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Abstract: Little is known about how individual virus lineages replicating during acute Human Im-
munodeficiency Virus or Simian Immunodeficiency Virus (HIV/SIV) infection persist into chronic
infection. In this study, we use molecularly barcoded SIV (SIVmac239M) to track distinct viral line-
ages for 12 weeks after intravenous and intrarectal challenge in macaques. Two Mafa-A1*063+ cyno-
molgus macaques (Macaca fascicularis) were challenged intravenously (IV), and two Mamu-A1*001+
rhesus macaques (Macaca mulatta) were challenged intrarectally (IR) with 200,000 Infectious Units
(IU) of SIVmac239M. We deep sequenced the molecular barcode from all animals over 12 weeks to
characterize the diversity and persistence of virus lineages, as well as the sequences of T cell epitopes
during acute SIV infection. During the first three weeks post-infection, we found ~175-950 times
more unique virus lineages circulating in the animals challenged intravenously than those chal-
lenged intrarectally, suggesting that challenge route is the primary driver restricting the transmis-
sion of individual viral lineages. Additionally, the emergence of escape variants can occur on mul-
tiple virus templates simultaneously, but elimination of some templates is likely a consequence of
additional host factors. These data imply that virus lineages present during acute infection can be
eliminated from the virus population even after initial T cell selection.

Keywords: Simian Immunodeficiency Virus; SIVmac239; barcoded viruses; intravenous challenge;
intrarectal challenge

1. Introduction

While many studies have thoroughly examined the number and diversity of unique
viral lineages during acute HIV/SIV infection, few studies focus on the persistence of spe-
cific individual virus lineages within a host over time. Defining the number and diversity
of these lineages may shed light on the natural progression of how an original virus line-
age persists and evolves in the absence of interventions and treatments. In HIV, intrave-
nous (IV) infection is associated with the transmission of numerous unique systemic virus
lineages. Researchers have modeled this in SIV studies, where the number of uniquely
replicating viruses in plasma correlated with the infectious inoculum dose [1-3].

The molecular tools to characterize virus transmission and evolution have improved
over the last ten years. One widely used tool to study the transmission and evolution of
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HIV and SIV is Single Genome Amplification (SGA) (Reviewed in [4]). However, SGA is
expensive and time-intensive, making large-scale studies using SGA quite challenging [5,
6]. Instead, viruses containing small molecular tags within their genomes have been de-
veloped for animal studies of infectious pathogens. These viruses can be enumerated
more efficiently in the blood and tissues with deep sequencing [1, 3, 7-12]. In contrast to
the small number of unique virus templates that can be sequenced by SGA, thousands of
barcodes can be deep sequenced from a large population of virus templates to improve
the detection of low-proportion virus variants. These “pseudo-swarm” viruses are iso-
genic outside the molecular barcode but highly diverse within the barcode, providing
each viral lineage with similar fitness in vitro and in vivo [1, 3].

SIVmac239M is a barcoded virus stock derived from clonal SIVmac239 (Nef-open)
containing nearly 10,000 viral variants differing only by the 34bp insert [3]. Previous stud-
ies have used SIVmac239M to understand viral reservoirs in SIV infection [2, 3], measure
reactivation rates following antiretroviral treatment (ART) interruption [3], enumerate the
number of viral lineages during acute infection after intravenous challenge [1, 3], and as-
sess acute immune escape in multiple SIV viral lineages [8]. However, these studies chal-
lenged animals intravenously with SIVmac239M rather than mucosally, even though mu-
cosal transmission is the primary route of HIV transmission. SIVmac239X, a predecessor
to SIVmac239M, was previously used to determine the number of transmitted/founder
lineages following intrarectal (IR) infection [2] and assess viral dynamics following in-
travaginal infection [13], but this virus stock contains only ten distinct lineages, preclud-
ing its usefulness in evaluating lineage-specific viral dynamics.

In this study, we compared the number of unique viral lineages circulating systemi-
cally during acute infection of macaques challenged either mucosally via IR challenge or
IV with 200,000IU of SIVmac239M. We also examined the relationship between early im-
mune escape and the number of persistent barcoded viral lineages. We followed animals
for 12 weeks to determine whether the same virus lineages persisted in the blood through-
out this time, as well as the associated variants in acutely targeted T cell epitopes.

