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Pigtail macaques (PTM) are an excellent model for HIV research; however, the dynamics of simian immunodeficiency virus
(SIV) SIVmac239 infection in PTM have not been fully evaluated. We studied nine PTM prior to infection, during acute and
chronic SIVmac239 infections, until progression to AIDS. We found PTM manifest clinical AIDS more rapidly than rhesus ma-
caques (RM), as AIDS-defining events occurred at an average of 42.17 weeks after infection in PTM compared to 69.56 weeks in
RM (P = 0.0018). However, increased SIV progression was not associated with increased viremia, as both peak and set-point
plasma viremias were similar between PTM and RM (P = 0.7953 and P = 0.1006, respectively). Moreover, this increased disease
progression was not associated with rapid CD4* T cell depletion, as CD4* T cell decline resembled other SIV/human immuno-
deficiency virus (HIV) models. Since immune activation is the best predictor of disease progression during HIV infection, we
analyzed immune activation by turnover of T cells by BrdU decay and Ki67 expression. We found increased levels of turnover
prior to SIV infection of PTM compared to that observed with RM, which may contribute to their increased disease progression
rate. These data evaluate the kinetics of SIVmac239-induced disease progression and highlight PTM as a model for HIV infection
and the importance of immune activation in SIV disease progression.

imian immunodeficiency virus (SIV) and simian-human im-

munodeficiency chimera virus (SHIV) infections of pigtail
macaques (Macaca nemestrina; PTM) have become more widely
used models for AIDS pathogenesis in recent years; however, the
detailed dynamics of SIVmac239 infection in PTM have not been
completely characterized. In contrast, the dynamics of SIV infec-
tion in rhesus macaques (Macaca mulatta; RM) have been com-
prehensively studied and described (10, 26, 27, 35, 56). Moreover,
previous studies have demonstrated that the course of SIV infec-
tion in PTM more closely resembles HIV infection in humans
than does SIV infection in RM (3). Thus, a more detailed immu-
nological and virological analysis of SIV infection in PTM is es-
sential.

The use of PTM compared to RM for SIV studies is advanta-
geous for a multitude of reasons. These animals are, in general,
larger than RM, with PTM averaging 15 kg for adult males and 10
kg for adult females compared to RM averaging 8 kg for adult
males and 6 kg for adult females (http://pin.primate.wisc.edu
/factsheets/). Increased overall weight allows for larger volumes of
peripheral blood sampling and fewer post-surgical procedure
complications. Furthermore, the veterinary staff of the NIH Com-
parative Medicine Branch routinely observes that captive PTM are
more adaptable to and less affected by changes in their environ-
ment, such as alternating social environments and veterinary staff.
Along these lines, PTM also tend to have less incidence of self-
injurious behavior. They also display unique facial expressions as
part of their behavior and tend to be more social and interactive
with people, making them more cooperative during therapeutic
treatment administration and facilitating the ease of clinical as-
sessments. Additionally, PTM are less particular with regard to
food items, will more readily accept oral therapeutics, and appear
to have fewer episodes of inappetence than RM. Thus, the PTM
model is an advantageous model for nonhuman primate studies,
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particularly those involving multiple sampling and/or therapeutic
interventions.

While PTM are a desirable model for AIDS research studies, a
thorough evaluation of the dynamics of SIV infection in these
animals is needed. Indeed, previous studies have demonstrated
that SIV and SHIV infections in PTM are unique from lentiviral
infection in RM. Specifically, PTM tend to fairly rapidly progress
to AIDS after SIV infection, and this progression is often associ-
ated with thrombocytopenia (TCP) (2, 39). Indeed, TCP is also a
common manifestation of AIDS in untreated human immunode-
ficiency virus (HIV)-infected individuals and is likely associated
with immune activation but can be treated clinically with anti-
inflammatory medications (32, 44). Furthermore, prior to infec-
tion with SIV, PTM often have damage to their mucosal integrity,
increased microbial translocation, increased immune activation,
and decreased frequencies of naive T cells compared to RM, which
may contribute to the increased rates of progression to AIDS ob-
served after SIV infection of PTM (30). In addition, low preinfec-
tion levels of central memory T cells have been shown to be pre-
dictive of AIDS progression in PTM (39). However, similar to RM
and humans, a minority of SIV-infected PTM do not progress to
AIDS and maintain a long-term nonprogressor (LTNP) pheno-
type. Recent comprehensive studies of major histocompatibility
complex (MHC) class I genetics in PTM have now well character-
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ized the MHC class I (Mane) alleles that are present in PTM and
have demonstrated that the presence of the Mane-A1¥084 allele
(formerly known as Mane-A*10) is frequently associated with an
LTNP phenotype in PTM, similar to Mamu-A1¥001, Mamu-
B*008, and Mamu-B*017 alleles in RM (5, 17, 33, 48, 52, 58, 59).

