’s rank
correlation test with a equal to 0.05. The Mann-Whitney U test (two-tailed;
a < 0.05) was used to analyze the difference between the median percentage
of specific immunological markers between SIV-infected and uninfected
AGMs. These statistical analyses were performed using GraphPad Prism (ver-
sion 4.0b) software (Graph-Pad, San Diego, CA).

Nucleotide sequence accession numbers. Nucleotide sequences of
the gag, pol, and env sequences from SIVagmSab-infected sabaeus AGMs
from the Gambia were deposited in GenBank under accession numbers
KJ467354 to KJ467498.

RESULTS

Clinical data. At the time of sample collection, a thorough clinical
assessment of all AGMs included in this study failed to document
any clinical sign associated with SIV infection, including fever or
weight loss. The cross-sectional nature of this study precluded a
direct assessment of changes in monkey weight and thus a direct
assessment of weight loss. Therefore, we performed comparative
analyses of the body mass index (BMI) between SIV-positive and
SIV-negative monkeys (40) and found that SIV status did not
impact the body condition of wild sabaeus monkeys (data not
shown).

Prevalence of SIVagmSab infection in wild sabaeus monkeys
from the Gambia. Blood samples were collected from 121 wild-
trapped sabaeus monkeys over a 2-month period. Details on mon-
key capture and sample collection are presented elsewhere (40).
The samples included represent 7 free-ranging populations lo-
cated in different regions of the Gambia covering a significant
proportion of sabaeus habitat in this region (Fig. 1). The two sexes
were equally represented. Samples from infants (<1 year old) and
juvenile AGMs were also included, even though these volumes
were limited.

PCR using env, gag, and pol primers identified 53/121 (44%) of
the tested sabaeus monkeys as being SIVagmSab infected. In gen-
eral, the prevalence levels were relatively similar among the differ-
ent locations (data not shown), but no virus strain was amplified
from the samples collected from sabaeus monkeys from the River
Gambia National Park or from Yorobeli Kunda locations, from
where very few samples were collected (Fig. 1).

SIVagmSab infection was unevenly distributed in different age
groups: only 1/29 (4%) of the tested infants was found to be in-
fected with STVagmSab, in contrast to 7/25 (28%) of the juveniles
and 45/67 (67%) of the adults. Also, while no significant sex-
related difference in prevalence was observed in infant and juve-
nile monkeys (with overall prevalence of 16% in males versus 14%
in females) (Table 1), these differences were significant in adult
monkeys (36% in males versus 90% in females, P = 0.0001) (Table
1). The range of SIVagmSab prevalence levels was similar to that of
levels found in AGMs in previous studies (38—42, 78). As in our
previous study on wild AGMs (40) and in contrast to findings
from previous reports (79, 80), we identified STVagmSab infection
in an infant sabaeus monkey in the wild, thus confirming that
maternal-to-infant transmission can occur in the wild at low levels
of prevalence (less than 5%).

Phylogenetic analysis. In order to characterize the STVagmSab
diversity in naturally infected AGMs in the wild in the Gambia, we
amplified and sequenced the gag (~400-bp), pol (~600-bp), and
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TABLE 1 SIVagmSab infection prevalence in wild sabaecus AGMs
(Chlorocebus sabaeus) from the Gambia

Totalno.  No. of AGMs Overall

Age of AGMs  positive for Prevalence  prevalence
group Sex  tested SIvV (%) (%)
Infant M 21 1 5 4

F 8 0 0
Juvenile M 11 4 36 28

F 14 3 21
Adult M 28 10 36 67

F 39 35 90
Overall M 60 15 25 44

F 61 38 62

env (~1,800-bp) regions of the SIVagm viruses from plasma sam-
ples. These correspond to absolute nucleotide positions relative to
SIVmac239 1575 to 1971 (capsid), 4454 to 5105 (integrase), and
7384 to 9190 (gp160), respectively. We obtained 47 pol, 47 env,
and 51 gag fragments from a total of 121 plasma samples. These
were aligned with available reference sequences.

The sampled SIVagmSab genetic sequences exhibited exten-
sive genetic diversity, although less so than vervet monkeys, po-
tentially due to the more-limited geographic range of sabaeus
monkeys. The diversity (average nucleotide substitutions per site)
for the cluster of SIVagmSab sequences from the Gambia was
measured at 0.139 * 0.013 nucleotide substitutions per site for
gag,0.156 * 0.011 for pol, and 0.120 = 0.006 for env. Comparative
genetic diversity of SIVagmVer sequences from vervet monkeys
for these regions was measured at 0.167 = 0.016 for gag, 0.189 =
0.014 for pol, and 0.194 = 0.009 for env.

Phylogenetic analysis revealed a tendency for distinct viral
clusters corresponding to geographic regions within the Gambia
coupled with mixing between populations (Fig. 2). Two geneti-
cally divergent clusters exist within the Bijilo I location alone, with
sporadic intermixing with strains from the Abuko Forest Park and
Bijilo II locations. Recombination was tested for in the gag, pol,
and env regions; the analysis indicated significant support for re-
combination in the env gene between the Gambian sequences
(Fig. 3). Significant P values for recombination were detected by
the SplitsTree phi test for recombination (P < 0.001), and both
Recco and SBP/GARD indicated strong support (P < 0.001) for a
breakpoint occurring around position 2130 in the env alignment
(position ~900 in the env fragment), further supporting extensive
intermixing between SIVagmSab populations in the Gambia.

