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Analysis of Multiply Spliced Transcripts in Lymphoid
Tissue Reservoirs of Rhesus Macaques Infected with RT-
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Abstract

Highly active antiretroviral therapy (HAART) can reduce levels of human immunodeficiency virus type 1 (HIV-1) to
undetectable levels in infected individuals, but the virus is not eradicated. The mechanisms of viral persistence during
HAART are poorly defined, but some reservoirs have been identified, such as latently infected resting memory CD4" T cells.
During latency, in addition to blocks at the initiation and elongation steps of viral transcription, there is a block in the export
of viral RNA (VRNA), leading to the accumulation of multiply-spliced transcripts in the nucleus. Two of the genes encoded by
the multiply-spliced transcripts are Tat and Rev, which are essential early in the viral replication cycle and might indicate the
state of infection in a given population of cells. Here, the levels of multiply-spliced transcripts were compared to the levels
of gag-containing RNA in tissue samples from RT-SHIV-infected rhesus macaques treated with HAART. Splice site sequence
variation was identified during development of a TagMan PCR assay. Multiply-spliced transcripts were detected in
gastrointestinal and lymphatic tissues, but not the thymus. Levels of multiply-spliced transcripts were lower than levels of
gag RNA, and both correlated with plasma virus loads. The ratio of multiply-spliced to gag RNA was greatest in the
gastrointestinal samples from macaques with plasma virus loads <50 VRNA copies per mL at necropsy. Levels of gag RNA
and multiply-spliced mRNA in tissues from RT-SHIV-infected macaques correlate with plasma virus load.
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Introduction examples of long-lived cellular reservoirs that persist despite
HAART are macrophages and resting memory CD4" T
) ! ) lymphocytes [13-16]. Latently-infected resting memory CD4" T
infected persons despite advancements i treatment. Current  ceJis contain a provirus predicted to be replication competent but

treatment regimens, called highly active antiretroviral therapy express very little viral RNA (vRNA), resulting in non-productive
(HAART), usually consist of combinations of three or more drugs infection [17,18].

from two or more classes of antiretroviral agents (reviewed in [1]).
HAART prevents progression to acquired immune deficiency
syndrome (AIDS) in many individuals who are able to obtain and

Human immunodeficiency virus type 1 (HIV-1) persists in

Although the exact mechanisms of viral latency have not yet
been elucidated, several transcription-based models have been
proposed [17,19]. Silencing of the provirus may occur if the viral

?dhere' to  treatment r'eglm'ens (reylewed in [1]). Howex.fer, LTR is bound in inactive chromatin [20-24]. Another block to
intermittent detectable viremia and viral rebound upon cessation

of HAART demonstrate that the virus is not eradicated [2—6].
More sensitive virus load assays have demonstrated that low-level
viremia persists during HAART [7-10].

The sources of persistent virus and residual viremia have been
termed reservoirs, which have not been fully characterized.
Several mechanisms could be contributing to viral persistence,
including low-level viral replication or the persistence of long-lived
cells that release virus slowly or episodically [7,11,12]. Two

viral transcription is overcome by the viral protein trans-activator
of transcription (Tat), which is encoded by multiply spliced viral
mRNA (MS mRNA) [25,26]. Tat is essential for viral replication
[27,28] and serves as a transcriptional anti-terminator [29] to
increase the steady-state levels of viral mRNA [30]. The viral
protein Rev is another essential viral protein encoded by MS
mRNA [31,32]. Rev binds to the Rev-response element (RRE) of
full-length and partially spliced VRNA and plays a role in its
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Figure 1. Map of the MS mRNA splice site. Genome map depicting the MS transcript region of RT-SHIV. There are two open reading frames on
the MS transcript, encoding the Tat and Rev proteins. The Envelope protein (Env) is also encoded through this region. A portion of full-length viral
sequence surrounding the splice junction is displayed (blue bar with sequence below). The splice donor and the alternative acceptor sites for the MS
transcript are indicated with a red asterisk. A splicing event with splice acceptor 1 would result in a viral transcript containing the CAG sequence,

while an event with splice acceptor 2 would result in a transcript without the CAG sequence.

doi:10.1371/journal.pone.0087914.g001

transport from the nucleus to the cytoplasm for translation and
packaging into virions [33,34]. Interestingly, in purified resting
memory CD4" T cell populations from HAART-treated people an
abundance of MS viral mRNAs have been detected despite an
absence of cellular activation [35,36]. This suggests that blocks at
the transcriptional initiation and elongation steps are not absolute
and that some transcription occurs, even in latently infected cells
[35,36].

Non-human primate animal models of AIDS have been
developed and are being used to address viral persistence during
HAART [37-41]. Due to the specificity of the non-nucleoside RT-
inhibitors (NNRTTs) for HIV-1 reverse transcriptase (R'T), some of
these models use RT-SHIV [37-39]. RT-SHIV is a chimeric virus
consisting of simian immunodeficiency virus mac239 with the
reverse transcriptase of HIV-1 HXBc2 [42,43]. Because RT-
SHIV infection of macaques models HIV-1 infection in humans
during HAART, it can be used to address questions of lentiviral
persistence that are not feasible in human studies.

Recently, our group analyzed the distribution of RT-SHIV
DNA and gag RNA in tissues collected at necropsy from macaques
treated with HAART [37]. Analysis of whole tissue lysates and
single-cell suspensions generated from those same tissues demon-
strated that viral DNA (vDNA) and gag RNA were widely
distributed in many tissues [37]. The results also suggested that
some gag RNA was lost during the preparation of the single-cell
suspensions [37]. It is not known whether this lost gag RNA was
present in infected cells that were lost during preparation of the
single-cell suspensions or contained in extracellular virions that
were washed away during the preparation of the single-cell
suspensions [37]. A previous study demonstrated that follicular
dendritic cells (FDCs) in tissues in SIV-infected macaques can
retain full-length vRNA, but not MS mRNA [44].
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In the present study, we addressed the possibility that MS
transcripts might serve as indicators of viral persistence in tissues
from RT-SHIV-infected macaques during HAART. Levels of MS
transcripts might indicate newly infected cells because they are
essential early in the viral replication cycle, before the temporal
switch to production of full-length VRNA. MS mRNAs also
accumulate in the nucleus of latently-infected resting memory
CD4" T cells [35,36]. We developed a two-step TagMan real-time
RT-PCR assay for the quantification of MS transcripts in tissues
collected at necropsy. Levels of MS transcripts were compared
with levels of gag RNA in the same tissues to determine whether
productive viral infection or latency dominated in specific sites of
viral persistence. Some of the macaques also received a regimen of
valproic acid and prostratin as induction therapy designed to
activate latent virus in the presence of HAART.

Results

Variation at the Exon-One and Exon-Two Splice Junction

The plasmid TOPOtat was generated by cloning the MS
transcript from RT-SHIV infected CEMx174 cells into a TOPO
vector to serve as a DNA standard in the development of a
TagMan real-time PCR assay for the quantification of the MS
transcript. Upon sequence analysis, plasmid clones containing
PCR-amplified MS transcripts from  RT-SHIV-infected
CEMx174 cells demonstrated sequence variation at the coding
exon-one and coding exon-two splice junction (Table 1). The first
variant contained an additional three nucleotides (+CAG) that
were absent in the second variant (—CAG; Table 1 and Figure 1).
A third, minor variant was observed which contained a C-to-T
mutation (+TAG). While the viral envelope protein (Env) is also
encoded in this region, the env mRINA is not spliced at this site.
However, this codon is in frame and the observed C-to-T
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Table 1. Variants found at the MS mRNA splice site®.

