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Figure 8. SIV Nef-specific CD8" T-cell responses in macaques R06-020, R06-033, R03-021, and R03-016. Nef;s_4o-specific (upper panels)
and Nef;s.q,0-specific (lower panels) CD8* T-cell responses were examined at indicated time points after SIVmac239 challenge.

doi:10.1371/journal.pone.0054300.g008

We then examined CD8" T-cell responses specific for individual
SIV antigens in the early and the late phases (Fig. 3). Nef-specific
but not Gag-specific CD8" T-cell responses were predominant in
most D' animals. Gag-specific CD8* T-cell responses were
dominantly induced in macaque R08-005 showing very low set-
point viral loads. Macaque R01-012 having higher viral loads
showed poor CD8" T-cell responses in the early phase.

Among four D* animals controlling SIV replication with less
than 5x10? copies/ml of plasma viral loads after 6 months, Gag-
specific CD8" T-cell responses were dominant only in macaque
R08-005, while efficient Nef-specific CD8" T-cell responses were
induced in the remaining three, suggesting possible contribution of
Nefspecific CD8* T-cell responses to SIV control in these three
controllers (R05-006, R06-034, and R-360). We then attempted to
localize Nef CD8* T-cell epitopes shared in these animals and
found Nefss_yo-specific and Nefyjs_jgo-specific CD8* T-cell
responses (Fig. 4), although we did not have enough samples for
mapping the exact epitopes.

Reduction of Viral Loads in the Early Phase of SIV
Infection by Prophylactic Vaccination

We also investigated SIVmac239 infection of additional five,
vaccinated Burmese rhesus macaques sharing the MHC-I
haplotype D. These animals received a prophylactic DNA/SeV-
Gag vaccination. In four of these five vaccinated macaques,
plasma viremia became undetectable after 6 months, while
macaque R06-033 showed persistent viremia (Fig. 5A). Difference
in viral loads between unvaccinated and vaccinated D* animals
was unclear in the acute phase, but the latter vaccinees showed
significant reduction in viral loads compared to those in the former
unvaccinated at 3 months (p =0.0360; Fig. 5B). After 6 months,
unvaccinated animals also showed reduced viral loads, and the
difference in viral loads between unvaccinated and vaccinated
became unclear.

In contrast to unvaccinated D" animals, all five vaccinated
animals elicited Gag-specific CD8"* T-cell responses at week 2 after
challenge (Fig. 6), reflecting the effect of prophylactic vaccination.
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We then examined CD8" T-cell responses specific for individual
SIV antigens in these vaccinated animals (Fig. 7). Samples for this
analysis were unavailable in vaccinated macaque ROI-009.
Vaccinated animals except for macaque R06-020 showed
dominant Gag-specific CD8" T-cell responses even at 1-2 months.
However, Gag-specific CD8* T-cell responses became not
dominant after 1 year, while Nefspecific or Vif-specific CD8*
T-cell responses became predominant, instead, in most vaccinees
except for macaque R03-016.

Like three unvaccinated macaques (R05-006, R06-034, and R-
360), vaccinated D* animals induced Nefss 4o-specific and
Nef) 5 190-specific CD8* T-cell responses after SIV challenge
(Fig. 8). In analyses of three unvaccinated (Fig. 4) and four
vaccinated animals (Fig. 8), Nefys. 4g-specific CD8* T-cell
responses were induced in the early phase in six animals but
mostly became undetectable in the chronic phase. Nefj;s_199-
specific CD8" T-cell responses were also induced in most animals
except for macaque R06-020 which showed Nef}o;96-specific
ones in the chronic phase (data not shown). Macaques R05-006,
R03-021, and R03-016 showed efficient Nef;,5_,s9-specific CD8*
T-cell responses not in the early phase but in the chronic phase. In
contrast, vaccinated animal R06-033 that failed to control viremia
showed higher Nef}s_ig9-specific CD8" T-cell responses in the
carly phase than those in the chronic phase.