Importantly, in contrast to other nonhuman primate models,
PTM are susceptible to many lentiviral infections other than SIV
and SHIV, including infection with HIV-1, HIV-2, and simian
tropic (stHIV-1) (1, 3, 6, 24, 29, 42, 49, 55, 60), which makes this
model invaluable for vaccination and pathogenesis studies. Fur-
thermore, recent characterization of APOBEC and TRIM5« genes
in PTM has allowed for the development of minimally chimeric
stHIV-1 strains, differing from HIV-1 only in vif genes, that per-
sistently infect PTM due to the TRIMCyp fusion protein which
PTM harbor rather than TRIMS5 (11, 21, 60). Furthermore, the
TRIMCyp fusion protein that PTM express may contribute to the
relative susceptibility of PTM to various SIVs, including SIVagm
and chimeric SHIVs (23, 25, 46). Finally, several studies have dem-
onstrated that PTM are an excellent model for comparative re-
search with nonprogressive natural host models of SIV infection
(16, 34, 54). Taken together, PTM are clearly a well-suited model
for AIDS research. Thus, the goal of this study was to thoroughly
define the virological and immunological characteristics of
SIVmac239 infection in a cohort of nine PTM in order to provide
standard infection characteristics to the rapidly growing field of
PTM AIDS research.

MATERIALS AND METHODS

Animals and sample collection. For this study, 9 PTM (Macaca nemes-
trina) were monitored prior to SIV infection, during acute infection,
through chronic infection, and to progression to AIDS (6/9 animals) or
scheduled euthanasia after lack of AIDS progression (3/9 animals). PTM
were infected intravenously (i.v.) with 3,000 50% tissue culture infective
doses (TCIDg,) of SIVmac239. Peripheral blood mononuclear cells
(PBMC:s) were isolated by gradient centrifugation using lymphocyte sep-
aration medium (MP Biomedicals). Comparative RM were also infected
with 3,000 TCID;, of SIVmac239 i.v. but from different SIVmac239
stocks. Animals were housed and cared in accordance with American
Association for Accreditation of Laboratory Animal Care (AAALAC)
standards in AAALAC-accredited facilities, and all animal procedures
were performed according to protocols approved by the Institutional An-
imal Care and Use Committees of the National Institute of Allergy and
Infectious Diseases, National Institutes of Health, Yerkes National Pri-
mate Research Center, Emory University, and the Oregon National Pri-
mate Research Center, OHSU.

Viral loads. Viral RNA levels in plasma were determined by real-time
reverse transcription-PCR (ABI Prism 7700 sequence detection system;
Applied Biosystems) using reverse-transcribed viral RNA in plasma sam-
ples from SIVmac239-inoculated rhesus macaques as previously de-
scribed (31).

Flow cytometry. Multicolor flow cytometric analysis was performed
on samples as previously described (30), using cross-reactive anti-human
antibodies CD3 (clone SP34-2; BD Pharmingen), CD8 (RPA-T8; BD
Pharmingen), CD4 (OKT4; eBioscience), Ki67 (B26; BD Pharmingen),
BrdU (3D4; BD Pharmingen), CCR5 phycoerythrin (PE) (clone 3A9; BD
Pharmingen), CD28 ECD (phycoerythrin Texas Red conjugate energy-
coupled dye) (clone 28.2; Beckman Coulter), CD95 PE-Cy5 (clone DX2;
BD Pharmingen), and Aqua Live/Dead amine dye (Invitrogen). Flow cy-
tometric acquisition was performed on a BD LSRFortessa cell analyzer
driven by FACSDiVa software (v6.0; BD). Analysis of the acquired data
was performed using FlowJo software (v9.0.2; TreeStar). We used a min-
imum threshold of 200 collected events in the final populations measured
for all analyses.
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BrdU labeling and staining. A total of 30 mg of BrdU per kg of body
weight diluted in Hank’s medium (Cellgro) was administered i.v. to each
PTM for 5 consecutive days prior to SIV infection, during acute SIV in-
fection, and during chronic SIV infection, at least 90 days from the prior
administration. PBMCs were frozen during washout, and all samples were
thawed and stained for BrdU labeling at the same time for consistency.
PBMC:s were first stained with predetermined optimal concentrations of
surface antibodies (surface antibodies conjugated to Pacific Blue must
be incubated after the BrdU stain) for 20 min, and then 1 ml of 1X
fluorescence-activated cell sorter (FACS) lysing solution (BD Pharmin-
gen) was added directly to the surface stain, incubated for 6 min at room
temperature, and then washed with phosphate-buffered saline. Next, cells
were permeabilized with Cytofix/Cytoperm (BD Pharmingen) for 20 min,
followed by two washes with Cytofix/Cytoperm wash buffer (BD Phar-
mingen). Intracellular antibodies Ki67 and BrdU were subsequently in-
cubated for 30 min at 37°C with 30 ug DNase (Sigma) and then washed
with BD Cytofix/Cytoperm wash buffer. Finally, Pacific Blue-conjugated
antibodies were added last and incubated for 20 min, then washed with
BD Cytofix/Cytoperm wash buffer, and fixed with 1% paraformaldehyde
(Electron Microscopy Systems). Samples were then analyzed by flow cy-
tometry as described below.