% of Clones

—CAG +CAG +TAG
CEMx174 cells 31 (4/13) 46 (6/13) 23% (3/13)
Jejunum 14 (1/7) 86 (6/7) 0
Spleen 36 (4/11) 64 (7/11) 0
Mes LN® 60 (6/10) 40 (4/10) 0
% of Total Tissue Clones® 39 (11/28) 61 (17/28) O

Percent of plasmid clones displaying the indicated sequence at the coding
exon-one and coding exon-two splice junction, number of clones in
parenthesis.

bMesenteric lymph node.

“Percentage of total cDNA clones obtained from jejunum, spleen, and
mesenteric LN.

doi:10.1371/journal.pone.0087914.t001

mutation would result in a stop codon (TAG) in the env reading
frame.

To determine whether this splice site sequence variation also
occurred in animals, MS transcripts were PCR-amplified from
several tissues from a monkey with a high plasma virus load (Mmu
36544; 1.29x10° vVRNA copies/mlL) and subsequently cloned into
a TOPO vector (Table 1). These plasmid clones also demonstrated
sequence variation at the coding exon-one and coding exon-two
splice junction, with some clones being variant one (+CAG) while
others were variant two (—CAG; Table 1). None of the clones
contained the +TAG variant.

Splice site sequence variation in the cloned MS transcripts could
be the result of splicing event variation or mutations of either splice
acceptor G-8803 or G-8805 in the viral genome (GenBank
accession number M33262; Figure 1). The boundary region
between the intron and the MS transcript coding exon-two was
cloned into a TOPO vector and sequenced in order to determine
whether the variation was the result of mutations in the viral
genome (Table 2). Proviral DNA was amplified from peripheral
blood mononuclear (PBM) cells and mesenteric lymph node tissue
from animal Mmu 36544. Viral RNA was also cloned and
sequenced from PBM cells and plasma. Five or six clones were
sequenced for each sample to generate a total of 21 clones; all of
these clones contained the wild type RT-SHIV sequence through
the amplified region (Table 2).

Together, these results indicate that the observed sequence
variation is the result of splicing event variation rather than

Table 2. Sequence analysis of full-length viral genomes at the
MS mRNA coding exon-two splice acceptor sites.

Number of Clones

Wildtype® Mutation®
Plasma vRNA 5 0
PBM cell vRNA 5 0
PBM cell provirus 5 0
Mes LN€ provirus 6 0

2Wildtype sequence of RT-SHIV includes guanine at positions 8803 and 8805.
A mutation at splice acceptor G-8803 would prevent the generation of a MS
transcript containing the CAG sequence.

“Mesenteric lymph node.

doi:10.1371/journal.pone.0087914.t002
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mutations in the viral genome. These data also suggest that either
of the guanine nucleotides at positions 8803 and 8805 can serve as
coding exon-two splice acceptor sites, resulting in mRNA with or
without the CAG sequence, respectively (Figure 1). Chi-squared
analysis of the plasmid clones indicated a similar frequency in the
number of transcripts generated from either splice acceptor site.

Development of TagMan PCR for Multiply Spliced
Transcripts

TOPOtat was used for standardization of TagMan real-time
PCR in order to quantify the MS transcripts in tissues from RT-
SHIV-infected macaques. Serial ten-fold dilutions of the plasmids
TOPOtat-CAG and TOPOtat+CAG were used as templates in
TagMan PCR to generate standard curves. Results of TagMan
PCR using the SIVtat 284#2p probe (containing the CAG
sequence) were linear over seven logs, whether the template
contained the CAG nucleotides or not (Figure 2A). Linear
regression analysis resulted in slopes of —3.54 for the -CAG
template  (r=0.978) and -3.43 for the +CAG template
(r?=10.989), indicating amplification efficiencies of 92% and
96%, respectively. Because this single set of TagMan primers
and probe detected both viral sequence variants efficiently, it was
used for all subsequent analysis in this study.

Initial screening of six different tissues from RT-SHIV-infected,
HAART-treated macaques demonstrated that MS mRINA levels
were below the level of detection of standard TagMan PCR in
most samples (data not shown). To increase the sensitivity of the
assay, a 25 cycle multiplex PCR preamplification step was
developed. To test for linearity in the preamplification step, MS
mRNA, gag RNA and cellular GAPDH RNA were amplified from
total cDNA isolated from RT-SHIV-infected CEMx174 cells.
Samples were removed from the cycler every five cycles, through
25 cycles. TagMan PCR for each target was used in single-plex
reactions to quantify copy numbers of RNA. Linear regression
analysis demonstrated that the preamplification step was linear
through 25 cycles for all three targets with r? values for MS, gag,
and GAPDH RNA of 0.993, 0.980, and 0.995, respectively
(Figure 2B).

GAPDH RNA Levels in Tissues

GAPDH RNA in six different tissues from each of the animals
was quantified to determine whether this housekeeping gene could
be used to normalize viral RNA content. Multiplex preamplifica-
tion PCR was performed on ¢cDNA generated from 4 pg of total
RNA isolated from tissues from all nine macaques. TagMan PCR
of the preamplified cDNA demonstrated that GAPDH RNA levels
were similar in all tissues (Figure 2C). A one-way analysis of
variance (ANOVA) confirmed that the mean GAPDH RNA levels
of the tissues were not significantly different. These results indicate
that GAPDH RNA levels were consistent within this set of tissues,
and therefore could serve for standardization purposes.

Distribution of Viral RNA

Viral RNA was measured in plasma collected at necropsy from
all nine animals (Tables 3 and 4). Three of these animals had
plasma virus loads that were detectable by the standard virus load
assay (>50 vRNA copies/mL; Table 3) [45]. The other six
animals had plasma virus loads that were below the limit of
detection of the standard virus load assay (<50vRNA copies/mL;
Table 4). However, using a more sensitive virus load assay that
utilizes ultracentrifugation to concentrate virus from plasma [46],
low-level viremia was detected in three of these animals (Mmu
36348, Mmu 36166, and Mmu 36253; Table 4).
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Figure 2. Validation of TagMan PCR for MS mRNA, multiplex
preamplification PCR, and distribution of GAPDH RNA in
macaque tissues. A) Vectors containing a portion of the MS transcript
with or without the CAG nucleotides at the coding exon-1 and coding
exon-2 splice junction were used as standards for real-time TagMan
PCR. The plasmids were quantified by A260 spectrophotometric
readings and serially diluted for quantification by TagMan PCR. Data
shown are the average threshold cycle (C) +/— standard deviation of
triplicate experiments, with some standard deviations too small to
appear. The lines indicate regression analysis used to obtain line
equations for calculating the amplification efficiencies and for the
quantification of MS mRNA in samples. B) cDNA was generated from
total RNA from RT-SHIV-infected CEMx174 cells isolated 48 hours post-
infection using random hexamers primers. Multiplex preamplification
PCR was performed for viral MS mRNA and gag RNA in addition to the
cellular housekeeping gene GAPDH RNA. Individual reactions were
removed from the cycler every five cycles, followed by quantification of
the three transcripts by TagMan PCR to determine whether the
preamplification step was linear. Data shown are the average +/—
standard deviation of triplicate experiments, with some standard
deviations too small to appear. The lines indicate regression analysis.
C) Total RNA was isolated from tissues and quantified by two-step
TagMan RT-PCR. Total cDNA was preamplified for 25 cycles in multiplex
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PCR before TagMan PCR quantification. Cellular GAPDH RNA was
measured in these six tissues from all nine macaques in order to
determine whether it could serve as a standard. The solid symbols
indicate samples from animals that received only HAART while the open
symbols indicate samples from animals that received HAART plus
induction therapy. The horizontal lines represent the averages with 95%
confidence intervals.

