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Abstract
Mucosal transmission of HIV predominately occurs during sexual intercourse or breast-feeding
and generally results in a successful infection from just one or few founder virions. Here we
assessed the impact of viral inoculum size on both viral and immune events within two groups of
Rhesus macaques that were non-traumatically, orally inoculated with either multiple low (1000 to
4000 TCID50) or high (100,000 TCID50) doses of SIV. In agreement with previous studies, more
diverse SIV variants were observed in macaques following infection with high dose oral SIV
compared to a low dose challenge. In peripheral blood cells, the immune gene transcript levels of
CXCL9, IFNγ, TNFα and IL10 remained similar to uninfected macaques. In contrast, OAS and
CXCL10 were upregulated following SIV infection in both the high and low dosed macaques,
with a more rapid kinetics (detectable by 7 days) following the high SIV dose challenge. In
peripheral lymph nodes, an increase in CXCL10 was observed irrespective of viral dose while
CXCL9 and OAS were differentially regulated in the two SIV dosed groups. Magnetic bead
sorting of CD3+, CD14+ and CD3−/CD14− cells from peripheral blood identified the increase in
OAS expression primarily within CD14+ monocytes, whereas the CXCL10 expression was
primarily in CD3+ T cells. These findings provide insights into the impact of SIV challenge dose
on viral and innate immune factors, which has the potential to inform future SIV/HIV vaccine
efficacy trials in which vaccinated hosts have the potential to be infected with a range of viral
challenge doses.
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BACKGROUND
Results from the RV144 HIV vaccine trial, utilizing ALVAC-AIDSVAX [1–3], suggest that
HIV vaccine success will depend on its ability to prevent acquisition of HIV during mucosal
transmission of the virus [1]. One factor inhibiting vaccine development is that relatively
little is known about the earliest viral and immune events during and immediately following
HIV transmission. Current data indicates that successful transmission of HIV via a mucosal
route is dependent on multiple factors, including the viral dose present in the inoculating
fluid (semen, vaginal fluid, breast milk), the integrity of the mucosa, and the number of
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susceptible target cells at the mucosal site [4–19]. Due to the difficulties inherent in
assessing these earliest events in humans, the SIV-macaque model has been successfully
utilized by many investigators to elucidate the early events following vaginal, rectal and oral
transmission of SIV [6, 13, 20–29].

Oral transmission is an important route of HIV transmission for infants who can become
infected while breast feeding due to virus in breast milk [30–33], as well as adults who can
be infected via genital-oral sex due to virus in semen [34–38]. Oral transmission studies
using Rhesus macaques have been utilized for pathogenesis as well as for vaccine studies [6,
26–29, 38–44]. Initial studies assessing oral transmission in the macaque model utilized a
high dose challenge, while more recent studies have utilized low dose challenge to better
mimic a natural HIV exposure. The viral dose used for a mucosal challenge is an important
consideration in SIV/HIV vaccine study design, as a higher number of virions contacting
mucosal tissue may be more difficult for vaccine-mediated immune responses to control.
Studies to date have determined that in sexual transmission of HIV, the majority of
infections are initiated by a small number of transmitted viral variants [45–51]. Therefore, a
vaccine would theoretically need to block only these few transmitted virions before they can
disseminate and establish systemic infection. However, individuals that participate in high-
risk behavior with HIV-infected individuals have an increased per-exposure transmission
risk and higher viral dose per exposure [52, 53], resulting in a greater number of founder
virus variants following HIV acquisition [54, 55]. We have developed and utilized a model
of nontraumatic oral SIV transmission in Rhesus macaques to assess the effect of repeated
low and high dose SIV administration on viral diversity and immune responses to SIV. As
expected, we generally observed higher diversity of SIV variants in high dose oral SIV
challenge macaques compared to low dose challenge. Innate immune responses were
assessed by quantifying mRNA transcripts of six to eight immune modulators in both
peripheral blood and lymph node cells. In peripheral blood cells the immune gene transcript
levels were generally similar for the high and low dose infected macaques, although the
kinetics of the CXCL10 and OAS increase was faster (by seven days postinfection) in the
high dose macaques following successful SIV infection. In peripheral lymph nodes an
increase in CXCL10 was observed irrespective of viral dose while CXCL9 and OAS were
differentially regulated in the two SIV dosed groups. Magnetic cell sorting and analysis of
peripheral blood cells identified the cellular sources of OAS as primarily CD14+ monocytes
while CXCL10 was primarily produced in CD3+ T cells. These findings regarding viral and
immune factors emphasize the importance of the challenge dose and its potential impact for
SIV vaccines studies. These studies also shed light on how HIV vaccine efficacy might be
impacted by the infecting HIV dose and how the immune response would vary when
different dosing levels are encountered.