Intracellular cytokine assay. Stimulation of antigen-specific T cells
was performed on frozen lymphocytes as described previously (51).
Freshly thawed lymphocytes were resuspended at 10¢ cells/ml in RPMI
medium supplemented with antibiotics and glutamine. Anti-CD28 con-
jugated to Alexa Fluor 594 PE and unconjugated antibodies to CD49d
were used for costimulation. A negative control (cells treated only with
costimulatory anti-CD28 and anti-CD49d) was included for every exper-
iment. Peptides used to stimulate SIV-specific T cells were 15 amino acids
in length, overlapping by 11 amino acids, and encompassed STVmac230
Gag (New England Peptide). The concentration of each individual pep-
tide was 2 ug/ml for stimulations. All stimulations were preformed in the
presence of brefeldin A (BFA) (1 ug/ml; Sigma) for 16 h at 37°C. All cells
were surface stained with the dead cell exclusion dye Aqua Blue (Invitro-
gen), followed by surface staining with anti-CD3 Alx700 (BD), anti-CD4
Cy5.5 PE (eBiosciences), anti-CD8 Pacific Blue (BD), and anti-CD95 Cy5
PE (BD). Cells were then fixed and permeabilized, followed by intracellu-
lar staining with anti-gamma interferon (anti-IFN-vy) Cy7PE (BD), anti-
interleukin-2 (anti-IL-2) allophycocyanin (APC) (BD), and tumor necro-
sis factor (TNF) fluorescein isothiocyanate (FITC) (BD). SIV-specific
CD8* and CD4™" T cell responses are reported as the frequency of mem-
ory CD8* or CD4* T cells, gated by characteristic light-scattering prop-
erties, the frequency of Aqua Blue, CD3*, CD8%, CD4*, or CD95™ cells,
and the production of any combination of effector cytokines (based upon
Boolean gating). All data are reported after background subtraction.

SIV stimulation of PDCs was performed on frozen lymphocytes as
described previously (38). Freshly thawed lymphocytes were resuspended
at 10° cells/ml in RPMI medium supplemented with antibiotics and glu-
tamine. A total of 500 ng/ml aldrithiol-2-inactivated SIVmac239 was used
to stimulate plasmacytoid dendritic cells (PDCs). A negative control was
included for every experiment. All stimulations were performed in the
presence of BFA for 16 h at 37°C. All cells were surface stained with the
dead cell exclusion dye Aqua Blue (Invitrogen), followed by surface stain-
ing with anti-CD3 FITC, CD20 FITC, CD56 FITC, CD16 FITC, HLA-DR
H7APC, CD123 Pacific Blue, and CD11c Cy5 PE. Cells were then fixed
and permeabilized, followed by intracellular staining with anti-TNF APC.
Frequencies of responding PDCs are reported after gating by characteris-
tic light-scattering properties, Aqua Blue, lineage-negative, HLA-DR™,
CD123%, or CD11c™ cells, and production of TNF. All data are reported
after background subtraction.

Analysis of KP9 epitope evolution. Viral RNA from plasma samples
collected during the acute and chronic phases (day 14 and days 162 to 205
post-SIV infection, respectively) was extracted using a QIAamp viral RNA
minikit (Qiagen, Valencia, CA) by following the manufacturer’s instruc-
tions. The SuperScript I1I first strand synthesis system (Invitrogen, Carls-
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TABLE 1 Pathology of SIV-infected pigtail macaques at death/euthanasia

SIV Infection of Pigtail Macaques

Age at STVmac239

Days post-SIV infection

Animal infection (yr) Mane-A1*084+ at death AIDS symptoms at death”

PT98P030 11 Yes 733 Scheduled euthanasia/LTNP

PT99P030 10 Yes 729 Scheduled euthanasia/LTNP

PTA1POI12 8 Yes 727 Scheduled euthanasia/LTNP

PTAOPOI2 9 No 343 Thrombocytopenia, anemia, low albumin, diarrhea, lung adhesions,
liver adhesion, lymphadenopathy (particularly in mesenteries),
ventricular thrombus

PTAOP0O07 9 Yes 329 Thrombocytopenia, lymphadenopathy, Moraxella infection

PT99P029 10 No 273 Thrombocytopenia, acute respiratory distress, lymph nodes near
trachea, Pneumocystis pneumonia

PT98P005 11 No 191 Thrombocytopenia, cytomegalovirus vasculitis, swelling of appendages