2. Materials and Methods
2.1. Research animals

Two Mauritian cynomolgus macaques (MCMs; Macaca fascicularis) and two rhesus
macaques (RMs; Macaca mulatta) were housed and cared for at the Wisconsin National
Primate Research Center (WNPRC) in Madison, WI. All animals were cared for under
IACUC protocol #G00680, approved by the University of Wisconsin Graduate School In-
stitutional Animal Care and Use Committee. All procedures, including blood draws and
SIVmac239M inoculation, were performed under anesthesia, and we made every effort to
minimize distress and suffering. According to previous methods, the RMs were positively
genotyped for MHC class I allele Mamu-A1*001 [14], and the MCMs were positively gen-
otyped for Mafa-A1*063 [15]. Both RMs (r10001 and r04103) were challenged intrarectally
under anesthesia with 200,000 Infection Units (IU) (or 4.89 billion viral copies (vc)) of
SIVmac239M, and the MCMs (cy0575 and cy0428) were challenged IV with 200,000 IU of
SIVmac239M.

2.2. Viral load quantification

Viral loads (VLs) were measured by the Virology Services unit of the WNPRC longi-
tudinally throughout SIVmac239M infection. VLs were reported from the WNPRC as log
viral copies (ceq) per milliliter of plasma. Viral RNA was isolated from plasma samples
using the Maxwell 16 Viral Total Nucleic Acid Purification Kit on the Maxwell 16 MDx
instrument (Promega, Madison WI). Viral RNA was then quantified using a highly sensi-
tive QRT-PCR assay based on the one developed by Cline et al. [16]. RNA was reverse
transcribed and amplified using the Superscript III Platinum One-Step qRT-PCR kit (Invi-
trogen) on the LightCycler 480 or LC96 instrument (Roche, Indianapolis, IN) and quanti-
fied by interpolation onto a standard curve made up of serial tenfold dilutions of in vitro
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transcribed RNA. RNA for this standard curve was transcribed from the p239gag_Lifson
plasmid kindly provided by Dr. Jeffrey Lifson, NCI/Leidos. The final reaction mixtures
contained 5 mM MgSO4, 150 ng random primers (Promega, Madison, WI), 600 nM each
primer, 100 nM probe, and 0.8 ul enzyme mix. Primer and probe sequences are as follows:
forward primer: 5- GTCTGCGTCATCTGGTGCATTC, reverse primer: 5-CAC-
TAGCTGTCTCTGCACTATGTGTTTTG-3' and  probe:  5-6-carboxyfluorescein-
CITCCTCAGTGTGTTTCACTTTCTCTTCTGCG-BHQI1-3". The reactions cycled with the
following conditions: 37°C for 15 min, 50°C for 30 min, 95°C for 2 min followed by 50
cycles of 95°C for 15 seconds and 62°C for 1 min. The limit of detection of this assay is 100
copies/ml.

2.3. Isolation of nucleic acids for sequencing

vRNA was isolated from either 500uL or 1ml of plasma using the QlAamp MinElute
Virus Spin Kit (Qiagen) according to the manufacturer’s protocol. We eluted the RNA
from the column in Buffer AVE.

2.4. Deep sequencing of the barcode from plasma viral RNA

5uL of VRNA was reverse-transcribed using SuperScript III One-Step RT-PCR Sys-
tem with forward primer 5-CAAGAAAGGCTGTAGATGTC-3" and reverse primer 5'-
GACAAATAATCAACACTTGGCA-3'. Viral loads ranged from 2.1e3-1.51e8 ceq/ml. This
step produced a 2,250 base pair cONA amplicon that included the 34-nucleotide barcode.
Then, 1-2ng of the purified 2,250 bp amplicon was used as a template to generate a smaller
amplicon (range of 416-499 base pairs) with PCR primers containing Common Sequence
(CS) tags derived from the Access Array Barcode Library for Illumina Sequences (Flu-
idigm Corporation) (Table 51). We generated this amplicon with Phusion High-Fidelity
PCR Master Mix with High-Fidelity (HF) Buffer. PCR conditions were as follows: 98°C for
3 minutes (x1); 98°C for 5 seconds, 60°C for 10 seconds, 72°C for 30 seconds (x29); 72°C for
5 minutes (x1). PCR products were quantified using a Qubit Fluorometer (Invitrogen) and
normalized to 1 ng/uL. Each PCR product was purified using the MinElute Gel Extraction
Kit (Qiagen) and quantified using the Qubit double-stranded DNA (dsDNA) High Sensi-
tivity Assay Kit (Invitrogen). Samples were pooled and sequenced with a 2 x 300 V3 se-
quencing kit on an [llumina MiSeq.