As expected, the SIVagmSab samples from the Gambia were
closest to the existing SIVagmSab strain in all regions (Table 2). In
both the pol and env phylogenies, the SIVagmSab sequences clus-
ter together and closest to SIVagm strains from the other AGM
species. In the gag phylogeny, the SIVagmSab sequences cluster
together but no longer with the other STVagm strains (Fig. 2). This
recombinant genome architecture of SIVagmSab has previously
been noted (81). Differences in topologies between these studies
may be explained by the relatively short gag fragment (~400 bp),
combined with high genetic sequence divergence and poor reso-
lution of internal nodes in the SIV tree, making inferences of the
SIV strains most closely related to SIVagmSab and other SIVagm
strains difficult to resolve.

jviasm.org 5691


http://www.ncbi.nlm.nih.gov/nuccore?term=KJ467354
http://www.ncbi.nlm.nih.gov/nuccore?term=KJ467498
http://jvi.asm.org

I Abuko

[11)
5 %% gel B Bijilo |
¢ ¢ 3 T 53
A ga AL 2% 0 33
Z Z LCoe L3530
999 55334%%% 02 3342 Bl Bijilo 11
0.3 “}_%("1)2"5‘%5%%1 ol ab, ws
> .
557 02003085 5550t 1 tFus, ® Bl Janjanbureh |
P ©25295° > 00 SORNTTY
8 o2 % Q0SB 2 an L RRICE US55 IS ¢k, Janianb hil
"o 8, %% % 2Ol R RS8R BRASE [ FRBIE O Txk o anjanbure
4y, & L % 550 N300 RRRaS ERONSCa NN XS
(3 &, L %, % > LY SRR ORRRBRS SSSERA R 0OV, X &
% 0, ", 1 %, v B 7/_@(@%@@%%‘&@,(:@@% >>§§§§$@/§Av&§v$é\«¢v§
=) PR v
LESION .
7, RN/ 2 qV \9
/Y/k 05‘@6\ 6\\9900 > /L
o The o 65 %0 [
/V‘I ‘96‘(’\”46;@ %
47
Ugen G
By, 755 »E
Ay Fr Y W
i/ 78, A
by, €Ty A
.y "Hao g’l‘P‘
Sty M 055 2 O
s Ichz 6 4 3 \WF
ez iges? D 200 \F
Svep, v 897, 50‘52,;_;“:\
Sivep, MT’;zG D 1430 AF
HIV-1y DJOO,315AY583 6 a1
SIVepz Eks05 JN83§4gg N : _Vm74302"*§
SlVepz GAB1 X52154 - . yMT75577-!

SIVcpz CAM13 AY169968 -
SIVcpz DP943 EF535993
SIVepz CAMS AJ271369 -

VMT75517-JF
VMT74992-AF
VMT75472-MF

VMT7443

L AF103818 7-AM
2z US_Marilyn [ o808

5\3’;‘; 3\\lcpZG‘*B,2Z T 0a3sT -

S|

7
FINUREEE 2
AN I 024 < % 6,
EONCNS CE DY o U R R <, Y, Y7, <y, So, %,
O NG 202823255530 R RN
SO TP e oo XS TE S22 55533%3223@%0374@%“’% » 7
O I Vo IIXLVoone dD3833 “. v, %
N DL ELFT NI ITXORRIRR 880003 L Q00 1L B
> IO LI LTSNS 2055355 pmzRRILTARVD 2 2 0 ° %,
Q 8$&*\$§/$§&V©° OO TN RNZSABRVD >0 N R, 2>
Ql\f"b:o\(os/\ (g;mgﬁc\,u.f—m‘—‘mmﬁ@»p,(,t,z\%o@
S SEEISYUE TS Ja B2z LR LE D @
2 S S S SgECRLNE8%3%%5%%% ©
PSS FEEEBENEER G R
S S SO EESEr SEZ352%858585 %
S99 40 =29 295973 0 -0
? GAG2E2EBZ22R8EY 3
BEGE VWgaPdR

9 @ ©
S 2
3 @

siVagm

+ YMT76072.401

ol
o ver 55
< S0

snw us6 e+ 9°°
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5692 jviasm.org

Journal of Virology


http://jvi.asm.org

Determinants of SIV Transmission in Wild Natural Hosts

VMT74692-AF
VMT74407-AM

VMT75232-FN/A

VMT74992-AF

VMT74557-AF
VMT75247-AF

VMT74397-AH
VMT75157-10M
VMT75397-AF
VMT75367-AF
VMT74767-AF
MT 75142-1JF]
VMT75472-MF

VMT74872-AF

N

;\

< =

VMT75112-AF]

VMT75562-IF

VMT75757-AF

VMT75817-AM /

VIWT76072-AM

uMT76327-AF" 1 7296TAF
) VMT76357-AF

VMT76312-AF

Il Abuko
VMT75352-AF VMT74812-AF I Bijilo |
MT74797-AF B Bijilo II

VMT74782-AF

Il Janjanbureh |
Janjanbureh Il

VMT75082-IJF F—0.01

VMT75307-1JF

VMT75592-AF
VMT74302-AF

VMT75577-IF

VMT75517-JF
VMT74137-AF

VMT74422-AF

VMT74437-AM
VMT74362-AM

VMT74182-AF]

VMT74242-AF

VMT75607-AF
VMT74317-AM

VMT76297-AM

VMT75832-AF

VMT75037-AF
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performed.