PT99P052 10 Yes 322 Severe diarrhea, thrombocytopenia, ventricular thrombus, lung
adhesions, lymphadenopathy

PTAOP039 9 No 315 Severe diarrhea, nodules on colon, liver adhesions, enteritis

@ Thrombocytopenia is defined as <100 platelets/mm? blood.

bad, CA) was used to generate viral cDNA. Briefly, viral RNA mixed with
50 ng of random hexamers and 1 mM deoxynucleoside triphosphate
(dNTP) was incubated at 70°C for 5 min. After 5 min on ice, the cDNA
was synthesized in a reaction consisting of 20 mM Tris-HCI (pH 8.4), 50
mM KCI, 5 mM MgCl,, 10 mM dithiothreitol (DTT), 500 uM each dANTP,
40 U RNaseOUT, and 200 U SuperScript III reverse transcriptase (RT).
The reaction mixture was incubated at 50°C for 50 min. The RT was
inactivated for 5 min at 85°C, and cDNA was treated with RNase H for 20
min at 37°C.

The SIV Gag region encoding the KP9 epitope was amplified by PCR
using cDNA as described previously (18). Briefly, cDNA generated from
plasma viral RNA was amplified with SIV Gag no. 4 (5" CAGGCAGAAG
AGAAAGTGAA 3') and SIV Gag no. 5 (5 GTTCCTGCAATRTCKG
ATCC 3’) primers and Phusion high-fidelity DNA polymerase
(Finnzymes) according to the manufacturer’s instructions. The PCR con-
ditions were 98°C for 30 s, followed by 35 cycles at 98°C for 10 s, 56°C for
20 s, and 72°C for 30 s, and a final incubation at 72°C for 7 min. The
452-bp fragment was gel purified on a 1.2% agarose gel using a QIAquick
gel extraction kit (Qiagen), and the purified product was directly se-
quenced using a 3130XL genetic analyzer (Applied Biosystems).

Statistical analysis. We performed a Mann-Whitney U test for all # test
Pvalues, except for the results in Fig. 1 where we used the Gehan-Beslow-
Wilcoxon test. Horizontal bars in figures reflect medians. All statistics
were performed using Prism 5.0 software.

RESULTS
SIVmac239 infection results in rapid progression to AIDS in
PTM compared to RM but not due to increased viral loads. In
order to determine the length of time between infection with
SIVmac239 and progression to AIDS in PTM, we infected 9 PTM
with 3,000 TCIDy, of SIVmac239 i.v. Animals were allowed to
progress through infection without intervention, until clinical
AIDS occurred in 6 of 9 of the animals (Table 1). On average, the
six PTM that displayed progressive SIV infection progressed to
AIDS-defining illnesses (Table 1) at 42.17 weeks after SIV infec-
tion (Fig. 1). In contrast, in 14 RM (without protective MHC
alleles) also infected with STVmac239 i.v., AIDS progression oc-
curred at an average of 69.56 weeks after SIV infection, signifi-
cantly later than in PTM (P = 0.0018; Fig. 1). Of note, the 3 PTM
that did not progress to AIDS all expressed the protective Mane-
A1*084 allele, as did 2 of the animals that progressed to AIDS
(Table 1).

In order to define the kinetics and magnitude of SIVmac239
replication in our cohort of PTM and to determine whether in-
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creased AIDS progression rates were associated with increased
viremia in PTM, we closely monitored plasma viral loads during
acute and chronic stages of infection and AIDS (Fig. 2A and B).
Three of six PTM (98P030, 99P030, and A1P012), all of which had
Mane-A1*084 alleles (Table 1), had decreasing viral loads as in-
fection persisted, despite high peak viral loads (Fig. 2B), and had
not progressed to AIDS after more than 700 days postinoculation.
Therefore, these three Mane-A1*084%* PTM were classified as
LTNP and had scheduled euthanasia at days 733, 729, and 727,
respectively.

Peak viremia in PTM occurred near day 14 postinfection (Fig.
2A and B), with an average of 6.28 SIV copies/ml plasma (log,,) in
PTM, similar to 6.29 SIV copies/ml plasma (log,;,) in RM (P =
0.7953; Fig. 2C). However, while day 14 viral loads were peak for
PTM, and similar to day 14 levels for RM, RM hit peak earlier, at
day 10 post-SIVmac239 infection, and was at a higher peak than
PTM, with an average viral load of 7.58 copies/ml plasma (log;,)
in RM at day 10 compared to 5.93 SIV copies/ml plasma in PTM
(P = 0.0016; Fig. 2B). However, of note, a higher peak viral load
could have occurred in PTM at a time point that was not mea-
sured. Set-point viremia in PTM, however, tended to be moder-

SIVmac239 RM vs PTM
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275
g
=
2 50-
§ P=0.0018
S 25
c 1 1 1 1 1 1
0 50 100 150 200 250 300
Weeks