Selection of Mutations in Nef CD8" T-cell Epitope-coding
Regions ‘

To see the effect of selective pressure by Nef-specific CD8" T-
cell responses on viral genome mutations, we next analyzed
nucleotide sequences in viral ngf cDNAs amplified from plasma
RNAs obtained at several time points after SIV challenge.
Nonsynonymous mutations detected predominantly in Nefss_qg-
coding and Nef)s5.190-coding regions were as shown in Fig. 9.
Remarkably, all the unvaccinated and vaccinated D" animals
showed rapid selection of mutations in the Nefss_g9-coding region
in 3 months. On the other hand, mutations in the Nefj 5 199~
coding region were observed in the late phase in all the three
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Figure 9. Predominant non-synonymous mutations in Nefzs_s5-
coding and Nef,,5_120-coding regions of viral ¢cDNAs in D*
animals after SIVmac239 challenge. Amino acid substitutions are
shown. Detection of similar levels of wild-type and mutant sequences at
the residue is indicated by asterisks. Samples for this analysis were
unavailable in macaque R01-009.
doi:10.1371/journal.pone.0054300.g009

unvaccinated animals eliciting Nef} 5. 09-specific CD8" T-cell
responses. These mutations were also detected in two of three
vaccinated animals eliciting Nefj;s_j0g-specific CD8" T-cell
| responses.

We also analyzed viral gag sequences to see the effect of Gag-
specific CD8" T-cell pressure on viral genome mutations in
vaccinated animals (data not shown). Our previous study [35]
showed rapid selection of a mutation leading to a glutamine (Q)-
to-lysine (K) change at the 58th residue in Gag (Q58K) at week 5
in vaccinated macaque R01-009, although no more samples were
available for this sequencing analysis. This Q58K mutation results
in escape from Gagsg_gs-specific CD8* T-cell recognition. In the
present study, macaque R03-016 showed rapid selection of a
mutation leading to a K-to-asparagine (N} change at the 478th
residue in Gag in 1 month. These results may reflect rapid
disappearance of detectable plasma viremia in 1 or 2 months in
these two vaccinees. Macaque R06-020 showed selection of a gag
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Figure 10. IFN-y induction in CD8" T cells after stimulation with
the wild-type or the mutant peptide. PBMCs obtained at week 31
from macaque R06-033 were stimulated by coculture with B-LCL pulsed
with indicated concentrations of the wild-type Nefy15_155 peptide (open
circles, 115-129, LAIDMSHFIKEKGGL) or the mutant Nef;;s_129 peptide
with a K126R alteration (closed triangles, 115-129.126R, LAIDMSHFI-
KERGGL).

doi:10.1371/journal.pone.0054300.g010

mutation in 3 months, while other two vaccinees (R06-033 and
R03-021) selected no gag mutation in the early phase.

Discussion

HIV infection in humans with polymorphic MHC-I genotypes
induces various patterns of viral antigen-specific CD8" T-cell
responses. Previous studies have found several protective MHC-I
alleles associated with lower viral loads and slower disease
progression in HIV/SIV infection [7,13,14,16,17]. Elucidation
of the mechanisms of viral control associated with individual
protective MHC-I alleles would contribute to HIV cure and
vaccine-based prevention. Because CD8" T-cell responses specific
for some MHC-I-restricted epitopes can be affected by those
specific for other MHC-I-restricted epitopes due to immunodo-
minance [29,46,47], macaque groups sharing MHC-I genotypes
at the haplotype level are useful for the analysis of cooperation of
multiple epitope-specific CD8* T-cell responses. Previously, we
reported a group of Burmese rhesus macaques sharing MHC-I
haplotype 90-120-Ia (A), which dominantly induce Gag-specific
CD8* T-cell responses and tend to show slower disease
progression after SIVmac239 challenge [21]. In the present study,
we presented another type of protective MHC-I haplotype, which
is not associated with dominant Gag-specific CD8" T-cell
responses. Significant reduction of viral loads in unvaccinated
macaques possessing this D haplotype compared to those in D™
macaques was observed after 6 months. Analysis of SIV infection
in macaques sharing this protective MHC-I haplotype would lead
to understanding of CD8" T-cell cooperation for viral control.

Analyses of antigen-specific CD8* T-cell responses after
SIVmac239 challenge indicate that this MHGC-I haplotype D is
associated with predominant Nef-specific CD8* T-cell responses.
Nef-specific CD8" T-cell responses were efficiently induced in all
SIV controllers, whereas Gag-specific CD8" T-cell responses were
dominant in only one of them. We found Nefss_s9-specific and
Nef} 15 29-specific CD8" T-cell responses shared in D* animals.
We were unable to determine the MHC-I alleles restricting these
epitopes, but these responses are not usually induced in our
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previous D™ cohorts and considered to be associated with this
MHC-I haplotype D.