TABLE 2 Number of nucleotide substitutions per site between Gambian
SIVagmSab strains and groups of other SIVagm strains for gag, pol, and
env genes”

Avg no. of nucleotide substitutions = SE

Gene  SIVagmVer SIVagmGrv SIVagmTan SIVagmSab

gag 0.389 £ 0.037  0.467 = 0.045  0.430 = 0.042  0.162 * 0.016
pol 0.321 £0.022  0.334 = 0.025 0.312 = 0.023  0.206 * 0.016
env 0.423 £ 0.018 0.408 £0.019  0.427 = 0.022  0.235 = 0.013

@ Data were obtained by averaging over all sequence pairs. Standard error estimates
were obtained by a bootstrap procedure (500 replicates). Analyses were conducted

using the maximum composite likelihood model (100) as implemented in MEGA5
(101).
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Staging of SIVagmSab infection in wild sabaeus monkeys
from the Gambia. We have previously reported that a combina-
tion of VL and serological testing can identify acutely infected
NHPs in the wild (40). We employed the same algorithm to stage
SIVagmsab infection in wild sabaeus monkeys from the Gambia.
We defined consensus SIV gag and pol sequences based on the
alignments generated here and used these consensus sequences to
design primers and probes for real-time PCR quantification. The
high degree of conservation of the integrase region allowed perfect
coverage of SIVagmSab diversity. VL quantification in the 53
SIVagmSab-infected sabaeus monkeys in our group showed that
plasma VLs ranged from 10° to 10" vRNA copies/ml (Fig. 4a), in
close range to those determined in experimentally infected
sabaeus monkeys (20). Interestingly, SIVagmSab VLs were signif-
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FIG 4 Staging of SIVagmSab infection in wild sabaeus monkeys from the Gambia. (a) Significantly lower plasma viral load levels in sabaeus monkeys from the
Gambia than in vervets from South Africa; (b) comparative assessment of the viral load levels between female AGMs and male AGMs from the Gambia; (c)
serological testing of anti-gp41 antibodies in wild sabaeus monkeys. Infant AGMs are illustrated as open circles and squares; juvenile AGMs are illustrated as gray
circles and squares; adult AGMs are shown as black circles and squares. In panels b and c, samples collected from female AGMs are illustrated as circles (O);
samples collected from male AGMs are shown as squares ([J); the samples from acutely infected adult females (defined as having high viral loads and negative
serologies) are illustrated as open circles with enhanced margins; the sample collected from an acutely infected juvenile female is illustrated as V; finally, two
samples from juvenile monkeys with high viral loads but seropositive results (probably postacutely infected) are shown as half-empty symbols and are identified
by arrows. Detection limit of the VL assays, 100 copies/ml. CO, cutoff for the serological assay (arbitrarily established at0.2) (73). OD, optical density of the serum

sample.

icantly lower in sabaeus monkeys than in wild vervets from South
Africa infected with SIVagmVer (40) (average geometric means,
4.24 * 1.14 log SIVagmSab RNA copies versus 5.37 = 0.72 log
SIVagmVer RNA; P < 0.0001) (Fig. 4a), pointing to possible dif-
ferences in the steady-state levels of viral replication between the
different NHP species that are natural hosts of SIV. Similar to our
previous study in vervets in South Africa (40), high VLs (>10°
VRNA copies) were observed in 4 of 53 sabaeus monkeys (8%)
(Fig. 4b). Interestingly, the highest viral loads, suggestive of acute
SIVagmSab infection, occurred in 4 females (Fig. 4b). Of these, 1
was juvenile, while the remaining were young adult females. All of
these animals were primiparous, which supports very active viral
transmission in sexually active sabaeus, as well as very effective
SIVagmSab transmission in the wild (likely after the first mating/
sexual encounter).

To confirm that the high VLs occurred in acutely infected
sabaeus monkeys, we employed a gp41 peptide ELISA and as-
sessed the levels of anti-SIVagmSab antibodies in all samples in-
cluded in this study. As shown in Fig. 4c, while the majority of
SIVagmSab-infected sabaeus monkeys harbored detectable levels
of anti-gp41 antibodies, the AGMs presenting with high VLs were
seronegative. These results strongly suggest that AGMs with high
VLs were acutely infected (82). Conversely, two samples from ju-
venile AGMs that have higher VLs than the majority of the tested
samples (albeit lower than those observed in the 4 acutely infected
AGMs) had detectable levels of anti-Gp41 antibodies, which sug-
gested a more advanced stage of SIVagm infection (Fig. 4b and c).
We used the preseroconversion samples to infer the number of
transmitted founder strains in these animals.

SIV transmission in natural hosts in the wild is characterized
by a stringent genetic bottleneck. In pathogenic HIV and SIV
infections, a substantial population bottleneck occurs when the
virus is transmitted through heterosexual contact, with only one
virus being transmitted in 80% of cases (45, 83). As our epidemi-
ological data suggested efficient STVagm transmission in the wild,
we next sought to assess whether the bottleneck also characterizes
SIVagmSab transmission in AGMs or whether these natural hosts
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are more permissive to SIV infection, thus explaining the high
rates of transmission observed in the context of reduced availabil-
ity of mucosal target cells. We therefore enumerated the transmit-
ted founder viruses in the wild SIV-infected sabaeus monkeys that
we identified as being acutely infected by performing SGA analysis
of env gene sequences.