2.5. Deep sequencing of the complete SIV genome from plasma

vRNA was isolated from plasma using the MinElute virus spin kit (Qiagen) as de-
scribed above. Five microliters of vVRNA were reverse transcribed and amplified using
Superscript III one-step RT-PCR system with High-Fidelity Platinum Taq (Invitrogen).
This step produced four overlapping amplicons spanning the entire SIV coding sequence,
detailed previously [17, 18]. PCR products were purified using the MinElute gel extraction
kit (Qiagen), then quantified using the Quant-IT double-stranded DNA high-sensitivity
(HS) assay kit on a Qubit Fluorometer (Invitrogen). Libraries were generated from 1 ng of
pooled amplicons and then tagged using the Nextera XT kit (Illumina). We quantified
tagged libraries with the Quant-IT dsDNA HS assay kit, and we assessed the average
fragment size with an Agilent Bioanalyzer. Libraries were pooled and sequenced on an
[Nlumina MiSeq using either 2 x 250 or 2 x 300 sequencing kits.

2.6. ELISPOT assays

Fresh peripheral blood mononuclear cells (PBMCs) were subjected to an IFN-y en-
zyme-linked immunosorbent spot (ELISPOT) assay, as previously described [19]. We
briefly blocked a precoated monkey IFN-y ELISPOTplus plate (Mabtech, Mariemont,
OH), and added peptides listed in the figures to each well in duplicate at a final concen-
tration of 1uM. We added 105> PBMCs to each well, and plates were incubated overnight
at 37°C. The positive control for this assay was 10uM Concanavalin A, and the plates were
developed according to the manufacturer’s protocol (Sigma Aldrich). The wells were
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imaged with an AID ELISPOT reader (Autoimmun Disgnostika Gmbh). We calculated the
number of spot forming cells (SFCs) per 106 PBMCs by subtracting the average number of
background spots (average of spots from four wells not stimulated with any peptide,
which served as a negative control) and then multiplying this value by 10. We considered
a response positive if it exceeded the no stimulation average threshold plus two times the
standard deviation of the no stimulation wells or if it had 50 SFCs per 106 PBMCs, which-
ever was greater. The values for duplicate wells were then averaged and graphed.

2.7. Quality control and analysis of molecular barcode sequences

Paired-end reads from each time point were mapped to SIVmac239M, and we used
the read containing the barcode during subsequent steps. We did not use the other read
for barcode analysis. The reads containing the barcode were trimmed to Q>15 [20] and
analyzed using the Barcode Virus Analysis tool [21], which analyzes barcoded viral line-
age populations originating from SIVmac239M data. These methods are further described
in Fennessey et al. [3]. For each sample, we calculated the number and frequency of indi-
vidual viral lineages. We determined the authenticity of viral lineages based on extensive
testing of the SIVmac239M barcode population in the stock and in macaques [1,3]. Sam-
ples were excluded if the FASTQ file contained <20,000 reads due to inadequate depth of
coverage. Replicates were compared to one another to screen for adequate similarity using
Morisita-Horn Similarity Index (MHSI), which accounts for overlap in barcodes and their
corresponding proportions. Here, >75% similarity (or MHSI >0.75) was required to deter-
mine that replicates were similar enough to be analyzed further. An additional table de-
tails Morisita-Horn values for all replicate pairs (Table S2). We performed all computa-
tion and statistical analyses using in-house Python code [22]. Individual barcodes were
only included in the analysis if they were found in both replicates from a given time point
to prevent erroneous data from being enumerated and analyzed. Unique barcodes were
determined based on the number of unique lineages present in both samples, with bar-
codes present in only a single sample eliminated. The number of barcodes eliminated by
this method consisted of 0-9% per sample, and therefore comprised a limited proportion
of the barcode population.