Sequencing analysis of viral genomes showed rapid selection of
mutations in the Nefsg_s4-coding region within 3 months in all the
D" animals. This is consistent with our results that Nefss_4o-
specific CD8" T-cell responses were mostly induced in the early
phase but undetectable in the chronic phase. These mutations
were not consistently selected in our previous D™ cohorts and thus
considered as MHC-I haplotype D-associated mutations. This
suggests strong selective pressure by Nefzs_so-specific CD8" T-cell
responses in the acute phase of SIVmac239 infection in D*
macaques, although it remains undetermined whether these
mutations result in viral escape from Nefss_49-specific CD8" T-
cell recognition.

Nef|5-99-specific CD8" T-cell responses were detected in six
D" animals. In five of them, nonsynonymous mutations in the
Nef)9-196-coding region were observed in the chronic phase. At
least, we confirmed viral escape from Nef)5-;99-specific CD8* T-
cell recognition by a mutation leading to a K-to-arginine (R)
(K126R) substitution at Nef residue 126 (Fig. 10). The number of
nonsynonymous substitutions per the number of sites estimated to
be nonsynonymous (dN) exceeded that estimated to be synony-
mous (dS) during the evolution process of Nefj;s. 29-coding
region, but the value did not show statistically significant difference
from that of neutral selection. Among three unvaccinated animals
that controlled SIV replication without dominant Gag-specific
CD8" T-cell responses, amino acid substitutions in the Nefjg.;26-
coding region were observed in a year in macaques R06-034 and
R-360 but after 2 years in macaque R05-006. The former two
animals tended to show earlier increases in plasma viral loads
in the chronic phase, while the latter R05-006 maintained
higher frequencies of Nef)s. 90-specific CD8" T-cell responses.
Nef) 5 190-specific CD8" T-cell responses were efficient in the
chronic phase in vaccinated controllers R03-021 and R03-016 but
decreased in R06-033 that failed to contain SIV replication.
Although a possible effect of this haplotype-associated factors other
than CD8"* T-cell responses such as NK activity on SIV infection
[48,49,50] remains undetermined, these results imply involvement
of Nef-specific CD8" T-cell responses in the SIV control associated
with MHC-I haplotype D.

Unvaccinated macaque R08-005 dominantly elicited Gag
antigen-specific CD8" T-cell responses and showed rapid selection
of a mutation encoding Gag 257 residue, which was not observed
in any other D* animals. Nef-specific CD8" T-cell responses were
detectable only at week 2 in the acute phase (data not shown) and

References

1. Borrow P, Lewicki H, Hahn BH, Shaw GM, Oldstone MB (1994) Virus-specific
CD8+ cytotoxic T-lymphocyte activity associated with control of viremia in
primary human immunodeficiency virus type 1 infection. J Virol 68: 6103-6110.

2. Koup RA, Safrit JT, Cao Y, Andrews CA, McLeod G, et al. (1994) Temporal
association of cellular immune responses with the initial control of viremia in
primary human immunodeficiency virus type 1 syndrome. J Virol 68: 4650-
4655.

3. Matano T, Shibata R, Siemon C, Connors M, Lane HC, et al. (1998)
Administration of an anti-GCD8 monoclonal antibody interferes with the
clearance of chimeric simian/human immunodeficiency virus during primary
infections of rhesus macaques. J Virol 72: 164-169.

4. Jin X, Bauer DE, Tuttleton SE, Lewin S, Gettie A, et al. (1999) Dramatic rise in
plasma viremia after CD8+ T cell depletion in simian immunodeficiency virus-
infected macaques. J Exp Med 189: 991-998.

5. Schmitz JE, Kuroda MJ, Santra S, Sasseville VG, Simon MA, et al. (1999)
Control of viremia in simian immunodeficiency virus infection by CD8+
lymphocytes. Science 283: 857-860.