doi:10.1371/journal.pone.0087914.g002

RT-SHIV MS mRNA and gag RNA were quantified by
TagMan real-time PCR as a measure of viral distribution in tissues
during HAART (Tables 3 and 4). Due to the low levels of these
transcripts on initial screening, the preamplification assay was used
prior to TagMan quantification. To standardize the values, copies
of MS mRNA and gag RNA were normalized per 10° copies of
GAPDH RNA in each sample. Twenty-eight of the samples had
detectable gag RNA, but no detectable MS mRNA (Tables 3 and
4). MS transcripts in tissues from macaques with plasma virus
loads >50 vVRINA copies/mL (Table 3) were detected more often
than in animals with plasma viral loads <50 vVRNA copies/mL
(Table 4), 10 out of 18 samples versus 6 out of 35 samples,
respectively. In two of the animals with plasma virus loads >50
VvRNA copies/mL that received induction therapy, Mmu 36160
and 36353, the M'S mRNA levels were below the level of detection
in several samples. Levels of gag RNA in tissues displayed a similar
pattern with generally higher levels detected in macaques with
plasma virus loads >50 vRNA copies/mL than in those with
plasma virus loads <50 vRNA copies/mL. MS mRINA was not
detected in thymus samples from any of the macaques, despite
detectable gag RNA in some (Mmu 36544, Mmu 36160, Mmu
36353, and Mmu 36253; Tables 3 and 4).

To confirm the observation that higher plasma viral loads were
associated with higher levels of RNA in tissues, correlations of MS
mRNA and gag RNA to viral loads in plasma were determined
(Figure 3). Correlations were significant (P<<0.0001) for both MS
mRNA and gag RNA for five of the tissues (duodenum, jejunum,
colon, spleen, and mesenteric lymph node), with Pearson r values
ranging from 0.9991 to 1.0000. Mmu 36544 had a plasma virus
load at necropsy of 1.29x10° vRNA copies/mL (Table 3). This
plasma virus load is typical of untreated RT-SHIV-infected
macaques [37,38]. Nevertheless, we addressed the possibility that
this single animal was over-influencing the correlations by
excluding the data from that animal and re-assessing the
correlations. While the re-assessed correlations observed for gag
RNA to viral loads in plasma remained significant for all samples,
the MS mRNA correlations were only significant for spleen and
mesenteric lymph node samples (data not shown).

Comparison of Gastrointestinal Tissue VRNA with Viremia

To estimate whether tissues from animals treated with HAAR'T
displayed an abundance of MS mRNA relative to gag RNA, the
ratios of MS mRNA levels to gag RNA levels were determined for
samples that had detectable levels of both RNAs (Figure 4). This
analysis was focused on duodenum, jejunum and colon samples
because only 2 of 12 mesenteric lymph node and spleen samples
had detectable levels of MS mRNA in macaques with well-
suppressed plasma virus loads (<50vRNA copies/mL) at necrop-
sy. An unpaired 2-tailed #test demonstrated that the ratio of MS
mRNA to gag RNA in the macaques with plasma virus loads <50
vRNA copies/mL was significantly higher than the ratio observed
in animals with plasma virus loads >50 vRNA copies/mL

(Figure 4, P=0.01).
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Table 3. MS mRNA and gag RNA analysis in macaques with plasma virus loads >50 vRNA copies/mL at necropsy®.

Mmu 36544 Mmu 36160 Mmu 36353°
Plasma VL (VRNA copies/mL) 1,290,000 316 1,850

mMs gag mMs gag Ms gag
Duodenum 101 10,100 <0.06 7.1 2.0 60
Jejunum 55 13,700 <0.06 <0.06 <0.06 24
Colon 299 119,000 1.1 773 <0.06 11
Spleen 814 436,000 25 2,140 27 6,720
Thymus <0.06 528 <0.06 2.0 <0.06 35
Mes LN 357 103,000 <0.06 125 1.1 370

PAlso received induction therapy.
“Mesenteric lymph node.
doi:10.1371/journal.pone.0087914.t003

Discussion

While it is apparent that HAART does not eradicate HIV-1
infection, reservoirs allowing for viral persistence during treatment
are poorly understood. To help elucidate the mechanisms of viral
persistence, we compared the distribution of viral MS mRINA and
gag RNA in tissues from RT-SHIV-infected macaques treated with
HAART. Due to the possibility that both low-level viral
replication and long-lived cellular reservoirs might persist despite
HAART, we elected to analyze total tissue lysates as opposed to
populations enriched for resting memory CD4* T lymphocytes
[8,12,13,47-49]. Enrichment of specific populations of cells might
exclude other cells that are persistently infected or harboring virus.
A previous study utilizing i situ hybridization in tissues from SIV-
infected macaques demonstrated that gag RNA was more
prevalent than MS mRNA in the absence of HAART [44]. The
results presented here demonstrated that gag RNA was also present
at higher levels than MS mRNA in tissues from HAART-treated,
RT-SHIV-infected macaques.

During development of a TagMan real-time PCR assay for
quantifying MS transcripts in tissues from RT-SHIV-infected
macaques, sequence variation at the MS mRNA coding exon-one
and coding exon-two splice junction was identified. Analysis of

2Copies of either MS mRNA or gag RNA per 10° copies of GAPDH RNA; <0.06 indicates that the sample was below the limit of detection.

genomic viral nucleic acids indicated that the observed splicing
difference is a consequence of differential splicing and not due to
mutations in the viral genome. Other groups have reported the
presence of alternative splice acceptors or sequence variation at
the coding exon-one and coding exon-two splice junction of MS
mRNA in several strains of SIV and cell culture systems [50-55].
To our knowledge, our report is the first to describe this alternative
splicing event i vivo. Our results from tissues support the general
pattern of splice acceptor usage previously described in the cell
culture experiments, with 39% of the 28 clones that we sequenced
utilizing the first splice acceptor and 61% utilizing the second
acceptor (Table 1). The functional effects of these variants on Tat
or Rev are not clear. Tat proteins expressed from cDNA clones of
the three variants observed by Viglianti ef al. did not differ
significantly in trans-activation of SIVmac LTRs [51]. Whether
they differ in function  vivo is not known.

A similar pattern of three potential splice acceptors for coding
exon-two of tat and rev mRNA is present in the genomes of HIV-
luxse [56] and HIV-1np4.3 [57]. These splice acceptors were
designated SA7, SA7a, and SA7b [56]. Purcell e al. demonstrated
that only one of these three splice acceptors (SA7) is used for
coding exon-two of MS mRNA in HIV-1xy4s-infected cells [57].

Table 4. MS mRNA and gag RNA analysis in macaques with plasma virus loads <50 VRNA copies/mL at necropsy®.

Mmu 36348 Mmu 36166 Mmu 36253 Mmu 36661 Mmu 36349 Mmu 36488
Plasma VL (VRNA
copies/mL) 1 25 5 <3 <50 <50

mMs gag mMs gag mMs gag mMs gag mMs gag Mms gag
Duodenum <0.06 58 3.9 19 <0.06 <0.06 25 40 <0.06 13 <0.06 1.6
Jejunum <0.06 <0.06 <0.06 6.7 <0.06 <0.06 0.062 <0.06 <0.06 33 <0.06 8.6
Colon <0.06 6.1 <0.06 18 3.83 39 <0.06 13 <0.06 <0.06 <0.06 584
Spleen <0.06 18 <0.06 29 <0.06 18 <0.06 34 <0.06 24 0.11 104
Thymus <0.06 <0.06 ND¢ ND¢ <0.06 6.2 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06
Mes LN® <0.06 4 <0.06 42 0.16 75 <0.06 49 <0.06 153 <0.06 282

PAlso received induction therapy.
“Mesenteric Lymph Node.