3. Results

3.1. Fewer circulating viral lineages are detectable following mucosal challenge with
SIVmac239M compared to intravenous challenge

Two Mafa-A1*063+ MCMs were challenged IV, and two Mamu-A1*001+ RMs were
challenged IR with 200,000 IUs of SIVmac239M. We saved plasma and PBMC from each
animal according to the study timeline (Figure 1A). Peak plasma viral loads (VL) were
similar between groups (Figure 1B) and are comparable to peak VLs observed in MCMs
and RMs with similar MHC genetics in previous studies [23-27]. This observation sug-
gests that regardless of inoculation route, SIVmac239M exhibits similar peak viremia in
both groups.
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Figure 1. Study timeline and viral loads. (A) Two Mamu-A1*001+ rhesus macaques were inoculated intrarectally (IR), and two
Mafa-A1*063+ cynomolgus macaques were inoculated intravenously (IV), with 200,000 Infectious Units (IU) of SIVmac239M.
Whole blood was drawn at the time points indicated. (B) Viral loads in both groups of animals were calculated by qRT-PCR from
plasma.

We assessed the number of unique viral lineages following infection in both groups.
We detected 2 unique barcoded lineages in 110001 from all 8 time points sampled and
between 2 and 11 unique viral lineages in r04103 depending on the sampling time point
(Figure 2A). All barcodes were present at a frequency of 0.1% or greater in the two IR-
challenged RMs. The number of unique viral lineages remained consistent in r10001
throughout the infection, while r04103 had a higher number of unique circulating viral
lineages (range 2-11), with a subtle decrease in the number of unique lineages present as
infection progressed.

In contrast, the number of unique viral lineages detected in the IV-challenged MCMs
was approximately 150-fold higher during the first three weeks of infection than in the IR-
challenged RMs. Until day 17, the median number of unique viral lineages across all three
time points was 2049 and 1845 for cy0428 and cy0575, respectively. These results were
consistent with the number of barcodes previously detected in rhesus macaques chal-
lenged intravenously with the same dose of SIVmac239M [1]. The median number of
unique viral lineages dropped to 38 and 11 for cy0428 and cy0575, respectively (Figure 2B)
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from day 24 to necropsy on day 84. These data confirm the mucosal bottleneck theory of
viral transmission since animals infected intrarectally with 200,000 IUs of SIVmac239M
does not achieve the same diversity of circulating viral lineages during acute infection as
animals challenged IV with the same dose of SIVmac239M. The average number of bar-
codes following IV infection is ~1900 barcodes, while the number of barcodes following
IR infection is 2-11. This suggests that there are between 175-950-fold more detectable bar-
codes in IV infected animals than in the IR infected animals.
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Figure 2. The number of unique viral lineages in IR and IV-challenged macaques. (A) The number of unique viral lineages was
plotted in both rhesus macaques that were intrarectally challenged with SIVmac239M. (B) The number of unique viral lineages was
plotted in both cynomolgus macaques that were intravenously challenged with SIVmac239M.

3.2. Simpson’s Diversity Index of the molecular barcode declines rapidly at three weeks after
infection in animals challenged intravenously but not intrarectally

We next plotted the frequency of individual barcoded virus lineages comprising the
virus population in both IR and IV-challenged animals over time. In both IR-challenged
RMs, the relative proportions of each barcode changed slowly over time (Figure 3A), such
that one lineage was dominant (>75%) at euthanasia. We calculated Simpson’s Diversity
Index (SDI) over time as a proxy for the number and abundance of viral lineages within
the total population. To calculate SDI, we used the number and frequency of unique bar-
codes as individual species comprising the virus population (26). We chose to calculate
the SDI because it quantitatively assesses the evenness of individual virus lineages within
the total virus population. A population with a high SDI (~1) will have an even distribu-
tion of many individual virus lineages in the population. In contrast, a population with a
low SDI (~0) likely has a small number of high-frequency viral lineages dominating the
population. In the two IR-challenged RMs, the small number of virus lineages comprising
the total population was reflected by moderate diversity (SDI 0.5-0.7) during acute
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infection that slowly declined throughout infection, until an SDI of 0.25 was reached at
necropsy (Figure 3B).