MATERIALS AND METHODS
Animal subjects and viral administrations

The macaques used in these studies were colony-bred Rhesus macaques (Macaca mulatta)
housed at the California (CNPRC), Southwest (SNPRC), or Yerkes (YNPRC) National
Primate Research Centers. Oral administration of the virus in both the high and low dose
groups was undertaken by dripping the inoculum onto the gingival mucosa and tooth
interface. The following macaques received high-dose SIV inoculations and were housed at
CNPRC: RM11 (33291), RM12 (32167), RM13 (32174), RM14 (32296), and RM15
(33353). These macaques were non-traumatically, orally inoculated with two 100,000 50%
tissue culture infective doses (TCID50) of SIVmac251 [56, 57]. Viral and immunological
changes in these high-dosed macaques were described previously [28] and some data are re-
analyzed here for comparison. The slow-progressing macaque RM16 was omitted from this
study to focus on viral and immunological changes in macaques progressing to AIDS. In
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addition, Rhesus macaques housed at SNPRC were non-traumatically, orally infected three
times with low-dose SIVmac251 that ranged between 1000 and 4000 TCID50. Macaques
17742 and 18984 received 4000 TCID50 while macaques 18412, 18414 and 19147 received
2000 TCID50 and macaque 18981 received 1000 TCID50. One low dose of SIV was
administered to each macaque at days 0, 2 and 4 and these macaques were followed up for 6
months. Rhesus macaques infected intravenously at the YNPRC were also assessed. These
macaques, RCe8, RCo8, RDo8, REi9, RHk8, RIf8, RJj8, RJl9, RKb9, RNr8, ROu8, RUn8,
RWi8, RWu8 and RZz8, were intravenously inoculated with 10,000 TCID50 of SIVmac239
[58], and peripheral blood cells obtained at day 7 post-infection were analyzed in this study.
All animals were cared for in accordance with National Institutes of Health guidelines and
local Animal Care and Use Committees.

Tissue collection and processing
Peripheral blood mononuclear cells (PBMCs) were obtained from high and low-dose
challenged, SIV-infected macaques at time points that reflect the acute phase (days 7 to 15
post-inoculation (pi)), acute to chronic transition (days 21 and 35 pi), early chronic phase
(days 45 to 56 pi), and chronic phase (days 70 to 112 pi). The time points obtained varied
slightly between macaques and can be summarized as follows for macaques inoculated with
low dose inoculum (low dose macaques): 17742 - days 7, 14, 35 and 85; 18984 - days 7, 14,
35, and 85; 18412 - days 7, 14, 28 and 77; 18414 - days 7, 14, 28 and 77; 18981 -days 8, 15,
35, 70 and 112. For the macaques inoculated with high dose inoculum (high dose
macaques), plasma was obtained as depicted in Fig. (1), and PBMCs were assessed from
selected time points summarized as follows: RM11, RM14 and RM15- days 7, 21, 45 and
84; RM12 and RM13 - days 7, 28, 56 and 85 to represent acute and chronic stage of
infection. PBMCs were extracted through density centrifugation with Ficoll-Paque Plus (GE
Healthcare, Uppsala, Sweden).

Inguinal or axillary lymph node (LN) biopsies were obtained to provide representative
sampling of peripheral lymph nodes. LN biopsies were at three time points in the post-acute
phase for both groups of macaques; days 28 or 35, days 70 or 85 and day 112 for low dose
macaques and days 21 or 28, days 45 or 56 and day 85 dpi for high dose macaques. All LN
biopsies were immediately placed in RNAlater (Ambion, TX) and stored at −80 °C prior to
mRNA extraction and cDNA synthesis.

Magnetic cell sorting
CD14+ monocytes and CD3+ T cells were sorted from PBMCs by MACS magnetic cell
separation, using positive selection, according to the manufacturer’s protocol (Miltenyi
Biotec, Auburn, CA). Briefly, CD14+ cells were first isolated by positive selection, and the
CD14− subsets were then subjected to CD3+ isolation. In addition, the remaining flow-
through from CD3 selection was collected as CD14−CD3− subsets. The sorted, CD14+ and
CD3+ cell populations were found to be >90% pure via flow cytometric analysis.
Magnetically purified CD14+, CD3+ and CD14−CD3− cells were lysed with RLT buffer
from the RNeasy Mini Kit (Qiagen, Valencia, CA) and total RNA was extracted.