Results are shown in Fig. 5. The number of transmitted vari-
ants was inferred from phylogenetic analyses and Highlighter
plots as described previously (37, 45, 46). This analysis demon-
strated that in each of the four acutely infected sabaeus monkeys
there was a single founder strain. We confirmed these SGA results
by comparing the strain diversity in acutely infected sabaeus mon-
keys with that observed in two chronically infected monkeys (Fig.
5, lower panels), in which we identified a significantly more diver-
gent viral population. Our results demonstrate for the first time
that a stringent strain selection, similar to that reported for HIV-1
(45,47), occurs during the natural transmission of SIVs in natural
hosts in the wild.

SIVagmSab-infected sabaeus monkeys demonstrated a trend
toward lower CD4" T cell counts than uninfected animals in
the wild. To assess the long-term immunological impact of
SIVagmSab infection, we performed, for the first time in wild
animals, a comprehensive immunophenotyping study on a signif-
icant number of infected and uninfected sabaeus monkeys.
PBMCs were collected from 4 infants, 9 juveniles, and 43 adults.
We assessed the impact of SIV infection on the major T cell pop-
ulations and did not identify any significant change in the fre-
quency of either CD4™ (Fig. 6a), CD8™ (Fig. 6b), or double neg-
ative (DN) CD4~ CD8" T cells (Fig. 6¢). There was, however, a
trend toward lower CD4" T cell counts in SIVagmSab-infected
sabaeus monkeys than in uninfected ones (P = 0.0966) (Fig. 6a).
Analysis of CD4" T cell subsets showed that the overall lower
frequency of the total CD4™ T cell population in STVagmSab-
infected monkeys is due to significantly lower frequencies of ef-
fector memory T cells (P = 0.0309) (Fig. 6d, e, and f). Note, how-
ever, that due to the differences in SIV prevalence between
different age groups, the SIV-infected and uninfected groups are
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FIG 5 Enumeration of transmitted founder viruses in SIV-infected African green monkeys in the wild. Single-genome amplification was used to generate SIVsab
env sequences from the plasma of four AGMs diagnosed as acutely infected (VMT74182, VMT74497, VMT75142, and VMT75112) and two AGMs chronically
infected (VMT74362 and VMT76297) (which were used as controls). Sequences were compared by Highlighter plot analysis as described previously (37), with
the sequence length (in bp) indicated on the x axis and number of transmitted founder viruses (V) indicated on the y axis. Maximum likelihood phylogenetic trees
were also generated from the nucleotide alignments (~950 bp) and are presented. Tick marks indicate differences compared to the top sequence (red, T; green,
A; blue, C; orange, G; gray, gap). The master sequences used for the Highlighter plots are boxed in Fig. 2 and 3.
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FIG 6 Cross-sectional analysis of the major immune cell populations and subsets in wild sabaeus monkeys from the Gambia. (a) CD4™ T cells; (b) CD8 ™" T cells;
(c) double negative (CD4~ CD87) T cells; (d) naive (CD28~ CD95") CD4™ T cells; (e) central memory (CD28* CD95") CD4™ T cells; (f) Effector memory
(CD28* CD957) CD4™ T cells; (g) B cells; (h) natural killer (NKG2b™) cells; (i) monocytes (CD14™"); (j) plasmacytoid dendritic cells (Lin™® HLA-DR™
CD123™); (k) myeloid dendritic cells (Lin"*® HLA-DR™ CD11c™"). Infant AGMs are illustrated as open circles and squares; juvenile AGMs are illustrated as gray
circles and squares; adult AGMs are shown as black circles and squares. Samples collected from female AGMs are illustrated as circles (O); samples collected from
male AGMs are shown as squares ([J); the samples from acutely infected adult females (defined as having high viral loads and negative serology) are illustrated
as open circles with enhanced margins; the sample collected from a juvenile male AGM with high viral loads but seropositive (probably postacutely infected) is
shown as a half-empty square. P values were calculated by the Mann-Whitney U test. The values on the y axes depict the proportion of the given immune cell
population or subset.
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FIG 7 Cross-sectional assessment of the levels of T cell immune activation and proliferation in wild sabaeus monkeys from the Gambia. Immune activation was
measured as the fraction of CD4™ (a) and CD8" T cells (b) expressing HLA-DR. Cell proliferation was measured as the fraction of CD4" and CD8™ T cells
expressing Ki-67. Infant AGMs are illustrated as open circles and squares; juvenile AGMs are illustrated as gray circles and squares; adult AGMs are shown as black
circles and squares. Samples collected from female AGMs are illustrated as circles (O); samples collected from male AGMs are shown as squares ([J); the samples
from acutely infected adult females (defined as having high viral loads and negative serologies) are illustrated as open circles with enhanced margins; the sample
collected from a juvenile male AGM with high viral loads but seropositive (probably postacutely infected) is shown as a half-empty square. P values were
calculated by the Mann-Whitney U test. The values on the y axes depict the fraction of activated or proliferating CD4™ or CD8™ T cells.

not age matched and that the bias of the SIV-infected group to-
ward older ages might explain these differences. We therefore con-
ducted more-detailed multiple regression analyses (using general
linear models) for the CD4™ T cell subsets, taking into account
simultaneously the age and gender of the animals. In this anal-
ysis, the combined impact of age and gender on CD4™ T cell
counts resulted in the loss of significance for the difference in
effector memory CD4™ T cells between SIVagmSab-infected
and uninfected sabaeus monkeys. This is in agreement with
previous studies reporting that the lower levels of CD4™ T cells
observed in SIV-infected natural hosts of SIVs are age related
rather than a consequence of SIV infection (12, 13, 34, 84).