We characterized the persistence of the individual virus lineages in the IV-challenged
animals from three weeks post-infection to necropsy on day 84. Barcode 6128 (Figure 3C,
left, purple) was present at 68% frequency in cy0428 at three weeks post-infection, but
then nearly disappeared by week six and was replaced with barcode 2667 (Figure 3C, left,
navy blue). Barcode 2667 remained prevalent until necropsy. Animal cy0575 exhibited
more detectable lineages, with five barcodes present at >10% at three weeks post-infection,
four of which persisted until necropsy (Figure 3C, right). This difference in population
composition is mirrored in the SDI values of the virus populations replicating in both
MCMs, with the population present in cy0575 consistently having a slightly higher SDI
than cy0428 (Figure 3D). Beyond week 6, the SDI value remained between 0.4-0.7 and 0.1-
0.25 in cy0575 and cy0428, respectively, until necropsy.

We next examined how the SDI of the virus population in the IV-challenged animals
changed over time. The SDI of the virus population in these two MCMs from one to three
weeks post-infection was approximately 1, as expected from the large number of unique
virus lineages detected at these time points. The SDI rapidly declined to <0.5 between
three and six weeks after infection, consistent with the decrease in the number of unique
virus lineages detected during this time (Figure 3D). This decrease is consistent with other
studies reporting viral escape from T cells during HIV or SIV infection [8, 28-30].
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Figure 3. Diversity of the molecular barcodes present in the circulating virus populations. (A and C) The proportion of individual
barcoded lineages circulating in the rhesus (A) and cynomolgus macaques (C) are shown over time. Variants that do not exceed 3%
proportion at any point throughout infection were binned into the <3% category. (B and D) Longitudinal Simpson’s Diversity
Index of the population of barcoded lineages in the rhesus (B) and cynomolgus macaques (D) was calculated and plotted over time.

3.3. T cell responses in MHC-restricted epitopes are observed around weeks 3-4 post-infection in
all animals

SIV-infected Mafa-A1*063+ MCMs rapidly develop CD8+ T cells targeting two pep-
tides: Nefi03111RM9 and Gagsss-34GW9 (30, 31). We performed IFNy-ELISPOT assays using
fresh PBMC from cy0428 and cy0575 using these two peptides as stimuli at days 21 or 28
post-infection. We identified detectable responses in the PBMC to the wild type (WT) se-
quence of both epitopes in both MCMs between three and four weeks post-infection (Fig-
ure 4A), similar to previous studies [31, 32].

Additionally, CD8+ T cells during acute SIV infection of Mamu-A1*001+ RMs target
the SIV peptide Tats-3SL8 [8, 27, 33, 34]. We performed IFNvy-ELISPOT assays using fresh
PBMC from r10001 and r04103. We detected responses in the PBMC to the WT and S1P
variant of Tat2s.355L8 on day 21 after infection (Figure 4B), indicating that there were T cell
responses specific for both the WT and variant epitope sequences.
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Figure 4. IFNvy-ELISPOT assays detect antigen-specific CD8+ T cells during acute SIV infection. (A) In IV-infected cynomolgus
macaques, CD8+ T cell responses specific for Nefi03-111RM9 and Gagsss-304GW9 at day 28 in cy0428 and day 21 in cy0575 were
measured by IFNy-ELISPOT. (B) CD8+ T-cell responses to Tat2s35SL8 wild-type (WT) and the S1P mutations assessed at day 21
were measured by IFNy-ELISPOT in IR-infected rhesus macaques.

3.4. Variation in T cell epitopes is coincident with reduced barcode diversity in 1V-challenged
MCMs

We next deep sequenced the Nefi0s-11RM9 and Gagase-34GW9 T cell epitopes in vi-
ruses circulating in the MCMs to determine the frequency of wild type and variant epitope
sequences over time. In cy0428, the most dominant Nefi03.11:1RM9 variant was a K3R mu-
tant present at three weeks post-infection, but this was almost completely replaced with a
P2T mutant by week four (Figure 5A, left). In cy0575, we detected four Nefi03-11RM9 var-
iants >10% beginning at week four (Figure 5A, right). However, by week six post-infec-
tion, the K3N Nefi03-111RM9 variant was present at greater than 75% frequency and re-
mained that high until the animal was euthanized (Figure 5A, right). Interestingly, the
K3N variant was comprised of two different nucleotide sequences coding for the same
amino acid sequence.