9Not Determined.
doi:10.1371/journal.pone.0087914.t004
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2Copies of either MS mRNA or gag RNA per 10° copies of GAPDH RNA; <0.06 indicates that the sample was below the limit of detection.

February 2014 | Volume 9 | Issue 2 | 87914



MS mRNA in Tissues

- .
E 6 Duodenum 6 Jejunum 6 Colon
< 5 5 5 m
54 - 4 - 4
g 3 3 3 o
a2 2 2
'g. 1 1 1 DO._'
oo 0 0 7
< 1 11 “1-0-eea
£-2 2 2
01 2 3 45 6 7 01 2 3 45 6 7 01 2 3 45 6 7
VRNA Copies/ml Plasma VRNA Copies/ml Plasma VRNA Copies/ml Plasma
- i
E 6 Spleen L 6 Thymus 6 Mesenteric LN
< 5 i 5 5 m
4 ‘ :
e 3 3 ‘m 3
e 2 2 g 2
a1 1 o 1
So 0 b 0
S 11-coee8 N pe'a . -
£ -2 2 2
01 2 3 45 6 7 01 2 3 45 6 7 01 2 3 45 6 7

VRNA Copies/ml Plasma VRNA Copies/ml Plasma

VRNA Copies/ml Plasma

Figure 3. MS mRNA and gag RNA levels correlate with plasma virus loads in macaques. The correlations were determined between
plasma virus loads and levels of the MS transcript (red circles) and gag RNA (blue squares) in tissues from infected macaques. The solid symbols
indicate samples from animals that received only HAART while the open symbols indicate samples from animals that received HAART plus induction
therapy. All nine animals from the study are represented in the figure. Both axes represent log RNA levels and the dashed line indicates the limit of

detection.
doi:10.1371/journal.pone.0087914.9003

It is not known whether other strains of HIV-1 utilize any of the
other splice acceptors.

The third variant that we observed in cDNA clones generated
from RT-SHIV-infected CEMx174 cells was not observed in any
of the clones generated from tissues. Kodama et al. previously
reported on the presence of premature stop codons in the

09 P=001

-1

o 1

Log Ratio MS/gag RNA

2
= || |
By 2
Plasma Virus Load (Copies/mL)

Figure 4. Ratio of MS mRNA to gag RNA in gastrointestinal
tissues. The ratios of the MS transcript to gag RNA in duodenum,
jejunum, and colon were calculated in order to determine whether
there was an abundance of MS mRNA in tissues from macaques treated
with HAART. Bars indicate average with standard error of the mean.
Horizontal line indicates the results of an unpaired two-tailed student t-
test.

doi:10.1371/journal.pone.0087914.9g004
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transmembrane domain of SIV env [58]. Our results support their
conclusion that the TAG variant is an & vitro artifact due to SIV
replication in unnatural human cells.

TagMan quantification of MS mRNA from the HAART-
treated macaques indicated that no tissue had consistently
detectable levels of MS mRNA. Interestingly, MS mRNA was
not detected in any of the thymus samples despite detectable levels
of gag RNA in some. Because the gag RNA levels that were
detected were at lower levels than in the other tissues, it is possible
that viral replication or reactivation from latency is occurring in
the thymus but at levels too low to detect the MS mRNA.
However, the lack of MS mRNA suggested that the detected gag
RNA in thymus might be virion-associated or trapped in cells such
as FDCs [44]. These results support a previous study that
concluded that thymocytes are not a viral reservoir in SIV-infected
pig-tailed macaques treated with antiretroviral therapy [59].

MS mRNA and gag RNA levels from well-suppressed animals
(<50 vRNA copies/mL) were compared with the levels observed
in animals with higher virus loads (>50 vRNA copies/mL). While
none of the tissues contained an abundance of MS transcripts
relative to gag RNA, the gastrointestinal samples from well-
suppressed macaques had a significantly higher ratio of MS to gag
RNA, which suggests a state of viral latency in these samples. Two
recent studies by Yukl e/ al. analyzed biopsies taken from
gastrointestinal compartments of HIV-1-infected patients during
HAART [60,61]. In those studies, MS mRNA was not detected in
the gastrointestinal samples, but a preamplification step was not
employed [60,61]. However, biopsies taken from the large bowel
tended to have lower ratios of gag RNA to vDNA, suggesting viral
latency in these tissues despite high numbers of activated CD4" T
cells [60,61]. Their results also suggested that the ileum tended to
have higher ratios, indicating active replication [60,61]. We did
not analyze ileum samples, but our results support their
conclusions that the other regions of the gut might be a potential
reservoir of latent virus during HAART. The preamplification step
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that was utilized in our study enabled the detection of low-level
MS mRNA. A future study designed to analyze specific cell-types
for MS and gag RNA content using a preamplification step may
help to further elucidate the state of infection in these tissues.

An accumulation of MS mRNA in several key lymphoid tissues
was not observed despite the essential role of MS transcripts early
in the infection cycle and evidence that MS mRNAs accumulate in
the nucleus of latently-infected cells [35,36]. The levels of MS
mRNA in tissues from these macaques were very low, many below
the level of detection. gag RNA, which serves as genomic vRNA as
well as mRNA for Gag and Pol proteins, was present at higher
levels in these tissues. Importantly, while gag RNA is present in
virions and can persist in FDCs in the absence of infection [44],
MS mRNA is a product of the splicing machinery within infected
cells. In RT-SHIV-infected rhesus macaques, levels of both MS
mRNA and gag RNA in tissues correlate with plasma virus load.

Materials and Methods

Animals and Infection

Nine juvenile, male Rhesus macaques (Macaca mulatta; Mmu)
from the retrovirus-free colony of the California National Primate
Research Center (CNPRC) were used. This study was approved
by the Association for the Assessment and Accreditation of
Laboratory Animal Care, International (AAALAC) accredited
University of California, Davis Institutional Care and Use
Committee (JACUC). The UC Davis IACUC has an Animal
Welfare Assurance on file with the Office of Laboratory Animal
Welfare (OLAW). Animals were administered 10 mg/kg body
weight ketamine-HCI (Parke-Davis, Morris Plains, NJ, USA)
intramuscularly when necessary for immobilization. Additionally,
analgesics were administered at the discretion of the CNPRC
veterinary staff in an effort to minimize all animal pain and
discomfort. Macaques were housed at the California National
Primate Research Center, which is fully accredited by the
Association for the Assessment and Accreditation of Laboratory
Animal Care (AAALAC). For housing, animals were maintained
in cages with 4 square feet of floor space, or 6 square feet if over
10 kg, and fixed perch bars in a temperature-controlled BSL-2+
vivarium with continuous monitoring of temperature and humid-
ity. Compatible animals were paired continuously or intermittently
(separated at night) whenever possible. All animals had visual and
auditory access to other macaques 24 hours per day. These
animals were fed a balanced commercial macaque chow (Purina
Mills, Gray Summit, MO) twice daily and fresh produce twice
weekly, with free access to water 24 hours per day. Supplemental
food was provided when clinically indicated. Environmental
enrichment was provided daily, included manipulanda (forage
boards, mirrors, puzzle feeders) and novel foodstufs.