RNA extraction and cDNA synthesis
Total RNA from lymph node mononuclear cells (LNMC) and PBMCs were extracted using
the RNeasy Mini Kit (Qiagen, Valencia, CA) per manufacturer’s instructions. SuperScript
First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad CA) was used according to
manufacturer’s protocol to synthesize cDNA.
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Quantification of plasma viral RNA
Viral RNA was extracted from plasma using QIAamp Viral RNA Mini kit (Qiagen,
Valencia, CA). Plasma viral RNA was quantified and is reported as copies of viral RNA per
milliliter of plasma. For the SIV high dosed macaques, the Chiron Corporation branch DNA
(bDNA) signal amplification assay, version 4.0, specific for SIV [59, 60], with a limit of
detection of 125 copies/mL of plasma was utilized. For the SIV low dosed macaques the
RNA Ultrasense One-Step Quantitative RT-PCR System (Invitrogen, Carlsbad, CA) with a
limit of detection of approximately 500 copies/mL of plasma was utilized. The ability to
quantify SIV RNA loads via these two methods has been demonstrated to be comparable
and reproducible [61].

Quantitative real-time PCR analysis of immune effector genes
Real-time PCR utilizing gene-specific primers/probes were performed on an ABI 7700 or
ABI 7300 (Applied Biosystems, Foster City CA) sequencer, as described previously [62,
63]. Changes in expression of eight immune modulators (IFN-α, IFN-γ, IL10, IL12,
CXCL9, CXCL10, tumor necrosis factor alpha [TNF-α], and OAS) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) housekeeping gene were calculated by the delta delta
Ct (ΔΔCT) method [27, 28, 63].

Cloning and Sequencing
SIVenv (V1-V2 region) was amplified via nested PCR [64] from genomic DNA from
PBMC samples taken at the earliest SIV-positive time point (7 or 14 dpi). Fresh PCR
product was cloned using the TOPO TA cloning kit for subcloning (Invitrogen, Carlsbad,
CA). Plasmid DNA containing SIVenv clones were extracted using the QIAprep Spin
Miniprep Kit (Qiagen, Valencia, CA), according to the manufacturer’s protocol, and
sequenced. Sequences were proof read and double-checked, using the programs 4peak
(mekentosj.com, Amsterdam, Netherlands), and Bioedit (Ibis Therapeutics, Carlsbad, CA).
Verified sequences were analyzed, using neighbor-joining phylogenetic analysis with
kimura-2 parameter model and MEGA version 4.1 (www.megasoftware.net, Center for
Evolutionary Functional Genomics, Tempe, AZ).

Heteroduplex mobility assay
Heteroduplex mobility assay (HMA) was used to determine the genetic variability of
transmitted viral variants in the orally inoculated Rhesus macaques as previously described
[63, 64].

TRIM5 genotyping
TRIM5 genotypes of Rhesus macaques were determined by isolating genomic DNA from
PBMCs and directly sequencing the PCR fragments from the C-terminal domain of TRIM5
as previously described [65]. TRIM5 gene polymorphisms were grouped into TRIM5CypA,
TRIM5TFP, and TRIM5Q, representing genotypes as three different classes and six possible
genotypes. Macaques 17742, 18412, 18414 and 18984 were identified as genotype
TRIM5Q/Q, macaques 18981, 19147 and RM15 as TRIM5TFP/Q, RM 12,13, 14 as
TRIM5TFP/TFP and RM11 as TRPM5CypA/CypA.