FIG 1 Pigtail macaques progress to AIDS more rapidly than rhesus macaques.
Survival, as measured by weeks until AIDS-defining illnesses and death, in 6
PTM (purple) compared to 14 RM (black) after SIVmac239 infection. The P
value was determined using the Gehan-Breslow-Wilcoxon test.
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FIG 2 Dynamics of SIV plasma viremia in pigtail macaques. (A and B) Plasma viral loads were measured by RT-PCR throughout infection in PTM (limit of
detection [LoD] was 1.68 log,, copies SIV/ml plasma). (A) Individual plasma viral loads throughout infection. Crosses represent death due to AIDS-defining
illness, and stars represent scheduled euthanasia in LTNPs. (B) Average viral loads throughout infection for PTM progressors (red) compared to those for PTM
LTNPs (black) and RM (gray) through chronic infection (not AIDS). (C) Levels of viremia at day 14 postinfection in PTM (circles) compared to those in RM
(triangles). (D) Set-point levels of viremia during chronic (100+ days postinfection) SIVmac239 infection in PTM (circles) compared to those in RM (triangles).
(C and D) The horizontal line represents the median, and P values were determined using the Mann-Whitney nonparametric ¢ test.

ately lower than observed in RM (Fig. 2B and D), with an average
of 4.67 SIV copies/ml plasma (log,,) in PTM compared to 5.51
SIV copies/ml plasma (log10) in RM at set point (P = 0.1006; Fig.
2D). Thus, increased STVmac239 replication does not account for
increased disease progression rates in PTM. Furthermore, similar
kinetics and magnitudes of plasma viremia were observed in ad-
ditional PTM infected with SIVmac239 in independent studies
(see Fig. S1 in the supplemental material).

CD4* T cells are depleted from the periphery of PTM after
SIV infection. To determine the kinetics of peripheral blood
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CD4" T cell depletion in PTM and RM after SIVmac239 infection,
we measured the frequency of CD4™ T cells by flow cytometry
frequently throughout the infection and at time of death (AIDS or
scheduled for euthanasia). Prior to SIV infection, PTM had an
average of 45.54% CD4™ T cells but at time of death had an aver-
age of 28.81% CD4™" T cells (Fig. 3A). Furthermore, the loss of
CD4" T cells at death was lower in animals that progressed to
AIDS (average, 25.9%) than in the three LTNPs (average, 34.63%)
that were scheduled for euthanasia (P = 0.2619; Fig. 3C). The loss
of CD4* T cells was particularly apparent when numbers of cells
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FIG 3 CD4" T cells are progressively depleted during SIV infection of pigtail macaques. The fraction of CD4" T cells in peripheral blood was assessed by
flow cytometry, gated on live, singlet, CD3* lymphocytes. (A) Fraction of CD4™ T cells throughout infection in individual animals. (B) The absolute
number of CD4* T cells/mm? of blood was assessed by flow cytometry and complete blood cell counts (CBC) of lymphocytes throughout infection. (C)
Average fraction of CD4 ™" T cells in progressors (red), LTNPs (black) throughout infection, and RM (gray) through chronic infection (not AIDS). (D)
Average absolute number of CD4" T cells/mm? in progressors (red), LTNPs (black), and RM (gray).

per mm? of blood were calculated and compared to the depletion
of CD4™" T cells from chronically STV-infected RM (Fig. 3D). In-
deed, prior to SIV infection, PTM maintained an average of 975.39
CD47 T cells/mm? in peripheral blood (Fig. 3B). However, at time
of death, the loss of CD4* T cells was dramatic, with an average of
only 62.53 CD4™" T cells/mm? in peripheral blood. Again, this loss
was more dramatic in animals which progressed to AIDS, with an
average of 25.21 CD4* T cells at time of death compared to 137.16
CD47" T cells in LTNPs (P = 0.2619; Fig. 3D), though the ultimate
loss of CD4™" T cells despite decreased viremia in the three LTNP
PTM was surprising. However, overall, the loss of CD4* T cells
throughout infection is similar to the dynamics of CD4* T cell loss
during both SIVmac239 infection of RM (Fig. 3C and D) (15, 50)
and HIV-1 infection of humans (8, 13), albeit the complete loss of
CD4* T cells in PTM occurs at a more rapid pace despite similar/
lower viral loads, consistent with their increased disease progres-
sion rates.

Memory CD4™* T cells and CCR5* memory CD4* T cells are
rapidly lost in blood after SIV infection of PTM. Because
SIVmac239 preferentially infects CD4* memory T cells, specifi-
cally those which express the coreceptor CCR5 (40), we measured
the frequencies of memory/effector CD4" T cells by flow cytom-
etry (CD4" CD28% CD95% and CD4" CD287), as well as the
frequency of CCR5+ cells within the memory/effector CD4* T
cell subsets. After SIV infection, similar to what has been described
for RM (40, 47) and humans (13), the fraction of memory/effector
CD4™" T cell subsets declined rapidly; however, a slight increase in
the fraction of memory/effector CD4* T cells was observed at time
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of death (Fig. 4A). This increase in frequency was not due to in-
creased numbers of memory/effector CD4* T cells, as the absolute
number of these cells rapidly and persistently declined in all ani-
mals (Fig. 4B). Thus, the increased frequency of CD4* memory/
effector T cells at time of death is likely due to a loss of naive CD4*
T cells with a presumable inability to maintain the memory CD4*
T cell pool.