The endpoint of this study was set at a pre-specified timepoint as
part of the experimental design of the antiretroviral treatment
regimen (see Antiretroviral Drugs and Induction Treatment). All
macaques were humanely euthanized by overdose of sodium
pentobarbital (60 mg/kg) administered by the intravenous route
under ketamine sedation (10 mg/kg).

For infection of animals, stocks of RT-SHIV were prepared
from cell culture supernatants of CEMx174 cells transfected with
the two viral half-clone plasmids as previously described [38,62].
Prior to infection, virus stocks were sequenced and contained the
required T-to-C substitution at position 8 of the SIV tRNA primer
binding site [63]. Macaques were inoculated intravenously with
10° 50% tissue culture infectious doses of RT-SHIV as previously
described [46].
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Antiretroviral Drugs and Induction Treatment

RT-SHIV-infected rhesus macaques were treated with HAART
as previously described [37]. Briefly, all nine macaques were
treated with a HAART regimen beginning six weeks post-
infection, consisting of tenofovir (PMPA), emtricitabine (FTC),
and efavirenz (EFV; Sustiva). FTC and PMPA were provided by
Gilead Sciences (Foster City, CA, USA) and EFV was purchased
from a pharmacy. PMPA and FTC were administered subcuta-
neously, once daily. FTC was reconstituted in phosphate buffered
saline (pH 7.4) and administered at 16 mg/kg body weight.
PMPA was re-suspended in distilled water, buffered with NaOH to
pH 7.0 and delivered at 30 mg/kg body weight. EFV was
delivered orally at 200 mg per day in food, as previously described
[37,38]. Animals were monitored weekly for weight and the drug
doses were adjusted according to body weight. After 15 weeks of
therapy, the dose of PMPA was reduced to 15 mg/kg body weight
to avoid renal toxicity [64].

After 26 weeks of HAART, six of the HAART-treated
macaques were treated with prostratin and valproic acid for eight
weeks in addition to continuing HAART. During the fist two
weeks of the induction period, each animal received induction
treatment five times. Over the final six weeks of the induction
period, each animal received weekly treatment. Prostratin (Salvia
Sciences, Palo Alto, CA) was delivered to anesthetized animals at
0.1 mg/kg by infusion in saphenous or cephalic veins. Valproic
acid (Upsher-Smith Laboratories, Minneapolis MN) was delivered
orally at 120 mg/kg in two doses, the first dose being delivered by
orogastric intubation during anesthesia and the second being
delivered in food later the same day. After the induction period,
the animals were continued on HAART alone until euthanasia.
Complete details of the induction treatment, including pharma-
cokinetics, will be published elsewhere (P.A. Luciw, manuscript in
preparation).

After 41 weeks of HAART, four of the animals (Mmu 36348,
Mmu 36166, Mmu 36253, and Mmu 36661) were sedated with
ketamine-HCI and then humanely euthanized with a barbiturate
overdose by veterinary pathologists and staff at the CNPRC.
HAART was stopped in the remaining five animals (Mmu 36544,
Mmu 36160, Mmu 36353, Mmu 36349, and Mmu 36488) and
plasma vRNA was monitored for viral rebound. After 16-20
weeks without HAART, these animals were subsequently eutha-
nized.

Isolation of RNA

In order to protect RNA in tissues from degradation at
necropsy, sections of tissue were treated with Qiagen RNAlater
RNA Stabilization Reagent (Valencia, CA, USA) according to the
manufacturer’s protocol. Briefly, sections of tissue no greater than
0.5 cm per dimension were cut from tissues using sterile scalpels.
Tissues were then stored in RNAlater overnight at 4°C. The
following day they were transferred to 1.5 ml centrifuge tubes and
stored at —80°C: until nucleic acid extraction.

Tissues were disrupted for isolation of RNA with QIAzol Lysis
Reagent (Qiagen) using a Qiagen TissueRuptor (a rotor-stator
homogenizer). Frozen samples were weighed and 700 pL of
QIAzol per 50 mg of tissue was added. The samples were chopped
with sterile scalpels and then disrupted using the TissueRuptor
with autoclaved, disposable probes to prevent carry-over contam-
ination. The lysates were separated into 700 pL aliquots before the
addition of 150 uL of chloroform (Sigma-Aldrich, St. Louis, MO,
USA), followed by 15 sec of vigorous shaking. After three minutes
at room temperature, the samples were centrifuged at 12,000 xg at
4°C. The aqueous phase was removed from each sample for RNA
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isolation and the remainder of each lysate was saved for DNA
1solation (see below).

For RNA extraction, 1.5 volumes of molecular grade absolute
ethanol (Sigma) was added to the aqueous phase and the samples
were applied to Qiagen miRNeasy mini columns according to
manufacturer’s protocol. Two sequential DNase digestions using
the RNase-I'ree DNase Set (Qiagen) were performed on each
sample according to the on-column treatment procedure. RNA
was eluted from each column using 52 pL. of molecular grade
water. The optical density of each sample was measured using a
spectrophotometer at 260 nm and the samples were diluted to
10 pg of RNA per 50 pL of molecular grade water. An additional
DNase treatment was performed using TURBO DNase (Invitro-
gen, Carlsbad, CA, USA) according to the manufacturer’s
protocol. The RNA was then stored in aliquots at —80°C.

Viral RNA was also isolated from 140 pL of plasma using the
QIAamp Viral RNA Mini Kit (Qiagen) according to the
manufacturer’s instructions. The RNA was eluted in molecular
grade water and aliquots were stored at —80°C.

Isolation of DNA

DNA was isolated from the fraction of QIAzol lysates not used
for total RNA isolation. Purification of DNA was accomplished by
precipitation of genomic DNA from the organic phenol/chloro-
form phase of each lysate by adding 0.3 volumes of molecular
grade absolute ethanol (Sigma). Samples were centrifuged at
2000xg for five minutes at 4°C to pellet the DNA, and the
supernatant was discarded. The DNA was washed twice with
700 pL of 0.1 M sodium citrate containing 10% ethanol with a
centrifugation step after each wash as described above. Next, the
DNA was washed with 75% ethanol, followed by another
centrifugation step. The DNA was then dissolved in 500-
1,400 pL. of molecular grade water. The DNA solution was
sheared using a Qiagen QIAshredder according to manufacturer’s
instructions in order to reduce viscosity.

Construction of TOPOtat

A portion of the RT-SHIV MS transcript was cloned into a
vector to be used as a standard for the development of a real-time
TagMan PCR assay. As a source for the MS transcripts,
CEMx174 were infected with RT-SHIV at a multiplicity of
infection of 0.01. Total RNA was isolated from the infected cells
48 hrs post-infection using Qiagen RNeasy columns according to
the manufacturer’s protocol. MS mRNA was amplified from the
total RNA preparations in a one-step RT-PCR using Invitrogen
SuperScript III Reverse Transcriptase (RT) and Platinum Taq
DNA polymerase (Invitrogen) with 45 cycles of amplification and
primers SIV tatF6616 and SIV tatR9157 (Table 5) at 200 nM
each. Because the primers also have binding sites in the full-length
viral genome, a short extension time of one minute was used to
selectively amplify a portion of the MS transcript (332 base pairs)
relative to the amplicon which would be produced from the viral
genome (2541 base pairs). The PCR products were analyzed by
agarose gel electrophoresis, and then cloned into pCRII-TOPO
using TA cloning (Invitrogen) according to the manufacturer’s
protocol to generate the vector TOPOtat. TOPOtat was
propagated in TOP10Y Escherichia coli, purified using a Qiagen
Plasmid Maxi prep kit, and then the sequence was verified.