RESULTS
Plasma Viral Load in Orally Inoculated Rhesus Macaques

We performed a comparative study in eleven Rhesus macaques that became infected
following a non-traumatic, oral administration of SIVmac251; Six of these animals were
inoculated 3 times with a low dose challenge with two days between each dose (low dosed
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macaques): 17742 and 18984 (4000 TCID50); 18412, 18414 and 19147 (2000 TCID50);
18981 (1000 TCID50); and five (RM11, RM12, RM13, RM14, RM15) were administered
two high doses (100,000 TCID50) one hour apart. All five high dosed macaques became
infected and developed detectable viremia by 7 days post-infection (Fig. 1B). For macaques
receiving low doses, oral SIV administrations occurred on day 0 (Monday), day 2
(Wednesday) and day 4 (Friday) of a chosen week and the first blood sample was obtained
on day 7. Therefore, detection of SIV at day 7 would be expected if the infection occurred
during the day 0 or 2 oral SIV administration (depending on the level of viral replication),
and unlikely if the SIV infection occurred during the day 4 SIV administration (as would
result in only a 3 day period for the virus to replicate to high enough levels to be detectable
in the plasma at day 7 [6, 13, 20–29]). SIV was detected at day 7 in the two macaques that
received 4000 TCID50, as well as one macaque that received 1000 TCID50 (Fig. 1A). In
contrast, none of the macaques that received the 2000 TCID50 dosage had detectable SIV at
7 dpi (Fig. 1A). While the peak viremia during acute SIV infection was generally lower in
the low dosed macaques, this measure was not useful in comparing the two groups as this
difference could be due to inability to capture the true peak of viremia with our sampling
interval. However, no significant difference in viral set point (viremia at days 70 to 85 post-
infection) was observed between the two groups of macaques (student t test, p = 0.121).
Some differences could be observed in viral setpoints within the low as well as high dosed
groups, and TRIM5 genotyping was utilized to identify any association between genotype
and viral levels [65]. Interestingly, the low dosed macaque with the lowest viral set point
(<104 copies per ml of plasma), 18981, shared a TRIM5 genotype (TRIMTFP/Q) with the
high dosed macaque with the lowest viral set point in that group, RM15. However, this
genotype did not always result in a low set-point, as low dosed macaque 19147 also shared
the TRIMTFP/Q genotype but had a viral load set point comparable to that of the other low
(as well as high) dosed macaques indicating that this TRIM5 genotype does not have
dramatic effect on SIVmac251 replication in vivo.

Assessment of SIV Genetic Diversity at Early Time Points Following Low or High Dose SIV
Oral Administration

The V1-V2 region of the SIV env gene exhibits a high level of sequence heterogeneity in
this region that provides an estimate for the viral diversity at early times following the oral
SIV administration [49, 51, 66–68]. Studies from Keele et al., and others have determined
that the number of infecting variants can be inferred through the HIV or SIV diversity at
early timepoints by an assessment of phylogenetic branching patterns [45, 48, 51]. To
determine the impact of viral dose on the founding viral population in low dosed orally
infected macaques, we sequenced the SIV V1-V2 region of the env gene following PCR
amplification of the viral DNA isolated from peripheral blood mononuclear cells (PBMC).
Sequencing of SIVmac251 inoculum SIV RNA (21 cDNA clones sequenced) identified
diverse quasispecies in the SIVmac251 viral inoculum. Eleven unique isolates, as
determined by a neighbor-joining phylogenetic tree, were chosen to represent the diversity
present (represented as closed circles in the phylogenetic tree, Fig. 2). Eight to eleven env
V1-V2 clones were obtained for each low dose macaque at the earliest env PCRpositive
time-point (days 7–14 post-infection) and assessed phylogenetically in comparison to the
eleven sequences identified in the SIVmac251 inoculum used at Southwest primate center.
Sequence analyses from all low dosed macaques along with the eleven representative
SIVmac251 viral variants determined that sequences from four of the six low dosed
macaques clustered into one branch of the phylogenetic tree, indicating that likely one viral
variant initiated SIV infection in these macaques (Fig. 2A). Two of the low dose macaques
had more diverse viral repertoires and had V1-V2 sequences appearing on two or more
branches of the phylogenetic tree, likely indicating that multiple variants initiated the
infection. For example, phylogenetic assessment indicates that macaque 18984 (infected
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with 4000 TCID50) was infected with a major SIV variant (where the majority of env
sequences grouped together) and a minor variant (one env sequence on separate branch)
(Fig. 2B). Sequences from macaque 18412 (infected with 2000 TCID50 of SIVmac251)
exhibited high viral diversity with evidence for approximately 4 different viral variants
initiating infection in this macaque (Fig. 2C). In addition to clonal sequencing analysis,
heteroduplex mobility assay (HMA) was utilized to assess the diversity of the SIV env V1-
V2 region in DNA isolated from PBMC at 7 or 14 days to obtain a general representation of
the overall quasispecies diversity within both the low as well as the high dosed macaques.
HMA assessment of SIVmac239 env V1- V2 region amplified from the plasmid clone
produced a single homoduplex band (Fig. 3, lane 12). By HMA (lanes 1 to 6), only one
macaque from the low-dose group, 18412 (inoculated with 2000 TCID50), displayed slowly
migrating heteroduplexes (white arrows, lane 3), suggesting that multiple SIV variants
initiated infection in this macaque, which is consistent with the results of sequence analysis
(Fig. 2C). The absence of slowly migrating heteroduplex bands in the five other low-dosed
macaques suggests that few (or homogenous) SIV species were transmitted in these five
macaques, in agreement with the phylogentic analysis. In contrast, four of five macaques
receiving the high dose inoculum exhibited slowly migrating heteroduplexes, indicating that
multiple SIV variants initiated the infection in these four macaques (Fig. 3, lanes 7 to 11).
The fifth macaque, RM15, displayed a pattern that was similar to the pattern observed in the
majority of low dosed macaques, indicating relatively few virions initiated the infection.
Interestingly, RM15 was the macaque with the lowest viral setpoint in the high dosed group
although it is unlikely those two observations are directly related based on published studies
[69].