6. Carrington M, Nelson GW, Martin MP, Kissner T, Vlahov D, et al. (1999) HLA
and HIV-1: heterozygote advantage and B*35-Cw*04 disadvantage. Science
283: 1748-1752.

7. Migueles SA, Sabbaghian MS, Shupert WL, Bettinotti MP, Marincola FM, et al.
(2000) HLA B*5701 is highly associated with restriction of virus replication in a

PLOS ONE | www.plosone.org

Involvement of Non-Gag-Specific CTL in SIV Control

a mutation in the Nefyp-coding region was rapidly selected. It is
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Nefsg_44-coding region was consistently detected even in these
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consisting of dominant vaccine antigen Gag-specific and inefficient
naive-derived Nefspecific ones in the acute phase. In three
vaccinated animals, Gag-specific CD8" T-cell responses became
lower or undetectable, and instead, Nef-specific CD8" T-cell
responses became predominant in the chronic phase.

In summary, we found a protective MHC-I haplotype not
associated with dominant Gag-specific CD8" T-cell responses in
SIVmac239 infection. Our results in D™ macaques suggest
suppressive pressure by Nefss_4o-specific and Nefjs-29-specific
CD8" T-cell responses on SIV replication, contributing to
reduction in set-point viral loads. DNA/SeV-Gag-vaccinated D"
animals induced Gag-specific CD8* T-cell responses in addition to
Nef-specific ones after SIV challenge, resulting in earlier
containment of SIV replication. This study presents a pattern of
SIV control with involvement of non-Gag antigen-specific CD8*
T-cell responses, contributing to accumulation of our knowledge
on HIV/SIV control mechanisms.
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No Viral Evolution in the Lymph Nodes of Simian Immunodeficiency
Virus-Infected Rhesus Macaques during Combined Antiretroviral

Therapy

Megu Oue, Saori Sakabe, Mariko Horiike, Mika Yasui, Tomoyuki Miura, Tatsuhiko Igarashi

Laboratory of Primate Model, Experimental Research Center for Infectious Diseases, Institute for Virus Research, Kyoto University, Kyoto, Japan

To elucidate the mode of viral persistence in primate lentivirus-infected individuals during combination antiretroviral therapy
(cART), four simian immunodeficiency virus 239-infected monkeys were treated with cART for 1 year. The viral env genes pre-
pared from total RNA extracted from the mesenteric lymph nodes collected at the completion of therapy were assessed by single
genome amplification. Analyses of nucleotide substitutions and phylogeny revealed no viral evolution during cART.

ombination antiretroviral therapy (cART) has transformed

human immunodeficiency virus (HIV) infection from an in-
curable disease to a manageable one. It suppresses the viral burden
in patients to undetectable levels (1-3), lowers the chance of viral
transmission (4), increases the number of CD4" T lymphocytes
(1, 2), reconstitutes immunity (5-7), and extends the life expec-
tancy of patients (8). However, cART does not cure patients be-
cause of its inability to eradicate the virus from infected individu-
als (9), suggesting the existence of a viral reservoir that is
refractory to cART. Its identification and eradication are therefore
requisites for a functional cure for AIDS. To establish a strategy for
eradication of the HIV reservoir, the mechanism of persistence of
the virus must be elucidated. Two mechanisms of viral persistence
have been proposed: one is ongoing cycles of viral replication de-
spite the presence of antivirals (10), and the other is provirus in-
tegration into long-lived cells (11). Whereas previous studies con-
cerning this issue have been extensively conducted with clinical
specimens from HIV-1-infected patients, including plasma,
peripheral blood mononuclear cells, and gut-associated lym-
phatic tissues (12—14), lymph nodes, which are epicenters of virus
replication in infected individuals not undergoing therapy (15—
17), have only rarely been subjected to scrutiny. In animal models
of cART, in particular, the simian immunodeficiency virus (SIV)-
macaque model, which allows systemic examination, the location
of the viral reservoir and the mechanism of viral holding have not
been studied in detail.