We next compared the levels of other major immune cell pop-
ulations between SIVagmSab-infected and uninfected sabaeus
monkeys and found no significant differences between the two
groups with regard to the levels of B cells (Fig. 6g), NK cells (Fig.
6h), monocytes (Fig. 6i), plasmacytoid dendritic cells (Fig. 6j),
and myeloid dendritic cells (Fig. 6k). These results are in agree-
ment with the view that, similar to what occurs in other natural
hosts, SIV infection in AGMs does not result in a significant alter-
ation of the immune homeostasis (7, 16, 52).

No significant increase in the levels of T cell activation and
proliferation was seen in SIVagmSab-infected sabaeus monkeys in
the wild. HIV infection is associated with an increase in the frac-
tion of T cells expressing markers of activation and proliferation
(85), the extent of which correlates directly with the level of viral
replication and inversely with lower CD4" T cell counts (86).
Previous studies conducted in both AGMs and sooty mangabeys
in captivity indicated that the levels of T cell activation and pro-
liferation do not significantly increase during chronic SIV infec-
tion in natural hosts (16, 21, 23, 77, 87, 88). In this study, we
investigated whether any difference in the percentage of activated
and proliferating T cells can be observed between SIVagmSab-
infected and uninfected sabaeus monkeys in the wild. We com-
pared differences in T cell immune activation between SIV-unin-
fected and infected AGM:s by assessing the expression of HLA-DR
on CD4™ (Fig. 7a) and CD8" T cells (Fig. 7b). We compared
differences in T cell proliferation by assessing the expression of
Ki-67 on CD4" (Fig. 7c) and CD8 " T cells (Fig. 7d). As shown in
Fig. 7, no discernible differences in the levels of CD4" and CD8™*
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T cell activation and proliferation were observed between the
SIVagmSab-infected and uninfected sabaeus monkeys. Of note, in
SIVagmSab-infected sabaeus monkeys there was no correlation
between the fractions of HLA-DR- or Ki-67-expressing T cells and
the levels of viral replication (data not shown). Collectively, these
data confirmed the results of studies conducted in captive NHP
natural hosts of SIVs reporting that increased levels of CD4 ¥ T cell
activation and proliferation do not seem to be a direct reflection of
higher viral antigenic load or CD4™ T cell counts (7, 8, 13, 89, 90).

SIVagmSab transmission in the wild correlates with the
availability of target cells. We next sought to identify the immune
correlates of the different transmission levels in wild sabaeus mon-
keys. We have previously reported that captive natural hosts ex-
press low levels of target cells (CD4™" T cells expressing the CCR5
chemokine receptor), especially at mucosal sites (36). We also
reported that the efficacy of experimental mucosal (intrarectal
and vaginal) (37) and breastfeeding (19) transmission in natural
hosts of SIVs appears to be driven by target cell availability at
mucosal sites (19, 37). We assessed CCR5 expression on circulat-
ing CD4" T cells of the naturally SIV-infected and uninfected
sabaeus monkeys in the wild (Fig. 8). FACS analysis showed that
the fraction of CD4™ T cells expressing CCR5 was similar for
SIV-infected and SIV-uninfected wild sabaeus monkeys (P =
0.9786). However, as the infants and juveniles from both groups
expressed significantly lower levels of CCR5 than did adults (Fig.
8a) and the two groups were significantly biased by age, we next
compared the levels of CD4" T cells expressing CCR5 in SIV-
infected and uninfected monkeys within similar age groups.
While this analysis did not identify significant association between
CCR5 expression on CD4™" T cells and risk of STVagmSab infec-
tion in adult sabacus monkeys, such an association could be es-
tablished in the juvenile sabaeus group. SIV-infected juvenile
sabaeus monkeys harbored higher levels of CCR5™ CD4 ™ T cells
than uninfected juveniles (P = 0.0023). Finally, while the low
prevalence of SIV infection in sabaeus infants precluded any sta-
tistical analysis, it should be noted that the SIV-infected infant
exhibited the highest CCR5 expression on CD4™ T cells among
this age group (Fig. 8a).

The analysis of CCR5 expression on CD8™ T cells also identi-
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FIG 8 Cross-sectional assessment of the levels of T cells expressing the CCR5
coreceptor in wild sabaeus monkeys from The Gambia. CCR5 expression was
assessed on both CD4™" T cells (a) and CD8™" T cells (b). Infant AGMs are illus-
trated as open circles and squares; juvenile AGMs are illustrated as light colored
circles and squares; adult AGMs are shown as dark colored circles and squares.
Samples collected from female AGMs are illustrated as circles (O); samples col-
lected from male AGMs are shown as squares ([J); samples from uninfected
AGMs are illustrated in different tones of blue; samples collected from SIVsab-
infected AGMs are illustrated in different tones of red; samples from acutely in-
fected adult females (defined as having high viral loads and negative serologies) are
illustrated as open circles with enhanced margins; a sample from a juvenile AGM
male with high viral loads but seropositive (probably postacutely infected) is
shown as a half-empty square. P values were calculated by the Mann-Whitney U
test. The values on the y axes depict the fraction of CCR5-expressing CD4 ™" or
CD8™" T cells.

fied significantly age-related differences (Fig. 8b), thus supporting
an age-related maturation of CCR5 expression on T cells.

Taken together, these data confirm our previous observations
in captive African nonhuman primate species, strongly support-
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ing the paradigm that target cell availability determines suscepti-
bility to infection in natural hosts of SIVs.