Similar to what has been described during acute HIV infection
inhumans (61), CCR5" memory/effector CD4" T cells were mas-
sively and rapidly depleted after SIV infection of PTM (Fig. 4Cand
D). However, during chronic infection, both the frequency and
number of CCR5" CD4" T cells increased compared to those
during acute infection but declined again when the PTM pro-
gressed to AIDS (Fig. 4C and D). Of interest, however, two of the
three LTNP animals (99P030 and A1P012) increased the fre-
quency and number of CD4" CCR5* T cells more rapidly than
the progressing PTM after the initial loss, and the third LTNP
(98P030) did not lose any CD4* CCR5" memory/effector T cells
during acute infection.

Rapid SIV progression in PTM is associated with increased
levels of T cell turnover prior to infection. Immune activation is
the strongest predictor of disease progression rates during HIV
infection of humans (19, 22) and SIV infection of RM (57). Thus,
we evaluated immune activation prior to and throughout the
course of SIV infection in PTM. As previously described (30), we
observed increased immune activation as measured by Ki67 ex-
pression by T cells prior to SIV infection in PTM compared to
levels observed in uninfected RM (Fig. 5A). On average, prior to
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SIV infection, 17.63% of CD4 " memory/effector T cells expressed
Ki67 (Fig. 5A, left) and 13.07% of CD8* memory/effector T cells
expressed Ki67 (Fig. 5A, right). In comparison, in RM, the average
Ki67 expression by CD4" memory/effector T cells prior to SIV
infection is 1.2% (P = 0.0033) and by CD8" memory/effector T
cellsis 1.2% (P = 0.0010). During acute SIV infection, the fraction
of Ki67 " CD4" memory/effector T cells rapidly increased to levels
much higher than observed in RM (day 14; P = 0.0010) (Fig. 5A,
left and center). The fraction of Ki67* CD8* memory/effector T
cells also rapidly increased in PTM, similar to that in RM (day 14;
P = 0.0599) (Fig. 5A, right). Furthermore, consistent with HIV
and SIV preferentially infecting proliferating memory CD4+ T
cells (7, 12, 41), the absolute number of Ki67* CD4" memory/
effector T cells rapidly declined after SIV infection (Fig. 5A, cen-
ter). Following rapid depletion of proliferating CD4" memory/
effector T cells, the number of these cells then increased during the
chronic phase of infection, consistent with increased immune ac-
tivation (Fig. 5A). However, as the PTM ultimately progressed
throughout chronic infection and to AIDS, the number of Ki67+
CD4* memory/effector T cells progressively declined (Fig. 5A,
center), likely due to infection by SIV, as well as constant strain
placed on the T cell pool.