Assessment of mRNA Expression of Immune Modulators in PBMCs and Peripheral Lymph
Nodes Following Low or High Dose Oral SIV Administration

The level of mRNA expression of immune modulators (cytokines, chemokines, and
interferon response genes) was assessed in peripheral lymph nodes (LN) and blood
following low or high dose oral SIV transmission. Quantitative real-time PCR analysis was
utilized to assess gene expression levels of eight immune modulators in early events
following SIV infection: IFN-α, OAS, IL-12, TNF-α, IFN-γ, CXCL9, CXCL10 and IL-10
[27, 28]. mRNA expression levels in PBMCs and lymph node cells was determined by fold
changes in the mRNA levels of SIVinfected macaques comparison to uninfected macaques.
The uninfected macaque samples were obtained from both primate centers at which these
studies were undertaken (Southwest and California) to establish expression level range in
uninfected macaques and to identify the two standard deviation confidence intervals
depicted (preinfection timepoints from the same macaques enrolled in these studies were
utilized to represent the uninfected samples when available). Both acute (2 to 28 dpi) and
chronic (45 to 112 dpi) time points were assessed, and data is depicted as fold changes of all
samples for each gene (Fig. 4). Symbols within boxes represent gene expression that is more
than two standard deviations higher than the average expression of the same gene in
uninfected macaques.

Assessment of PBMCs from the low and high dosed macaques determined that transcript
levels of CXCL9, IFN-γ, TNF-α and IL-10 did not differ from uninfected macaques (Fig.
4A, B). IFN-α and IL-12 could not be reliably detected in the uninfected control PBMC
samples and, therefore, fold changes could not be determined. OAS and CXCL10 gene
expression were upregulated in both the high dosed and low dosed macaques to comparable
levels, indicating that the viral challenge dose did not impact the overall response of these
immune modulators in the peripheral blood (Figs. 4, 5). Furthermore, all 15 macaques
infected intravenously with high doses of SIVmac239 had increased levels of OAS (Fig. 5C)
and CXCL10 (Fig. 5F) on day 7 post-infection, indicating that OAS and CXCL10 up-
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regulation in PBMCs from SIV-infected animals is not restricted to the oral route of
infection. However it is interesting to note that a distinction could be observed in the
kinetics of the response through an assessment of the day 7 timepoints that were available
for five of the low dosed and four of the high dosed macaques (Fig. 5A, B). The low dosed
macaques had only one macaque (18984) with increased OAS expression on day 7 (Fig.
5A), and no macaques with increased CXCL10 on day 7 (Fig. 5D), while 4 out of 4 of the
high dosed macaques had increased OAS expression (Fig. 5B) and 3 out of 4 exhibited
increased CXCL10 expression at this early timepoint (Fig. 5E). The difference in dosing
strategy in the low and high dosed animals may have played a role in the delayed kinetics,
however this delay was also observed in low dosed macaques 17742 and 18981 which had
detectable plasma viral load by the day 7 timepoint.

In peripheral lymph nodes (axillary and inguinal obtained from 21 to 112 days post-
infection), gene expression of four immune modulators IFN-γ, IL-12, TNF-α and IL-10
remained stable (comparable to uninfected macaques), following successful low or high
dose oral infection (Fig. 4C, D). CXCL10 expression was increased following SIV infection
of both the low and high dosed groups. In PBMCs, OAS expression was also upregulated,
however, in lymph nodes OAS was only upregulated in 3 of the 5 high dosed macaques and
none of the low dosed macaques (student t test, p = 0.013) (Fig. 4C, D). In contrast, CXCL9
was only upregulated in the lymph nodes of the low dosed macaques (4 of the 6 macaques)
with no upregulation in the high dosed macaques (student t test, p=0.024) (Fig. 4C, D).
Assessment of the lymph node OAS, CXCL9 and CXCL10 transcripts is also presented such
that each time point can be assessed in the high and low dosed oral SIV infected macaques
(Fig. 6). OAS and CXCL10 upregulation in the high dosed macaques as well as CXCL9 and
CXL10 upregulation in low-dosed macaques appears to be macaque specific and is equally
prevalent at acute, chronic (21 to 35 days post-infection) or late (45 to 112 days post-
infection) time points (Fig. 6). The differential gene expression pattern between the two oral
SIV dosing groups suggests that SIV infection dosage can have long-term effects on
immune responses that can be observed in peripheral lymph nodes up to 112 days
postinfection.