No significant difference in the biomarkers associated with
disease progression and mortality between SIVagmSab-in-
fected and uninfected sabaeus monkeys. The SMART trial
demonstrated that HIV-induced microbial translocation, inflam-
mation, and hypercoagulation increase the risk of death among
HIV-positive patients (57, 58). Furthermore, our previous studies
showed that in SIV-infected NHPs increases in the levels of mi-
crobial translocation, immune activation, inflammation, and co-
agulation biomarkers are all strong predictors of disease progres-
sion (76). Therefore, in order to assess the pathogenic impact of
SIV infection in wild animals, we investigated the markers associ-
ated with disease progression in the SMART trial as predictors of
disease progression in SIVagmSab-infected sabaeus monkeys.
Since the nature of this study precluded a prospective study, we
compared the levels of biomarkers associated with death in the
SMART trial between SIVagmSab-infected and uninfected mon-
keys. No significant difference was observed in the levels of sCD14
(Fig. 9a), interleukin-6 (IL-6) (Fig. 9b) and C-reactive protein
(Fig. 9¢) between SIVagmSab-infected and uninfected AGMs.
Conversely, the levels of D dimer were significantly higher in SIV-
infected than in SIV-uninfected AGMs (Fig. 9d). Since, in general,
increases in the levels of D dimer are associated with those of
sCD14 and IL-6, and because the groups were age biased (the
infected monkeys included nearly all of the older monkeys, and
the infants/juveniles were overrepresented in the uninfected
group), we concluded that differences in the levels of D dimer may
be age related rather than dependent on SIV infection status. In-
deed, a correlation between age and levels of D dimer could be
established, independent of SIV infection status (Fig. 10).

DISCUSSION

In this study, we performed a large-scale analysis of the pathogen-
esis and transmission of SIVagmSab in its natural host, the sabaeus
monkey, which is the AGM species endemic to West Africa. Using
an algorithm that we recently optimized for the study of SIV
pathogenesis in African NHP hosts in the wild (40), we character-
ized the natural history of SIVagmSab infection, with a special
emphasis on aspects that may impact its natural transmission.
We have previously investigated the natural history of SIV in
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FIG9 Assessment of soluble biomarkers in wild AGMs from the Gambia. No significant increase in the markers associated with increased death in HIV-infected patients
was observed in SIV-infected AGMs from the Gambia. (a) sCD14; (b) IL-6; (c) C-reactive protein. Significantly higher levels of D dimer were observed in SIV-infected
AGMs, which were due to an age-related increase (d). Infant AGMs are illustrated as open circles and squares; juvenile AGMs are illustrated as gray circles and squares;
adult AGMs are shown as black circles and squares. Samples collected from female AGMs are illustrated as circles (O); samples collected from male AGMs are shown as
squares ([J); the samples from acutely infected adult females (defined as having high viral loads and negative serologies) are illustrated as open circles with enhanced
margins; the sample collected from an acutely infected juvenile female is illustrated as V; finally, two samples from juvenile monkeys with high viral loads but seropositive
results (probably postacutely infected) are shown as half-empty symbols. P values were calculated by the Mann-Whitney U test.
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FIG 10 Age-related rather than SIV status-related increase in D dimer levels in
wild AGMs from the Gambia. The linear regression line and 95% confidence
intervals (dotted lines) are shown. The x axis represents the age category (es-
tablished by dentition) of the animals; the y axis represents the levels of D
dimer/ml of plasma. Infant AGMs are shown as open circles and squares;
juvenile AGMs are illustrated as light gray circles and squares; adult AGMs are
shown as dark gray circles and squares. Uninfected monkeys are illustrated as
circles; infected monkeys are illustrated as squares.

the wild in another AGM species that is endemic to southern Af-
rica, the vervet monkey (40), and we outlined a strategy for a
systematic investigation of the natural history of SIVs in wild nat-
ural hosts. Here, we performed a more detailed assessment of SIV
pathogenicity in the wild by directly monitoring the impact of
infection on immune cell populations and their degree of chronic
immune activation. To this goal, PBMCs were isolated in the wild
within hours from blood collection from a subset of AGMs, by
employing protocols routinely utilized in the labs (17, 18, 32, 56).
In spite of the challenging field conditions, when the PBMCs were
thawed and stained for flow cytometry analyses, cell viability was
>90%, which enabled us to perform immunophenotyping even
on very rare cell populations, such as dendritic or natural killer
cells. This analysis did not identify significant changes associated
with SIVagmSab infection in any of the major immune cell pop-
ulations. While these results are in agreement with previous re-
ports showing that SIV infection does not have any major impact
on immune cell populations in natural African NHP hosts (17, 18,
32, 88, 91-93), they should be interpreted with caution, because
the SIV-infected and SIV-uninfected groups in our study were
very unbalanced, with nearly all infants being SIV uninfected and
most adult AGMs (and virtually all adult females) being SIV in-
fected. As such, and considering that we and others have reported
that the maturation of expression of immunophenotypic markers
occurs in natural hosts of SIVs at adulthood (19, 34, 35, 90), the
similar proportion of immunophenotypic expression may mask
some discrete effects of SIV infection on immune cell populations.
Furthermore, due to inherent limitation in the availability of clin-
ical laboratories in the wild, we were not able to perform complete
blood counts (CBCs) on the blood samples and therefore do not
have absolute counts for these immune cell populations. Finally,
while the major focus of the current pathogenesis studies is on
tissues (such as lymph nodes and intestine) (94), we were not able
to collect such tissues from wild animals, and thus our analyses are
limited to the study of immune cell populations from circulation.
Nevertheless, multiple studies in humans and Asian NHPs in
which HIV/SIV infection invariably progresses to AIDS have
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pointed to a discernible impact of pathogenic HIV/SIV infections
on multiple immune cell subsets (95, 96). Furthermore, in the few
African NHP hosts that were reported to progress to AIDS (11), a
significant impact of SIV infection on both CD4™ T cell counts
and their levels of immune activation was documented to occur
with progression to AIDS (97-99). Such an impact could not be
identified in our study.