In order to assess T cell turnover during STVmac239 infection,
we administered bromodeoxyuridine (BrdU), a thymidine ana-
logue, to PTM prior to infection, during acute infection (days 14
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to 18 post-SIV infection), in order to label cells during the peak
activation and viremia time points, and during chronic infection
(150 to 190 days post-SIV infection). We evaluated T cell turnover
by measuring the fraction of memory/effector T cells retaining
BrdU over time (see Fig. S2 in the supplemental material). The
decay kinetics of BrdU™ T cells in uninfected PTM revealed high
levels of turnover in both CD4 " (Fig. 5B, left) and CD8" (Fig. 5C,
left) memory/effector T cell populations. Previous studies of BrdU
decay kinetics in RM have demonstrated that SIV infection results
in a profound increase in turnover of memory T cells during both
acute and chronic phases of SIVmac239 infection compared to
turnover in uninfected RM (50). In contrast, in PTM, we found
that 10 days following BrdU administration in uninfected PTM,
on average only 36.33% of memory/effector CD4* T cells main-
tained BrdU (thus, 63.67% of these cells had proliferated and/or
died) (Fig. 5B, left) and 54.45% of CD8" memory/effector T cells
maintained BrdU (thus, 45.55% had proliferated) (Fig. 5C, left).
Surprisingly, during acute SIV infection, turnover of memory/
effector CD4™ T cells was somewhat decreased compared to that
during pre-SIV infection, with an average of 52.60% turnover 10
days after BrdU administration (Fig. 5B, center). Furthermore,
acute-phase turnover of CD8* memory/effector T cells was sim-
ilar to preinfection levels, with 50.61% of cells maintaining BrdU
after 10 days (Fig. 5C, center). This is in contrast to SIVmac239
infection of RM, where it has been shown that the highest levels of
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turnover occur during acute infection, with approximately 20% of
memory T cells maintaining BrdU 10 days after washout, com-
pared to approximately 60% of memory T cells maintaining BrdU
10 days after washout prior to SIV infection (50). Furthermore, in
chronic SIV infection of PTM, we again found decreased levels of
turnover compared to those during preinfection, with an average
of 48.40% of CD4" memory/effector T cells (Fig. 5B, right) and
62.46% of CD8* memory/effector T cells (Fig. 5C, right) main-
taining BrdU after 10 days. This is again in contrast to SIV infec-
tion of RM, in which approximately 30% of memory T cells main-
tain BrdU after 10 days, demonstrating increased turnover
compared to that in uninfected RM (50). The lack of differential
turnover at different phases of infection in PTM is highlighted by
comparisons of the average turnover levels of all animals at each
phase (Fig. 5D). In both CD4* and CD8* memory/effector T
cells, the rates of BrdU decay are similar regardless of infection
phase or status, with a trend toward pre-SIV infection decay being
more rapid (Fig. 5D). Of note, however, prior to SIV infection in
CD8* memory/effector T cells (Fig. 5D, right), after 12 days post-
BrdU administration, decay wanes, whereas during acute and
chronic infections, decay rates continue through the end of mea-
surements (day 20 post-BrdU administration) and are signifi-
cantly different between pre-SIV and acute SIV infection time
points at day 20 (P = 0.0458). Taken together, PTM clearly have
high levels of turnover and proliferation of T cells prior to SIV
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infection compared to previous reports for RM (50), which may
contribute to the increased disease progression rates after
SIVmac239 infection in these animals.

Rapid progression in PTM is not due to decreased SIV-
specificimmune responses compared to those in RM. In order to
determine whether rapid progression in PTM was due to low fre-
quencies of SIV-specific immune responses, we stimulated PTM
and RM PBMCs with SIV Gag peptides and measured the fre-
quency of SIV-specific T cells. We found measurable memory/
effector CD4™" T cell responses to Gag peptides in 7 of 9 PTM and
in 6 chronically STVmac239-infected RM (Fig. 6A). However, the
frequency of SIV-specific memory/CD4* T cells was not signifi-
cantly different in PTM than in RM (P = 0.3423) (Fig. 6A). Sim-
ilarly, 8 of 9 PTM and 5 of 6 RM had measurable SIV-specific
memory/effector CD8" T cells, but again, no difference was ob-
served between species (P = 0.8580) (Fig. 6B). We also assessed
innate immune responses by measuring the frequency of lineage-
negative, HLA-DR* CDI11c~ CD123* plasmacytoid dendritic
cells (pDCs) that produced TNF-a in response to chemically in-
activated SIV (AT2) stimulation. We found measurable frequen-
cies of pDCs responding to AT2-inactivated SIV in 6 of 9 PTM and
5 of 6 RM, and while there was a trend for an increased frequency
of pDCs that responded to SIV in RM, the difference between
species was not significantly different (P = 0.1536) (Fig. 6C).

We further assessed SIV-specific immune responses in PTM by
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measuring the frequencies of memory/effector CD8" T cells
which bound ManeA1*084 tetramers loaded with the KP9
epitope, which is an immunodominant SIV Gag epitope pre-
sented by the ManeA1*084* allele (59). In all 5 ManeA1¥084"
PTM, we observed measurable KP9-specific CD8% T cells;
however, we observed no significant differences between
ManeA1*084 " PTM that progressed and LTNP animals (Fig. 6D).
Hence, increased frequencies of KP9-specific CD8* T cells are
unlikely the mechanism underlying the LTNP phenotype we ob-
served. Moreover, previous studies have demonstrated that escape
from the KP9 epitope by the virus infecting ManeA1*084* PTM
has been shown to result in loss of SIV fitness in vivo (18, 36).
Thus, to assess whether escape from the KP9 epitope by
SIVmac239 occurred in the ManeA1*084 * PTM and whether dif-
ferential viral escape may explain differences between progressors
and LTNPs, we sequenced SIV from the plasma of several SIV-
infected PTM and analyzed immune escape within KP9 during
acute infection (day 14 post-SIV infection) and chronic infection
(days 148 to 191 post-SIV infection) (Fig. 6E). As expected, the
ManeA1*084~ PTM analyzed did not have immune escape in
KP9; however, all 4 ManeA1*084 PTM analyzed exhibited escape
within KP9 during chronic but not acute infection (Fig. 6E). Thus,
selective escape from the KP9 Gag epitope in LTNPs does not
explain the lack of progression in these animals, nor does acute
escape from KP9 explain rapid progression in our cohort of PTM.