To elucidate how the virus is maintained during cART in an
animal model of anti-HIV chemotherapy, we administered a
combination of nucleotide/nucleoside reverse transcriptase in-
hibitors (azidothymidine, lamivudine, and tenofovir disoproxil
fumarate) and protease inhibitors (lopinavir with ritonavir) to

four SIV239-infected rhesus macaques for 1 year (18). Although

the plasma viral RNA loads of the animals were suppressed to
levels below the assay detection limit during the period of chemo-
therapy, a systemic analysis conducted at the completion of ther-
apy revealed viral RNA present in lymphatic tissues, especially in
mesenteric and splenic lymph nodes (MLN and SLN, respectively)
at high titers. Reasoning that any possible mode(s) of viral persis-
tence should be in operation in tissues with high levels of viral
RNA expression, we investigated viral genes in these tissues.

It is expected that viral genes accumulate nucleotide substitu-
tions in proportion to the time postinfection in individuals not
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undergoing therapy because of continuous virus replication me-
diated by the error-prone viral reverse transcriptase. Such muta-
tion rates have indeed been observed in the V3 loop of env, p17 of
gag (19), and the C2-to-CS5 region of env (20) in HIV-1-infected
patients, as well as in the env gene from monkeys experimentally
infected with SIV (21, 22). We hypothesized that viral genes would
accumulate mutations if the virus was continuously replicating in
the reservoir despite the presence of antivirals.

First, to ascertain whether such an accumulation of mutations
took place at a detectable magnitude in our experimental system,
we used SIV239, amolecularly cloned virus, to infect macaques for
1 year and periodically sampled viral genes from the untreated
control animal (MM521). To reveal ongoing expression of viral
genes at sampling, total RNA was extracted from plasma samples
collected at 8, 18, 42, and 68 weeks postinfection (wpi) and exam-
ined. Single-genome amplification (SGA) (23) was used to am-
plify the viral genes present and to avoid the selective amplifica-
tion of a particular genotype or recombination between genotypes
during PCR. Using a nested PCR method, we amplified the entire
env gene, which accumulates nucleotide substitutions in the great-
est numbers, following reverse transcription of cDNA from the
extracted RNA. The initial PCR cycles were carried out with the
following primers: forward, SIV20F (5'-CTC CAG GAC TAG
CAT AAA TGG-3'); reverse, SHenv9R (5'-GGG TAT CTA ACA
TAT GCC TC-3"). Successive PCR cycles were run with the fol-
lowing primers: forward, SIV21F (5'-CTC TCT CAG CTA TAC
CGC CC-3'); reverse, SHenv8R (5'-GCC TTC TTC CTT TTC
TAA G-3'). The PCR products from an average of 12 independent
reactions per time point were directly subjected to sequencing.

We computed the number of mutations in each SGA clone
obtained from plasma samples of an untreated monkey (MM521)
through a comparison with that of the inoculum virus (Fig. 1). A
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FIG 1 Time-dependent accumulation of nucleotide substitutions in SIV ge-
nomes circulating in an infected and untreated rhesus macaque. The se-
quences of viral env genes in circulation collected at 8, 18, 42, and 68 wpi from
SIV239-infected animals and an untreated animal (MM521) were determined.
Tamura-Nei distances (36) of the sequences were computed with the MEGAS
software (37), and the number of nucleotide substitutions per site was plotted
against the number of weeks postinfection. Each symbol represents a single
genomic amplicon derived from plasma samples collected at the time points
designated.

linear relationship with a coefficient of 1.25 X 10™* (©* = 0.8503,
P < 0.0001; GraphPad Prism, La Jolla, CA) was revealed between
the number of mutations in the SGA clones and the time postin-
fection. By using the coefficient, the camulative number of muta-
tions per annum was determined to be 6.5 X 107> substitutions/
site/year, a value comparable to those of SIV and HIV reported
previously (9 X 1072 [21, 22] and 6.0 X 1072 [23] substitutions/
site/year, respectively). The accuracy of the “molecular clock” in
our experimental setting prompted us to examine viral RNA ex-
tracted from the lymph nodes of animals that underwent cART for
1 year.