In addition to immunophenotypic correlates of disease pro-
gression, recent studies conducted in the SMART clinical trial
identified biomarkers that are predictive of increased mortality
and disease progression in HIV-1-infected patients (57, 58). Ele-
vated levels of D dimer, IL-6, CRP, and sCD14 identified HIV-
infected patients at high risk of death (57, 58). These results were
recently confirmed in multiple NHP species (37). We therefore
tested these biomarkers in our study group and compared those
from SIV-infected to those from SIV-uninfected wild sabaeus
monkeys. This analysis did not identify any differences in the lev-
els of sCD14, IL-6, and CRP between SIV-infected and SIV-unin-
fected AGMs, suggesting that SIVagmSab infection of sabaeus
monkeys is not associated with an increased risk of death in the
wild. These results were in agreement with our previous results
obtained in the wild in a different AGM species, the vervet mon-
keys (40). The only biomarker that was significantly increased in
SIV-infected sabaeus monkeys was D dimer. However, increases
in D dimer levels appeared to be dependent on age group rather
than associated with SIV infection, as illustrated by a strong cor-
relation between this biomarker and the age of the included mon-
keys, irrespective of their SIV infection status (Fig. 10). This is not
surprising, as an age-related increase in coagulability that is re-
flected in higher levels of D dimer occurs in humans (100, 101). In
our study, when levels of D dimer in infected and uninfected mon-
keys within the same age group were compared, no statistical sig-
nificant differences could be identified (data not shown).

In addition to assessment of IL-6 levels between SIV-infected
and SIV-uninfected sabaeus monkeys, we measured additional
cytokines and chemokines in the two groups. The rationale is that
chronic immune activation is one of the key factors driving the
immune pathogenesis of AIDS. During pathogenic HIV/SIV in-
fections, innate and adaptive antiviral immune responses contrib-
ute to chronic immune activation (85). In agreement with our
previous reports (40), we could not identify significant differences
in plasma levels of cytokines and chemokines, which strongly sug-
gests that levels of immune activation and inflammation are nor-
mal in SIV-infected AGMs, thus supporting the benign outcome
of SIV infection in sabaeus monkeys in the wild.

While these observations are of high significance and represent
the first detailed assessment of major immune parameters in wild
African NHPs, the novelty of our study relies on the fact that it is
focused mainly on the characterization of natural SIV transmis-
sion in the wild. To date, the vast majority of studies in natural
hosts of SIVs focused exclusively on understanding and identify-
ing the correlates of the benign nature of SIV infection in these
species (7, 8, 52). Such nearly exclusive focus on pathogenesis is
not surprising given the desperate need to counterbalance the bur-
den represented by the AIDS pandemic, especially in sub-Saharan
Africa, and considering the paradox of natural SIV infections,
which are characterized by a major disconnect between high levels
of viral replication and lack of disease progression (7, 8, 20, 52).
The extensive study of the correlates of lack of disease progression
in natural hosts was a critical contributor to the paradigm shift in
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HIV pathogenesis studies from viral replication to chronic inflam-
mation and immune activation as the critical drivers of disease
progression (102).

The focus of this study on virus transmission in wild AGMs is
justified by the second paradox of SIV infection in natural hosts: in
these species, very efficient virus transmission to virtually the en-
tire population of sexually active females occurs in the context of a
massive restriction of target cells at mucosal sites (34-36, 71, 103),
raising the question of whether or not the mucosal milieu is more
permissive to SIV in these species than in humans or macaques.
One may argue that this is indeed the case, given the fact that
African NHP species coexisted with their species-specific viruses
for many thousands of generations and that infection generally
has no major deleterious consequences; in other words, there is no
evolutionary pressure on virus transmission in the natural hosts of
SIVs. Yet, there are several arguments against such an assumption.
First, SIV infection retained its pathogenic potential in natural
hosts, as demonstrated by the occurrence of a few cases of disease
progression (11, 97-99, 104). Second, adaptations to avoid moth-
er-to-infant transmissions clearly occurred in these species, re-
sulting in low rates of transmission (19, 37, 40, 105). Third, the
assumptions regarding the natural history of SIV infection in Af-
rican NHPs relies only on studies performed in the three available
models: AGMs, sooty mangabeys, and mandrills. In all these spe-
cies, the levels of prevalence are high. Conversely, in several Afri-
can NHP species (i.e., the great spotted nosed, mustached, or
mona monkeys) (106, 107) for which no natural history data are
yet available, the overall prevalence levels are low (1), raising the
question of whether or not these low levels of prevalence are co-
incidental or due to increased pathogenicity of SIV infection in
these species, which may limit it prevalence. This is not a trivial
question, as viruses naturally infecting greater spotted nosed,
mustached, and mona monkeys are the ancestors of HIV-1 (108).
Altogether, these arguments demonstrate that the assumption
that there is no evolutionary pressure on SIV transmission in nat-
ural hosts of SIVs is groundless.