DISCUSSION

Macaca nemestrina (PTM) has become increasingly used as an
invaluable model for AIDS virus pathogenesis studies; however,
the characteristics of SIV infection in this Asian primate have not
been comprehensively defined. Here, we evaluated the dynamics
of STVmac239 infection in PTM prior to infection, during acute
infection, and throughout chronic infection until animals suc-
cumbed to simian AIDS. We found that in comparison to RM,
PTM progress more rapidly to AIDS-defining illnesses after
SIVmac239 infection, but this accelerated rate of disease progres-
sion was not attributed to increased peak or set-point plasma viral
loads. This is of interest, as previous studies have demonstrated
that SHIV, HIV-1, and HIV-2 replicate at extremely high levels in
pigtail macaques (3, 6, 24, 42, 49), and SIVagm replicates at vari-
ablelevels (20). However, somewhat lower SIVmac239 replication
rates followed by progression to AIDS are consistent with the im-
munodeficiency that is observed in PTM after infection with
SIVsun or SIVhoest, where animals progress to AIDS despite low
levels of viremia (4). Taken together, however, these data indicate
that levels of peak and set-point viremia by themselves do not
dictate the rate of progression to AIDS in PTM and that a variety of
virological and immunological factors likely contribute to levels of
acute and set-point viremia.

Similar to that observed in humans and RM, CD4* T cell de-
pletion in peripheral blood occurs in PTM after SIV infection,
albeit at a more rapid pace, consistent with the observed rapid
progression to AIDS. Also similar to SIV infection in RM and HIV
infection in humans, massive depletion specifically occurred in
memory/effector CD4" T cell and CCR5* memory/effector
CD4™" T cell subsets, an observation which is consistent with the
CCR5 tropism of STVmac239 (13, 14, 40, 45). In contrast to HIV-
uninfected humans and SIV-uninfected RM, we found that SIV-
uninfected PTM had high levels of proliferation and turnover in
the memory/effector T cell compartments.
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Three of the nine PTM studied displayed an LTNP-like pheno-
type, all of which expressed Mane-A1*084. These animals main-
tained lower viral loads and higher levels of CD4" T cells and at
time of scheduled euthanasia (non-AIDS related) had survived
nearly twice as long as the other 6 progressing PTM (P = 0.0238).
However, at time of euthanasia, CD4™ T cells in LTNPs started to
be depleted, and thus, these animals may have eventually pro-
gressed to AIDS. This phenomenon has also been observed in
HIV-infected elite controllers, where these individuals lose CD4*
T cells and have higher immune activation levels than HIV-
uninfected individuals, despite low levels of viremia (22). Thus,
SIVmac239 infection in LTNP-like Mane-A1*084" PTM may be
valuable as a model for studying HIV-infected elite controllers.

It is of interest that while PTM have higher preinfection levels
of immune activation than RM, the levels of T cell proliferation
after SIV infection are similar to those observed in RM, and levels
of T cell turnover actually tend to be lower than those observed in
RM (50). A previous report by Mason et al. (39) suggested that
preinfection levels of central memory T cells correlated with in-
creased disease progression rates in PTM. However, we expand on
that finding here, demonstrating that the overall rapid turnover
and proliferation in T cell subsets in PTM regardless of infection
status likely contribute to disease progression. Furthermore, we
have previously reported (30) that prior to SIV infection in PTM,
there is increased damage to the gastrointestinal tract, microbial
translocation, and immune activation compared to that observed
prior to infection in RM, all of which may contribute to the in-
creased mortality observed here. However, why this increased ac-
tivation and turnover exist and precisely how this may contribute
to rapid SIV progression in PTM should be more thoroughly in-
vestigated, including the study of mucosal immunity during SIV
infection in PTM.

Overall, the dynamics of STVmac239 infection in PTM are sim-
ilar to the dynamics of HIV infection in humans and SIV infection
in RM. However, this model provides many benefits as an alter-
nate to using RM. First, the increased disease progression rate can
be an asset when testing vaccination strategies and/or therapeutic
interventions, as it will shorten the length of follow-up time dur-
ing studies, thus expediting results and fraying expensive cage
charges. Second, as discussed above, PTM tend to be larger and
more receptive and cooperative to therapeutic strategies, thus
making them ideal in large-scale, intensive sampling studies.
Third, these animals are susceptible to a greater breadth of chime-
ric SIV and even HIV strains. Finally, the increased immune acti-
vation in PTM prior to SIV infection may better capitulate overall
HIV infection, as the majority of HIV infections occur in devel-
oping countries, such as Africa, where individuals tend to have
higher baseline levels of immune activation than individuals in
developed countries (9, 28, 37, 43, 53). Thus, taken together, PTM
are an excellent model for HIV/AIDS pathogenesis, vaccine, and
therapeutic studies, and the evaluation of STVmac239 infection in
PTM we describe here provides a standard for characterizing in-
fection and disease progression in this model.
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