Total RNA was extracted from the MLN of four treated ani-
mals and one untreated animal, as well as the SLN of one of the
treated animals (MM530), at the completion of the observation
period and used as the template for PCR; the products were sub-
jected to sequence analysis as described above. On average, 10
sequences were obtained from each sample (Fig. 2A and Table 1).
The number of mutations observed in the env gene from MM521
(untreated) was, on average, 25 of 2,700 bases. In contrast, the
number in treated animals was, on average, 1.5 of 2,700 bases
(Table 1). The difference in the number of mutations in env be-
tween the plasma and MLN samples from the untreated animal,
MM521, at 68 wpi (at necropsy) was statistically insignificant (P >
0.05; Fig. 2A), justifying our comparison of these two distinct
anatomical compartments. Thus, we proceeded to compare the
substitution numbers in plasma at 8 wpi, immediately before the
onset of cART, with those from the lymph nodes of animals
treated with cART at necropsy (61 to 65 wpi). The number of
nucleotide substitutions in the env gene in both the plasma and
MLN of the untreated animal (MM521) at 68 wpi was higher than
that in plasma at 8 wpi (P << 0.0001). In contrast, those in the MLN
of treated animals at the completion of cART were unchanged
(MM528 and SLN of MM530) or decreased significantly
(MM491, MM499, and MLN of MM530) (Fig. 2A). The results
indicated that the virus did not accumulate further mutations be-
yond those obtained by 8 wpi.

As the samples were collected from animals at various time
points postinfection, the numbers depicted in Fig. 2A were con-
verted to substitutions/site/year (Fig. 2B) for further analysis.
Comparison of the number of viral mutations in plasma at 8 wpi
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FIG 2 Nucdleotide substitutions in env genes from SIV239-infected animals.
The number of mutations in env from the plasma (PL, at 8 and 68 wpi) and
MLN (at 68 wpi) of an SIV-infected but untreated animal (MM521) and from
the plasma (at 8 wpi) and MLN (at necropsy, 61, 63, 64, or 65 wpi) and SLN (at
necropsy, 65 wpi) from SIV-infected and treated monkeys (MM491, MM499,
MM528, and MM530) were assessed as described in the legend to Fig. 1. (A)
Numbers of nucleotide substitutions per site are shown. The statistical
significance of differences between substitution numbers was evaluated by
Student’s t test using GraphPad Prism. *, P < 0.05; **, P < 0.001; ***, P <
0.0001; NS, P > 0.05. (B) Numbers of nucleotide substitutions per annum
are shown. *, P < 0.001; NS, P > 0.05.

(median, 5.9 X 1072 substitutions/site/year) with that in the MLN
(median, 7.2 X 1072 substitutions/site/year) in the untreated an-
imal, MM521, indicated no statistically significant difference (P =
0.6265), as predicted by the analysis in Fig, 2A. Next, we compared
the numbers in animals that underwent chemotherapy. At 8 wpi,
the treated animals were equivalent to MM521 (an untreated an-
imal) in terms of therapeutic status, since cART was started after
sample collection at 8 wpi. Not unexpectedly, there was no statis-
tically significant difference in the number of substitutions/site/
year in plasma between the untreated and treated animals
(MM491, 8.5 X 1073 MM499, 9.8 X 107 MM528, 1.6 X 1073
MMS530, 8.5 X 107% MM521, 5.9 X 107%), except for MM528
(P = 0.0048 compared to the value for the untreated animal). In
contrast, the number of mutations per annum in the lymph nodes
of treated animals collected at necropsy (median, 3.4 X 10™* sub-
stitutions/site/year ) was significantly lower than that in the plasma
of the animals at 8 wpi (median, 9.8 X 1073 substitutions/site/
year; P < 0.0001). The number of mutations per year in the lymph
nodes also differed significantly between the untreated and treated
macaques (P < 0.0001). This supports the hypothesis that ongo-
ing viral replication contributed little, if anything, to viral persis-
tence during cART.
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TABLE 1 Origins and numbers of env clones

No. of nucleotide

substitutions
Sample No. of
Animal (cART) and collection SGA Minimum/
specimen time (wpi)  clones  maximum Mean = SD
MMS521 (untreated)
Plasma 8 10 1/8 33%+22
Plasma 68 10 20/29 249 + 32
MLN 68 12 20/33 25.0 * 3.4
MM491 (treated)
Plasma 8 10 1/7 35+ 18
MLN 63 10 0/2 0.6 = 0.8
MM499 (treated)
Plasma 8 11 2/7 42 * 17
MLN 64 10 0/4 07+ 13
MM528 (treated)
Plasma 8 10 4/11 6.6 +x24
MLN 61 11 0/3 (12)° 1.7+ 11°
MMS530 (treated)
Plasma 8 10 2/8 40* 1.7
MLN 65 10 0/4 21*1.2
SLN 65 10 0/6 24+ 19

“ Interpreted as a hypermutant driven by APOBEC3G/F (Hypermut 2.0,

http://www.hiv.lanl.gov/content/index).
b Computed excluding the clone with hypermutation.