In progressive, pathogenic hosts, HIV/SIV transmission is
characterized by a massive genetic bottleneck, i.e., a substantial
contraction of the genetic diversity of the quasispecies upon trans-
mission and survival of only few lineages in the recipient. As a
result, in the vast majority of transmissions, infection is initiated
by a single genetic unit (50). It is considered that this genetic
bottleneck is due to either a very low infectious dose at the time of
transmission, a significant host barrier to new infections, or both
(49, 50). The demonstration of the genetic bottleneck in natural
hosts of SIVs upon natural transmission suggests that the same
constraints of SIV transmission occur in the natural hosts of SIVs
as in pathogenic infections. Since the levels of virus are generally
higher in natural hosts than in HIV-1-infected patients, the low
levels of target cells in the natural hosts might be responsible for
the transmission of a very limited number of viral variants. Note,
however, that to date, no study has investigated viral loads in vag-
inal secretions or sperm in natural hosts of SIVs.

Here, we assessed the genetic bottleneck of SIVagmSab trans-
mission in wild sabaeus monkeys. Using the previously described
algorithm for staging recently transmitted infections (i.e., serone-
gative monkeys with high viral loads [Fiebig stage II]) (82), we
selected samples from acutely infected AGMs for the characteriza-
tion of transmitted founder viruses and assessment of the number
of virus variants that are naturally transmitted in the wild. The
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rationale for selecting acutely infected monkeys for inferring
the transmitted founder variants is that, as previously reported,
the virus diversifies in a relatively random fashion between trans-
mission and peak viremia (Fiebig stage II), with no or little evi-
dence of host-related selective pressures in this time frame (45, 47,
51, 109). The immune pressure exerted by the emerging immune
responses results in strong strain selection and recombination (45,
47, 110), which prevent identification of the transmitted founder
viruses at later times in infection. Since the analyzed fragment was
relatively small, we confirmed the recent infection in the selected
sabaeus monkeys by including in this analysis 2 chronically in-
fected monkeys (i.e., seropositive monkeys with moderate levels
of viral replication) as controls. The high genetic diversity identi-
fied in these chronic samples confirmed our assumption that the
association between seronegativity and high VLs is indeed due to
recent infection. We therefore assessed in these samples the num-
ber of transmitted founder variants and showed that SIV trans-
mission in the wild is characterized by the same bottleneck as the
one described in progressive HIV/SIV infections (49, 50, 111).

Our current study identified a rate of mother-to-infant trans-
mission of less than 5% in sabaeus monkeys, which is in the range
targeted by the World Health Organization as a “virtual elimina-
tion of HIV-1 maternal to infant transmission” (112) and very
close to the levels recently reported for wild vervet monkeys (7%)
(40) and captive sooty mangabeys (6.8%) (113). Such a low level
of mother-to-infant transmission in natural hosts of SIVs suggests
an active adaptive mechanism to prevent transmission to the off-
spring. As previously reported in our studies (19, 37), we identi-
fied this protective mechanism as relying on a delayed maturation
of CCR5 expression on CD4™ T cells. Here, we were able to doc-
ument in the wild and in the context of natural transmission that
SIV infection occurred only in the infant and juveniles that ex-
pressed the highest levels of CCR5 on CD4" T cells, in the
range of those expressed by adult monkeys. Note, however, that
SIVagmSab was reported to be able to use other coreceptors in
vitro, such as CXCR4 and Bonzo (18). Yet, in our study the only
correlate of SIV transmission was the expression of CCR5 on the
CD4™" T cells, raising the question of the predictive value of the in
vitro studies for in vivo coreceptor usage. Since it has been previ-
ously suggested that mutations in CCR5 could be associated with
a resistance to SIV infection in AGM (114), future studies should
focus on searching for mutations in CCRS5 in the uninfected ani-
mals.

We have previously suggested that AGMs naturally infected
with SIVs may represent a valuable model for the study of the
correlates of resistance to HIV transmission in exposed seronega-
tive (ESN) patients (40). For sabaeus monkeys in West Africa, we
report prevalence levels in adult females that are even higher than
those reported for AGMs in Southwest Africa. Yet, a small fraction
of females remain uninfected, in spite of multiple lines of evidence
supporting repeated exposure to SIV. These females are multipa-
rous and, as such, have been exposed multiple times to the virus
carried by all the dominant males. During mating season, there are
multiple sexual encounters between females and the dominant
male. In our study, all of the acute infections occurred in very
young, primiparous females, suggesting that the susceptible fe-
males become infected very early during their sexual life, likely
after the first mating season. This observation suggests that trans-
mission processes in AGMs and humans share similar features. In
humans, females are more susceptible than males during hetero-
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sexual transmission and the seroprevalence rates increase earlier
in women already at the adolescent age (115). Women acquire
HIV infection at least 5 to 7 years earlier than do men, and the
prevalence of HIV infection is 3- to 7-fold higher among adoles-
cent women than among adolescent men in sub-Saharan Africa
(115).

Altogether, these observations strongly suggest that multipa-
rous uninfected females are protected from infection. As such, our
studies support the selection of exposed seronegative/exposed un-
infected (ESN/EU) cases in wild populations of AGMs and call for
studies to prospectively confirm resistance to infection in this sub-
set of monkeys and identify the correlates of resistance to infection
through a combination of genetic, immunologic, and virologic
approaches. Defining the correlates of resistance to infection is
instrumental in designing new therapeutic strategies aimed at pre-
venting HIV infection.

The use of natural hosts in the wild to model HIV transmission
and identify the correlates of effective control of SIV transmission
would represent a major achievement in the field and contribute
to reshaping current paradigms, as the study of correlates of lack
of disease progression in natural hosts has shaped the current
paradigms of HIV pathogenesis.
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