Sequencing of Viral Nucleic Acids

Due to sequence variation in TOPOtat at the splice site of the
MS transcript, viral cDNAs from various sources were cloned and
sequenced to determine whether the variation was splicing
variation or viral mutation. Preamplified cDNA from macaque
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Table 5. Sequences of the PCR primers and the SIVtat
284+#2p TaqMan probe.

Primer Sequence (5' — 3’)

SIVmac239 8006
SIVmac239 8510

TAACTCCACAGTGACCAGTCTCATAGC
CTAACACCAAAGTGGAACAATGAGAC

SIV tatF6616 CATGCATTTCAGAGGCGG

SIV tatR9157 TATCTGCCAAGGCCAGGAG

SIV MS PreAmpF6801 AGAAGAAGAACTCCGAAAAAGGC
SIV MS PreAmpR9127 GCCTTCTCCACCGTCTCTTTC

SIV MS TranF6814 CGAAAAAGGCTAAGGCTAATACATCT
SIV MS TranR9117 CCGTCTCTTTCTTTGCCTTCTC

SIVtat 284 #2p 2CTGCATCAAACAACAGACCCATATCCAACAG

?FAM labeled nucleotide.
PTAMRA coupled nucleotide.
doi:10.1371/journal.pone.0087914.t005

tissues (prepared as described below) were amplified by nested
PCR in order to generate amplicons suitable for TOPO-TA
cloning and subsequent sequencing. The preamplified cDNA PCR
product was diluted ten-fold and 1 uL was used as a template for
second round PCR with Advantage 2 DNA Polymerase
(Clonetech, Mountain View, CA, USA) using primers SIV MS
TranF6814 and SIV MS TranR9117 (Table 5) at 250 nM each.
Conditions for the second round reaction were: 95°C for 2 min,
followed by 30 cycles of 95°C for 20 s, 55°C for 20 s, and 72°C for
20 s and ending with an extension step at 72°C for 10 min. Second
round PCR amplification products were cloned into pCR2.1-
TOPO (Invitrogen), propagated in £. coli, and sequenced.

Nested PCR was used to amplify a portion of unspliced full-
length virus from plasma vVRNA, RNA from infected PBM cells,
and DNA from PBM cells and mesenteric lymph node samples
from infected macaques. The region amplified for sequence
analysis included a portion of the Tat/Rev encoding region and
the intron, corresponding to bases 7980 through 8871 of
SIVmac239 genome (GenBank accession number M33262) [65].
First round PCR was performed with primers SIVmac239 8006
and SIV MS PreAmpR9127 at a concentration of 250 nM,
0.05 U/uL. REDTaq DNA Polymerase (Sigma), and approxi-
mately 1x10° cell equivalents of genomic DNA or 20 L of
cDNA. First round reaction conditions were: 95°C for 2 min,
followed by 25 cycles of 95°C for 20 s, 55°C for 20 s, 72°C for
1 min and a final extension step at 72°C for 10 min. Second round
PCR was performed with primers SIVmac239 8510 and SIV MS
TranR9117 and 1 pL of a ten-fold dilution of the first round PCR
product. Second round reaction conditions were identical to those
of the first round, except that a 30 second extension time was used
and products were amplified for 30 cycles. PCR products were
cloned into pCR2.1-TOPO (Invitrogen), propagated in E. colz, and
submitted for sequence analysis at the UC Davis sequencing
facility.

Standardization of TagMan PCR for MS Transcripts
TOPOtat was used as a standard for the development of a
TagMan PCR assay for the detection of the MS transcripts. The
primers were designed to target both tat and revo mRNA. To avoid
detection of full-length unspliced VRNA or viral DNA, the probe
was designed to span the coding exon-one and coding exon-two
splice junction of the MS transcripts. For standardization, plasmid
DNA was quantified spectrophotometrically at 260 nm and copy
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numbers were determined. Ten-fold serial dilutions of this stock
were used as templates in a 12 pl. TagMan PCR assay using
Applied Biosystems (ABI) Universal Master Mix (Carlsbad, CA,
USA) on an ABI 7900 cycler. The primers used were SIV MS
TranF6814 and SIV MS TranR9117 at 400 nM and the TagMan
probe SIVtat284#2p was used at 80 nM (Table 5). Amplification
eficiency (E) was determined as previously described [66] using
the equation: E=10"1/s%re 1,

Multiplex PCR Preamplification and TagMan Analysis
TagMan PCR was used to quantify MS mRNA, gag RNA, and
cellular GAPDH mRNA in total RNA from RT-SHIV-infected
CEMx174 cells and in tissues collected from macaques at
necropsy. cDNA was generated from total RINA using SuperScript
IIT RT, random hexamers, and RNase inhibitor (Invitrogen) as
previously described [37]. Due to the very low levels of viral
transcripts in macaques treated with HAART, a multiplex
preamplification PCR step was employed on the cDNA prior to
TagMan quantification [37,67]. In the multiplex PCR, primers
specific for MS mRNA were used, SIV MS PreAmpF6801 and

References
1. Poles MA, Boscardin WJ, Elliott J, Taing P, Fuerst MM, et al. (2006) Lack of

decay of HIV-1 in gut-associated lymphoid tissue reservoirs in maximally
suppressed individuals. J Acquir Immune Defic Syndr 43: 65-68.

2. Deeks SG, Wrin T, Liegler T, Hoh R, Hayden M, et al. (2001) Virologic and
immunologic consequences of discontinuing combination antiretroviral-drug
therapy in HIV-infected patients with detectable viremia. N Engl ] Med 344:
472-480.

3. Harrigan PR, Whaley M, Montaner JS (1999) Rate of HIV-1 RNA rebound
upon stopping antiretroviral therapy. AIDS 13: F59-62.

4. Havlir DV, Bassett R, Levitan D, Gilbert P, Tebas P, et al. (2001) Prevalence
and predictive value of intermittent viremia with combination hiv therapy.
JAMA 286: 171-179.

5. Gunthard HF, Frost SD, Leigh-Brown AJ, Ignacio CC, Kee K, et al. (1999)
Evolution of envelope sequences of human immunodeficiency virus type 1 in
cellular reservoirs in the setting of potent antiviral therapy. J Virol 73: 9404—
9412.

6. Ramratnam B, Mittler JE, Zhang L, Boden D, Hurley A, et al. (2000) The decay
of the latent reservoir of replication-competent HIV-1 is inversely correlated
with the extent of residual viral replication during prolonged anti-retroviral
therapy. Nat Med 6: 82-85.

7. Havlir DV, Strain MC, Clerici M, Ignacio C, Trabattoni D, et al. (2003)
Productive infection maintains a dynamic steady state of residual viremia in
human immunodeficiency virus type 1-infected persons treated with suppressive
antiretroviral therapy for five years. J Virol 77: 11212-11219.

8. Maldarelli F, Palmer S, King MS, Wiegand A, Polis MA, et al. (2007) ART
suppresses plasma HIV-1 RNA to a stable set point predicted by pretherapy
viremia. PLoS Pathog 3: e46.

9. Palmer S, Maldarelli F, Wiegand A, Bernstein B, Hanna GJ, et al. (2008) Low-
level viremia persists for at least 7 years in patients on suppressive antiretroviral
therapy. Proc Natl Acad Sci U S A 105: 3879-3884.