OAS and CXCL10 Expression in Purified T Cells and Monocytes from PBMCs
To determine which cell types in the PBMCs express OAS and CXCL10 mRNA, magnetic
bead separation of PBMCs was used to isolate three cell populations from SIVuninfected
and SIV-infected Rhesus macaques: CD3+ T cells, CD14+ monocytes (macrophage and
dendritic cell precursors), and the remaining CD3−CD14− cell population, representing B
cells, and NK cells. The sorting of these three cell subsets yielded greater than 90% pure cell
populations. Fold changes in OAS and CXCL10 gene expression in SIVinfected macaques
was calculated by comparing them to the average expression in the same cell subsets from
six uninfected macaques. The assessment of OAS mRNA in two SIV-infected macaques
indicated that OAS expression was increased 35-fold in CD14+ monocytes from both
infected macaques (Fig. 7B), but was comparable to uninfected macaques in CD3+ T cells
(Fig. 7A) and in CD3−CD14− cells subsets (Fig. 7C). Expression of CXCL10 in the two
infected macaques was increased 25-and 15-fold, respectively, in CD3+ T cells (Fig. 7D),
while expression of this gene in CD14+ monocytes from one macaque (Fig. 7E) and
CD3−CD14− cells from both macaques (Fig. 7F) was within the range of uninfected
macaques. These results suggest that the up-regulation of OAS in PBMCs occurs primarily
in monocytes while up-regulation of CXCL10 can be attributed to CD3+ lymphocytes.

DISCUSSION
While high dose mucosal challenge of SIV provides greater assurance that the SIV
administration will result in successful infection, these doses exceed naturally occurring
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viral titers in body fluids [14–19]. Due to the large number of virions in high dose
inoculums, host defenses at mucosal sites may be overwhelmed, reducing our ability to
detect the beneficial effects of vaccines or microbicides. Low dose viral administration more
closely mimics naturally occurring viral inocula and, therefore, would be predicted to be
more appropriate for vaccine, microbicide or transmission studies, although these
experiments present additional issues both in designing and comparing studies (including
inoculation timing, viral dose and optimal samples collection time points). In this study, the
SIV-macaque model was utilized to evaluate viral and immune changes following either
high or low dose SIV transmission via the oral route. Virologic analyses revealed that
plasma viral set-points during chronic phases were comparable between the low and high
dosed macaques indicating that irrespective of the oral challenge dose the resultant viral
replication is comparable during the chronic phase of the infection.

In general, the transcription changes of key immune modulators such as IFN-γ, TNF-α,
IL-12 and IL-10 in PBMC following SIV infection in the low and high dosed orally
SIVinfected macaques are in agreement with published studies [29, 70, 71]. For example,
the lack of an upregulation of the cytokines TNF-α and IL-10 during the chronic phase of
the SIV infection in IV inoculated macaques has also been reported, although a transient
upregulation of these cytokines can be observed in some macaques [70, 72, 73]. Also, IFN-γ
gene expression level in PBMCs is not upregulated following oral SIV-infected infant
macaques [29], in agreement with our findings. In lymph nodes, other studies have
described an increase in IFN-γ, TNF-α, IL-12 and IL-10 gene expression within the first
week post-SIV infection in orally or vaginally exposed macaques [29, 71]. However, the
most dramatic upregulation was observed in lymph nodes near the sites of virus
administration whereas those distal lymphoid tissues (similar to the ones assessed here) were
less affected or unchanged [29, 71].

Assessment of immune modulators in PBMCs of the low and high dosed macaques
identified two genes, OAS and CXCL10, that were upregulated. Overall, the mRNA levels
of OAS and CXCL10 were similar in low and high dosed macaque PBMCs, although we did
observe a more rapid increase in the high dosed (and intravenously inoculated) macaques in
comparison to the low dosed macaques. These delayed immune responses occurred in low
dosed macaques that had detectable plasma viral loads at the day 7 time point (Fig. 1
compared to Fig. 4), and, therefore, can not be attributed solely to a delay in SIV replication.
Indeed, a recent study by Liu et al. assessed the impact of SIV dosage on viral and
immunologic factors following rectal SIV infection of macaques [74] and, although
CXCL10 and OAS were not evaluated in that study, this group also found that low SIV
dosages results in a delayed, as well as a reduced expression of a number of plasma
cytokines and chemoki nes (IFN-α, IFN-γ, IL-1R α, IL-15, IL-18 and MCP-1) [74].
Together, these data suggest a model in which low doses of SIV delivered mucosally result
in a delayed innate immunologic response in peripheral blood when compared to macaques
administered a high mucosal dose of SIV.