When we assessed Gagsss-304GW9 variants, we found that both the P2L and P5S vari-
ants were present in both animals after week four (Figure 5B). We also found that domi-
nant Gagsss34GW9 variants emerged at weeks three and six post-infection in MCMs
cy0428 and cy(0575, respectively, similar to the detection of variants in Nefi03-111RM9 (Fig-
ure 5B). Our findings are consistent with our previous studies suggesting that immune
escape is conditional [18, 31], because the detection of variants in Gagsss3:4GW9 does not
occur without variants detectable in Nefi03-111RM9. Conditional escape requires the pres-
ence of a particular mutation for a second mutation to lead to escape in that viral lineage.
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Figure 5. Detection of amino acid variants in Nefi111RM9 and Gagpss-34GW9 were coincident with reduced barcode
diversity. (A) Nefiz111RM9 variants identified in the intravenously challenged animals cy0428 and cy0575. The wild-
type variant is indicated by RPKVPLRTM. (B) Gaggsss-304GW9 variants identified in the intravenously challenged
animals cy0428 and cy0575. The wild-type variant is indicated by GPRKPIKCW. Amino acids identical to the wild
type are represented with dots, while mutant amino acids are indicated.

3.5. The same mutations in Tat2s-35SL8 occur on multiple viral lineages in IR-challenged RMs

We longitudinally assessed variants in the T cell epitope, Tats-35L8, targeted in
Mamu-A1*001+ RMs. The molecular barcode and Tat2s-355L8 were captured on the same
amplicon, allowing us to link the sequence of the Tat2s-35L8 epitope with the individual
virus lineages. In animal 110001, we identified two common viral lineages present
throughout infection: 1758 and 210. Both lineages had a similar distribution of Tat2s-3sSL8
variants (Figure 6A) throughout infection, even though lineage 210 became dominant in
the plasma (>75%) at necropsy. Although the same Tat2s-35L8 variant emerged in both
lineages, the expansion of lineage 210 during chronic infection suggests that there are
likely other adaptations outside of the Tat2s355L8 sequence contributing to the expansion
of this lineage during chronic infection.

The composition of Tats35SL8 variants replicating in animal 104103 was more com-
plex than for r10001 (Figure 6B). Even though there were up to 11 viral lineages present
during acute infection, lineage 176 was most common at necropsy. We found that the Tatos-
35L8 variants linked to the barcode of lineage 176 were similar to those linked to barcodes
of other lineages present during acute infection (e.g., 5836, 4221, and 630) (Figure 6B).
However, these other barcoded virus lineages disappeared from the population, despite
being linked to the same Tat2s3sSL8 variants as 176 at three weeks post-infection (Figure
6B). These data cumulatively suggest that additional sequences outside of Tat2s3sSL8 in
lineage 176 contributed to its expansion during chronic infection, while the other lineages
disappeared.
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Figure 6. Tats-355L8 escape variants are linked to multiple viral lineages in intrarectally challenged animals. Amplicon
data linking the barcode region to the Mamu-A1*001+ restricted epitope Tats35SL8 was examined. (A) The frequency of
individual epitope variants linked to each barcode lineage is shown for r10001 and (B) r04103. The frequency of each
variant in the heat maps is noted in the legend on the right. The wild-type variant is indicated by STPESANL. Amino acids
identical to the wild type are represented with dots, while mutant amino acids are indicated.

4. Discussion

Here, two cynomolgus macaques were challenged IV, and two rhesus macaques
were challenged IR with 200,000 IUs of SIVmac239M. Assessing lineage-specific viral dy-
namics within the viral population increases the power to make conclusions despite the
small number of animals. Here we found from 175-950 times more virus lineages circulat-
ing during acute infection in the IV-challenged macaques than in the IR-challenged ma-
caques. This difference in the number of unique viral lineages is consistent with historical
studies showing that infection route influences the number of virus lineages circulating
systemically soon after infection with swarm virus populations [36]. The number of
unique virus lineages present after IR challenge in our study was similar to those detected
in animals challenged IV with 100 IUs of SIVmac239M [1].