10. Palmer S, Wiegand AP, Maldarelli F, Bazmi H, Mican JM, et al. (2003) New
real-time reverse transcriptase-initiated PCR assay with single-copy sensitivity
for human immunodeficiency virus type 1 RNA in plasma. J Clin Microbiol 41:
4531-4536.

11. Chun TW, Nickle DC, Justement JS, Large D, Semerjian A, et al. (2005) HIV-
infected individuals receiving effective antiviral therapy for extended periods of
time continually replenish their viral reservoir. J Clin Invest 115: 3250-3255.

12. Tobin NH, Learn GH, Holte SE, Wang Y, Melvin A]J, et al. (2005) Evidence
that low-level viremias during effective highly active antiretroviral therapy result
from two processes: expression of archival virus and replication of virus. J Virol
79: 9625-9634.

13. Gavegnano C, Schinazi RF (2009) Antiretroviral therapy in macrophages:
implication for HIV eradication. Antivir Chem Chemother 20: 63-78.

14. Finzi D, Hermankova M, Pierson T, Carruth LM, Buck C, et al. (1997)
Identification of a reservoir for HIV-1 in patients on highly active antiretroviral
therapy. Science 278: 1295-1300.

15. Finzi D, Blankson J, Siliciano JD, Margolick JB, Chadwick K, et al. (1999)
Latent infection of CD4+ T cells provides a mechanism for lifelong persistence of
HIV-1, even in patients on effective combination therapy. Nat Med 5: 512-517.

16. Chun TW, Engel D, Berrey MM, Shea T, Corey L, et al. (1998) Early
establishment of a pool of latently infected, resting CD4(+) T cells during
primary HIV-1 infection. Proc Natl Acad Sci U S A 95: 8869-8873.

17. Lassen K, Han Y, Zhou Y, Siliciano J, Siliciano RF (2004) The multifactorial
nature of HIV-1 latency. Trends Mol Med 10: 525-531.

PLOS ONE | www.plosone.org

MS mRNA in Tissues

SIV-MS PreAmpR9127 (Table 5), in combination with primers
specific for gag and GAPDH as previously described [37]. After 25
cycles of PCR using Advantage 2 DNA polymerase, the
preamplification products were quantified using TagMan PCR
in single-target reactions (single-plex). The threshold cycles (C,)
obtained from the TagMan PCR analysis were used to determine
the levels of MS mRNA using the standard equation obtained
from the TOPOtat standard curve. Viral gag and cellular GAPDH
RNA levels were also determined based on standard curves as
previously described [37,38,45]. Because the preamplification was
performed in multiplex reactions, the MS and gag RNA levels were
normalized by the preamplified GAPDH RNA levels for standard-
ization purposes.

Author Contributions

Conceived and designed the experiments: JD TN RS PL. Performed the
experiments: JD RK EC JH AV LA. Analyzed the data: JD RK EC JH AV
LA RS PL TN. Contributed reagents/materials/analysis tools: TN RS PL.
Wrote the paper: JD RK EC RS PL TN.

18. Chun TW, Carruth L, Finzi D, Shen X, DiGiuseppe JA, et al. (1997)
Quantification of latent tissue reservoirs and total body viral load in HIV-1
infection. Nature 387: 183-188.

19. Mok HP, Lever AM (2007) Chromatin, gene silencing and HIV latency.
Genome Biol 8: 228.

20. Jordan A, Defechereux P, Verdin E (2001) The site of HIV-1 integration in the
human genome determines basal transcriptional activity and response to Tat
transactivation. Embo J 20: 1726-1738.

21. Jordan A, Bisgrove D, Verdin E (2003) HIV reproducibly establishes a latent
infection after acute infection of T' cells in vitro. Embo J 22: 1868-1877.

22. Bednarik DP, Mosca JD, Raj NB (1987) Methylation as a modulator of
expression of human immunodeficiency virus. J Virol 61: 1253-1257.

23. Brady T, Agosto LM, Malani N, Berry CC, O’Doherty U, et al. (2009) HIV
integration site distributions in resting and activated CD4+ T cells infected in
culture. AIDS 23: 1461-1471.

24. Schulze-Forster K, Gotz F, Wagner H, Kroger H, Simon D (1990)
Transcription of HIV1 is inhibited by DNA methylation. Biochem Biophys
Res Commun 168: 141-147.

25. Lin X, Irwin D, Kanazawa S, Huang L, Romeo ], et al. (2003) Transcriptional
profiles of latent human immunodeficiency virus in infected individuals: effects of
Tat on the host and reservoir. J Virol 77: 8227-8236.

26. Adams M, Sharmeen L, Kimpton J, Romeo JM, Garcia JV, et al. (1994) Cellular
latency in human immunodeficiency virus-infected individuals with high CD4
levels can be detected by the presence of promoter-proximal transcripts. Proc
Natl Acad Sci U S A 91: 3862-3866.

27. Dayton Al, Sodroski JG, Rosen CA, Goh WC, Haseltine WA (1986) The trans-
activator gene of the human T cell lymphotropic virus type III is required for
replication. Cell 44: 941-947.

28. Fisher AG, Feinberg MB, Josephs SF, Harper ME, Marselle LM, et al. (1986)
The trans-activator gene of HTLV-III is essential for virus replication. Nature
320: 367-371.

29. Kao SY, Calman AF, Luciw PA, Peterlin BM (1987) Anti-termination of
transcription within the long terminal repeat of HIV-1 by tat gene product.
Nature 330: 489-493.

30. Peterlin BM, Luciw PA, Barr PJ, Walker MD (1986) Elevated levels of mRNA
can account for the trans-activation of human immunodeficiency virus. Proc
Natl Acad Sci U S A 83: 9734-9738.

31. Sodroski J, Goh WC, Rosen C, Dayton A, Terwilliger E, et al. (1986) A second
post-transcriptional trans-activator gene required for HTLV-III replication.
Nature 321: 412-417.

32. Feinberg MB, Jarrett RF, Aldovini A, Gallo RC, Wong-Staal I (1986) HTLV-
IIT expression and production involve complex regulation at the levels of splicing
and translation of viral RNA. Cell 46: 807-817.

33. Malim MH, Hauber J, Le SY, Maizel JV, Cullen BR (1989) The HIV-1 rev
trans-activator acts through a structured target sequence to activate nuclear
export of unspliced viral mRNA. Nature 338: 254-257.

34. Felber BK, Hadzopoulou-Cladaras M, Cladaras C, Copeland T, Pavlakis GN
(1989) rev protein of human immunodeficiency virus type 1 affects the stability
and transport of the viral mRNA. Proc Natl Acad Sci U S A 86: 1495-1499.

35. Lassen KG, Ramyar KX, Bailey JR, Zhou Y, Siliciano RF (2006) Nuclear
retention of multiply spliced HIV-1 RNA in resting CD4+ T cells. PLoS Pathog
2: e68.

February 2014 | Volume 9 | Issue 2 | 87914



36.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

52.

Lassen KG, Bailey JR, Siliciano RF (2004) Analysis of human immunodeficiency
virus type 1 transcriptional elongation in resting CD4+ T cells in vivo. J Virol
78: 9105-9114.

North TW, Higgins J, Deere JD, Hayes TL, Villalobos A, et al. (2010) Viral
sanctuaries during highly active antiretroviral therapy in a nonhuman primate
model for AIDS. J Virol 84: 2913-2922.

North TW, Van Rompay KK, Higgins J, Matthews TB, Wadford DA, et al.
(2005) Suppression of virus load by highly active antiretroviral therapy in rhesus
macaques infected with a recombinant simian immunodeficiency virus
containing reverse transcriptase from human immunodeficiency virus type 1.
J Virol 79: 7349-7354.