Assessment of peripheral lymph nodes following SIV infection in the low and high dosed
macaques identified three immune modulators that were upregulated (OAS, CXCL9 and
CXCL10). The immunologic differences between the differentially dosed macaques was
most obvious within the lymph nodes in which high dosed macaques had increased OAS
and CXCL10 expression while low dosed macaques upregulated CXCL9 and CXCL10
(Figs. 4, 6). Interestingly, these two immune modulators are differentially regulated; OAS is
produced in response to IFN-α stimulation [75] and CXCL9 principally induced by IFN-γ
[76]. Interestingly, CXCL10 can be induced by both IFN-α and IFN-γ [76, 77]. Therefore,
the differential immune modulator transcript expression may be driven by a strong IFN-α
mediated response in high dosed macaques and a strong IFN-γ mediated response in low
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dosed macaques. Since OAS is an antiviral protein [75] and the CXCL9 and CXCL10 are
chemokines that bind the receptor CXCR3 [78, 79] expressed on Th1 (CD4+ and CD8+ T
cells) as well as NK cells [80, 81], this differential expression has the potential to elicit
different immune responses both within the peripheral lymph node as well as other
lymphatic tissues. Our previous studies demonstrated that increased mRNA expression of
OAS and CXCL10 at mucosal sites was associated with slower disease progression, whereas
increased mRNA expression of these same immune factors in peripheral blood cells and
lymph nodes was associated with more rapid disease progression [27, 28]. Therefore, the
location of these immune modulators likely plays an important in determining early events
following infection which has the potential to impact disease outcome.

Analysis of purified populations of CD3+ T cells and CD14+ monocytes determined that in
PBMCs CD3+ T cells were the major producer of CXCL10 whereas OAS was produced
mainly by CD14+ monocytes. Because CD4+ T cells can potentially be infected with SIV, it
is possible that the increase in CXCL10 expression is due to direct viral infection, although
indirect cytokine effects cannot be ruled out. In contrast, monocytes are rarely found to be
infected with HIV. Accordingly, as monocytes produce OAS at higher levels than
lymphocytes in response to interferon [82], this suggests that interferon may be responsible
for the monocyte-specific upregulation of OAS. These immunemodulators might be induced
to defend against SIV infection, yet they could also potentially increase the activation state
of CD4+ target cells, which would be predicted to facilitate HIV spread and increase the rate
of disease progression.