Previous studies comparing the number of transmitted viruses between different
challenge routes were complicated by sequence variability in the virus population [36].
One previous study compared challenge routes with SIVmac239X, but that stock only had
ten different lineages [2], thereby drastically limiting the power to detect differences in
high dose settings. Here, we compared the number of lineages circulating after intrarectal
vs. intravenous challenge with SIVmac239M that has thousands of different lineages but
which is isogenic outside of the molecular barcode. Similar to challenging animals with a
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swarm virus, we found reduced transmission of virus lineages upon intrarectal challenge
with SIVmac239M, which is consistent with the hypothesis that the challenge route is the
primary driver determining the number of individual virus lineages that initiate systemic
SIV/HIV replication [36].

Other studies of antiretroviral-naive macaques challenged with SIVmac239M tracked
virus populations only up to 32 days post-infection [8]. In that study, they found that the
virus population had drastically changed with at least a 3-fold change in detectable bar-
codes at day 32 [8]. Building on that study, we tracked the virus population up to 84 days
post-infection in the two intravenously challenged cynomolgus macaques. We found an
even greater reduction in the number of systemic lineages in both cynomolgus macaques
at approximately week three. In cynomolgus macaques, the number of virus lineages in
the IV challenged animals was <50 after detecting acute T cell responses. The species,
depth of sequencing, time points selected, or prior experience of the animals are possible
reasons for the increased reduction in the number of virus lineages circulating in cyno-
molgus macaques. Future studies comparing SIVmac239M dynamics in both of these spe-
cies will be needed to identify which factors may be responsible for these differences.

There were too few virus lineages for the animals challenged intrarectally to accu-
rately dissect out whether an early variant in a targeted epitope emerged on a single or
multiple barcoded virus lineages. Instead, we determined the proportion of each Tatas-
35L8 epitope variant linked to unique barcodes at a specific time. We captured the molec-
ular barcode and Tatzs-3SL8 sequence on the same amplicon, which allowed us to track
the persistence or elimination of particular combinations of barcodes and sequences in the
Tat23SL8 epitope. We found that multiple independent virus lineages contained the
same nucleotide mutations in Tat2s-35L8 from three to six weeks post-infection. However,
one barcode lineage expanded to comprise the majority of the virus population at nec-
ropsy and was linked to the diverse array of mutations in Tat2s3SL8. In contrast, the other
barcode lineages present three weeks after infection and linked to the same Tat2s3sSL8
variants reduced in frequency or disappeared from the population. We hypothesize that
the barcode lineage that persisted and expanded likely acquired additional variants out-
side of the sequenced region, but the lineages that disappeared did not acquire these ad-
ditional variants.

Overall, this study revealed some exciting results that may expand future uses for
SIVmac239M. Most importantly, we found that strong, early CTL responses eliminated
the majority (97%) of viral lineages in MCMs. This data sets the stage for future studies
that could explore whether augmentation of acute CTL responses (e.g. vaccination or ac-
tivation) may be able to further eliminate virus lineages. This unique model allows for
unprecedented resolution of viral population dynamics. With this large dynamic range, it
is possible that interventions could be optimized so that even minor improvements are
detectable and build upon current methods. In addition, the difference in virus dynamics
between the IV-challenged cynomolgus macaques studied here versus previous studies
of Mamu-A1*001+ rhesus macaques infected intravenously with SIVmac239M suggests
that perhaps the acute selection mechanisms of virus lineages may vary by species or host
MHC genotype. It would be interesting to compare the selection of acute-phase barcode
lineages between Mamu-A1*001+ and Mamu-B*08+ rhesus macaques challenged with
SIVmac239M to determine how the quality of the earliest T cells affects the population of
virus lineages present during acute infection. Further, additional studies comparing
SIVmac239M dynamics between rhesus macaques and other macaque species may iden-
tify critical features of species-specific SIV pathogenicity that are not apparent when ani-
mals are challenged with clonal SIVmac239. Also, even though our study only challenged
two animals intrarectally with SIVmac239M, our data is consistent with other studies find-
ing that virus transmission is restricted by mucosal tissue [36]. Future studies that con-
tinue to explore how the number of transmitted SIVmac239M lineages by different routes
may better quantify how mucosal tissue limits transmission under different types of
stressors.
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