Ambrose Z, Palmer S, Boltz VF, Kearney M, Larsen K, et al. (2007) Suppression
of viremia and evolution of human immunodeficiency virus type 1 drug
resistance in a macaque model for antiretroviral therapy. J Virol 81: 12145~
12155.

Hatziioannou T, Ambrose Z, Chung NP, Piatak M, Jr., Yuan F, et al. (2009) A
macaque model of HIV-1 infection. Proc Natl Acad Sci U S A 106: 4425-4429.
Dinoso JB, Rabi SA, Blankson JN, Gama L, Mankowski JL, et al. (2009) A
simian immunodeficiency virus-infected macaque model to study viral reservoirs
that persist during highly active antiretroviral therapy. J Virol 83: 9247-9257.
Uberla K, Stahl-Hennig C, Bottiger D, Matz-Rensing K, Kaup I, et al. (1995)
Animal model for the therapy of acquired immunodeficiency syndrome with
reverse transcriptase inhibitors. Proc Natl Acad Sci U S A 92: 8210-8214.
Ambrose Z, Boltz V, Palmer S, Coffin JM, Hughes SH, et al. (2004) In vitro
characterization of a simian immunodeficiency virus-human immunodeficiency
virus (HIV) chimera expressing HIV type 1 reverse transcriptase to study
antiviral resistance in pigtail macaques. J Virol 78: 13553-13561.

Reinhart TA, Rogan MJ, Viglianti GA, Rausch DM, Eiden LE, et al. (1997) A
new approach to investigating the relationship between productive infection and
cytopathicity in vivo. Nat Med 3: 218-221.

. Leutenegger CM, Higgins J, Matthews TB, Tarantal AF, Luciw PA, et al. (2001)

Real-time TagMan PCR as a specific and more sensitive alternative to the
branched-chain DNA assay for quantitation of simian immunodeficiency virus
RNA. AIDS Res Hum Retroviruses 17: 243-251.

Deere JD, Higgins J, Cannavo E, Villalobos A, Adamson L, et al. (2010) Viral
decay kinetics in the highly active antiretroviral therapy-treated rhesus macaque
model of AIDS. PLoS One 5: e11640.

Zhang L, Chung C, Hu BS, He T, Guo Y, et al. (2000) Genetic characterization
of rebounding HIV-1 after cessation of highly active antiretroviral therapy. J Clin
Invest 106: 839-845.

Chun TW, Davey RT, Jr., Ostrowski M, Shawn Justement J, Engel D, et al.
(2000) Relationship between pre-existing viral reservoirs and the re-emergence
of plasma viremia after discontinuation of highly active anti-retroviral therapy.
Nat Med 6: 757-761.

Lewin SR, Vesanen M, Kostrikis L, Hurley A, Duran M, et al. (1999) Use of
real-time PCR and molecular beacons to detect virus replication in human
immunodeficiency virus type l-infected individuals on prolonged effective
antiretroviral therapy. J Virol 73: 6099-6103.

Unger RE, Stout MW, Luciw PA (1991) Simian immunodeficiency virus
(SIVmac) exhibits complex splicing for tat, rev, and env mRNA. Virology 182:
177-185.

Viglianti GA, Sharma PL, Mullins JI (1990) Simian immunodeficiency virus
displays complex patterns of RNA splicing. J Virol 64: 4207-4216.

Viglianti GA, Mullins JI (1988) Functional comparison of transactivation by
simian immunodeficiency virus from rhesus macaques and human immunode-
ficiency virus type 1. J Virol 62: 4523-4532.

PLOS ONE | www.plosone.org

10

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

MS mRNA in Tissues

Regier DA, Desrosiers RC (1990) The complete nucleotide sequence of a
pathogenic molecular clone of simian immunodeficiency virus. AIDS Res Hum
Retroviruses 6: 1221-1231.

Park IW, Steen R, Li Y (1991) Characterization of multiple mRNA species of
simian immunodeficiency virus from macaques in a CD4+ lymphoid cell line.

J Virol 65: 2987-2992.

. Reinhart TA, Rogan MJ, Haase AT (1996) RNA splice site utilization by simian

immunodeficiency viruses derived from sooty mangabey monkeys. Virology 224:
338-344.

Schwartz S, Felber BK, Benko DM, Fenyo EM, Pavlakis GN (1990) Cloning
and functional analysis of multiply spliced mRNA species of human
immunodeficiency virus type 1. J Virol 64: 2519-2529.

Purcell DF, Martin MA (1993) Alternative splicing of human immunodeficiency
virus type 1 mRNA modulates viral protein expression, replication, and
infectivity. J Virol 67: 6365-6378.

Kodama T, Wooley DP, Naidu YM, Kestler HW 3rd, Daniel MD, et al. (1989)
Significance of premature stop codons in env of simian immunodeficiency virus.
J Virol 63: 4709-4714.

Shen A, Zink MC, Mankowski JI., Chadwick K, Margolick JB, et al. (2003)
Resting CD4+ T lymphocytes but not thymocytes provide a latent viral reservoir
in a simian immunodeficiency virus-Macaca nemestrina model of human
immunodeficiency virus type l-infected patients on highly active antiretroviral
therapy. J Virol 77: 4938-4949.

Yukl SA, Gianella S, Sinclair E, Epling L, Li Q, et al. (2010) Differences in HIV
burden and immune activation within the gut of HIV-positive patients receiving
suppressive antiretroviral therapy. J Infect Dis 202: 1553-1561.

Yukl SA, Shergill AK, McQuaid K, Gianella S, Lampiris H, et al. (2010) Effect
of raltegravir-containing intensification on HIV burden and T-cell activation in
multiple gut sites of HIV-positive adults on suppressive antiretroviral therapy.
AIDS 24: 2451-2460.

Hofman M]J, Higgins J, Matthews TB, Pedersen NC, Tan C, et al. (2004)
Efavirenz therapy in rhesus macaques infected with a chimera of simian
immunodeficiency virus containing reverse transcriptase from human immuno-
deficiency virus type 1. Antimicrob Agents Chemother 48: 3483-3490.
Soderberg K, Denekamp L, Nikiforow S, Sautter K, Desrosiers RC, et al. (2002)
A nucleotide substitution in the tRNA(Lys) primer binding site dramatically
increases replication of recombinant simian immunodeficiency virus containing
a human immunodeficiency virus type 1 reverse transcriptase. J Virol 76: 5803
5806.

Van Rompay KK, Brignolo LL, Meyer DJ, Jerome C, Tarara R, et al. (2004)
Biological effects of short-term or prolonged administration of 9-[2-(phospho-
nomethoxy)propyl]adenine (tenofovir) to newborn and infant rhesus macaques.
Antimicrob Agents Chemother 48: 1469-1487.

. Kestler H, Kodama T, Ringler D, Marthas M, Pedersen N, et al. (1990)

Induction of AIDS in rhesus monkeys by molecularly cloned simian
immunodeficiency virus. Science 248: 1109-1112.

Lee C, Kim J, Shin SG, Hwang S (2006) Absolute and relative QPCR
quantification of plasmid copy number in Escherichia coli. J Biotechnol 123:
273-280.

Baumgarth N, Szubin R, Dolganov GM, Watnik MR, Greenspan D, et al.
(2004) Highly tissue substructure-specific effects of human papilloma virus in
mucosa of HIV-infected patients revealed by laser-dissection microscopy-assisted
gene expression profiling. Am J Pathol 165: 707-718.

February 2014 | Volume 9 | Issue 2 | 87914