In summary, the studies presented here are the first to provide a detailed assessment of
immune and viral changes in Rhesus macaques inoculated orally with low and high doses of
SIV. These studies provide evidence that infection after low dose SIV administration has
more in common with natural HIV infection than does high dose SIV administration,
particularly with regard to the limited number of virions establishing infection [45, 46, 83,
84]. Overall, the similarities in viral and immune parameters between the two SIV dosing
strategies were more evident than the differences. The potential for an extended eclipse
phase (delay in viral and innate immune responses) likely provides an additional opportunity
for a vaccine to be protective when oral low dose SIV inoculations are administered. We
also found differential patterns of gene expression observed in the lymph nodes of the high
(upregulation of OAS and CXCL10) and low dosed (upregulation of CXCL9 and CXCL10)
orally SIV inoculated macaques. These data would indicate that SIV challenge doses
influence the innate immune response at least through the establishment of the chronic phase
of the infection. Overall, these data support the use of low dose challenges in the SIV-
macaque model as they establish virologic outcomes that are more comparable to what has
been observed during mucosal HIV infections [45, 46, 49–51, 84, 85] and therefore
represents a better model for evaluating efficacy of vaccines and microbicides. Finally, these
studies have the potential to inform future SIV/HIV vaccine efficacy trials in which
vaccinated hosts have the potential to be infected with a range of viral challenge doses. The
authors do not have any commercial or other considerations that might be interpreted as a
conflict of interest with regard to the data presented herein.
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Fig. 1.
Plasma viral loads. Viral RNA copies per ml of plasma are shown for macaques inoculated
orally with low doses (A) or high doses (B) of SIV.
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Fig. 2.
Phylogenetic tree. Neighbor-joining phylogenetic trees were constructed from the sequences
of clones obtained after PCR amplification of the SIV env V1-V2 region from day 7 or 14
PBMCs of low dose inoculated macaques (earliest SIV-positive sample). Bootstrap values
from 500 replicates are indicated on each node if greater than 75%. Dots of the same shape
and shade represent clones from the same animal. SIV Env V1-V2 sequences are depicted
from all six low dose macaques as well as the SIV inoculum (A). Sequences from macaques
18984 and 18412 with the SIV inoculum are shown separately to demonstrate the higher
diversity of transmitted virions in these two macaques (B and C respectively).
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Fig. 3.
Heteroduplex Mobility Assay (HMA). Viral diversity in macaques administered low or high
doses of SIV. Genomic DNA was obtained from PBMCs from the first SIV-positive sample
of all orally inoculated macaques (day 14 for low dose macaques, and day 7 or 14 for high
dose macaques) and the V1-V2 region of SIVenv was PCR amplified. Lanes 1 to 6 show the
six macaques that were inoculated with low doses of SIVmac251 (lane 1: 17742, 2: 18984,
3: 18412, 4: 18414, 5: 18981, 6: 19147). Lanes 7 to 11 show the five macaques inoculated
with high doses of SIVmac251 (lane 7: RM11, 8: RM12, 9: RM13, 10: RM14, 11: RM15).
Lane 12 shows HMA for V1-V2 region of a SIVmac239 plasmid, to indicate the pattern
when only one clonal sequence is present. HD indicates the homoduplex bands which is the
brightest and fastest migrating band on the gel.
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Fig. 4.
Fold changes in mRNA expression of immune modulating genes in LN and PBMCs. Fold
changes are shown for mRNA expression of six immune response genes (from left: OAS,
CXCL9, CXCL10, IFNγ, TNFα, IL-10) in PBMCs (A, B) as well as eight immune response
genes (from left: IFN-α, OAS, CXCL9, CXCL10, IFN-γ, IL-12, TNF-α, IL-10) in LN (C,
D) of macaques infected orally with low doses (A, C) or high doses (B, D) of SIV. Symbols
of the same shape represent the same macaque and each symbol represents a different time
point of sampling. Symbols within the black boxes represent mRNA expression levels that
are increased more than two standard deviations away from the baseline gene expression.
For PBMC, gene expression in uninfected macaques was determined by average gene
expression levels of preinfection timepoint from both high and low dose macaques. For
lymph nodes, the average of gene expression levels of preinfection time point from low dose
macaques and 4 uninfected macaques from California primate center was used to determine
baseline gene expression level at peripheral lymph nodes. For low dosed macaques, PBMCs
were obtained at four time points between days 7 and 14, 28 and 35, 70 and 85, and at day
112; LN biopsies were obtained at three time points for the low dose macaques between
days 28 and 35, day 70 and 85 and also at day 112. Immune gene expression in LN biopsies
and PBMCs shown here for high dose macaques include PBMCs obtained at days 7 or 15,
21 or 28, 45 or 56 as well as 85 dpi and lymph node biopsies taken at three time points on
days 21 or 28, 45 or 56 as well as 85 dpi as previous described [28].
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Fig. 5.
OAS and CXCL10 mRNA expression changes in peripheral blood. OAS (A, B, C) and
CXCL10 (D, E, F) expression from acute to chronic SIV infection time points are shown for
PBMCs of Rhesus macaques orally inoculated with low (A, D) or high doses (B, E) of
SIVmac251. Also, OAS (C) and CXCL10 (F) expression in PBMCs are shown for
macaques 7 days after i.v. infection with high doses of SIVmac239. Each bar represents the
fold change of expression at one time point compared to uninfected macaques. The shaded
area across the x-axis represents two standard deviations of the average expression of the
corresponding gene in uninfected macaques. ND – not determined.
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Figure 6. OAS, CXCL9, CXCL10 mRNA expression changes in peripheral lymph node
OAS (A, B), CXCL9 (C, D) and CXCL10 (E, F) expression during chronic SIV infection at
lymph node are shown from Rhesus macaques orally inoculated with low (A, C, E) or high
doses (B, D, F) of SIVmac251. Each bar represents the fold change of gene expression at
one time point compared to uninfected macaques. The shaded area across the x-axis
represents two standard deviations of the average expression of the corresponding gene in
uninfected macaques.
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Figure 7. Expression of OAS and CXCL10 in PBMC cell subsets
Fold changes of expression of OAS (A, B, C) and CXCL10 (D, E, F) are shown in isolated
CD3+ T cells (A, D), CD14+ monocytes (B, E) and cells that do not have either of these
markers (CD3−CD14−) (C, F). PBMCs were taken from macaque RM14 (84 dpi, left bar)
and RM11 (14 dpi, right bar). Expression of OAS or CXCL10 in each cell subset is
compared to gene expression in the same cell subset of uninfected Rhesus macaques. The
fold change is considered increased or decreased in SIV infected compared to uninfected
macaques when it is greater than two standard deviations (shaded area) away from the
average expression in uninfected animals.
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