INOCULUM

No SIV Evolution in Lymph Nodes during cART

Examination of the nucleotide substitution numbers did
not indicate discernible de novo virus replication during cART.
Therefore, we next investigated continuous viral replication
during cART through phylogenetic analysis of viral env clones.
Clones were obtained from the untreated animal (derived from
plasmaat 8, 18,42, and 68 wpi and from MLN) and from one of
the treated animals (derived from plasma at 8 wpi and from
MLN at necropsy) (Fig. 3; see Fig. S1 in the supplemental ma-
terial). To illustrate the accumulation and specific sites of
mutations, Highlighter plot analysis (http://www.hiv.lanl.gov
/content/sequence/HIGHLIGHT/help.html) was also performed.
Phylogenetic analysis of the viral genes from the untreated animal
revealed that (i) env clones from plasma exhibited increasing ge-
netic distance from the inoculum virus with time; (ii) clones ob-
tained at a given time point branched out of the one immediately
before, a clear demonstration of viral evolution; and (iii) clones
from lymph nodes formed a cluster with those from plasma col-
lected at the same time. In contrast, clones from treated animals,
regardless of the tissue origin or time point, formed a cluster with
clones derived from the plasma of the untreated animal at 8 wpi
and the inoculum virus (Fig. 3; see Fig. S1). The results of the
Highlighter plot analysis were consistent with those of the phylo-
genetic analysis. These results clearly demonstrated that viral evo-
lution did not take place in SIV239-infected rhesus macaques dur-
ing cART. Analysis of the env genes in the peripheral blood

i3

u::uuhlm"

1000

FIG 3 Phylogenetic relationship of env sequences from treated (MM530) and untreated (MM521) SIV-infected animals. Sequences of the entire env gene from both
animals were subjected to phylogenetic analysis. The phylogenetic tree was constructed by the maximum-likelihood method (38). Open circles, sequences in the plasma
of MM530 at 8 wpi; closed circles, those from the MLN of MM530 at 65 wpi; open triangles, those from plasma of MM521 at 8 wpi; closed triangles, those from plasma
of MM521 at 18 wpi; open inverted triangles, those from plasma of MM521 at 42 wpi; closed inverted triangles, those from plasma of MM521 at 68 wpi; closed rectangles,
those from MLN of MM521 at 68 wpi. The scale represents a genetic distance equivalent to 0.002 substitution/site. The corresponding sequence of STVmac251 32H
(GenBank accession no. D01065) was used as the outgroup.
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mononuclear cells and gut-associated lymphatic tissues obtained
from HIV-1 patients undergoing cART also found no evidence of
de novo viral replication (13).

In contrast, other studies have reported continuous virus rep-
lication during combined chemotherapy (10, 12). One possible
explanation for this discrepancy is the thorough suppression of
the plasma viral burden, <20 copies/ml at necropsy, that was
achieved in this study (18). De novo virus replication was detected
in HIV-1-infected patients whose plasma viral RNA burdens
ranged from 20 to 400 copies/ml but not in those with <20 cop-
ies/ml (24). Our findings also indicate that the cART regimen we
used (18) was robust enough to halt viral evolution nearly com-
pletely in animals.

Our sample size, an average of 10 sequences from each speci-
men, may conceivably have limited our ability to detect minor
populations with signs of ongoing replication. An analysis of four
animals, however, did not reveal the genotypes detailed in the
present study. Therefore, while our results cannot rule out possi-
ble de novo viral replication during cART, the data indicate that it
is not a major mode of viral persistence in individuals whose virus
replication levels are thoroughly suppressed by cART.

The locations of other potential viral reservoirs, in addition to
resting CD4" T lymphocytes, an already established HIV/SIV res-
ervoir found to be present in blood (25-28), lymph nodes (25),
and the spleen (29), remains elusive. While the cART regimen we
developed suppressed viral RNA levels nearly completely in the
circulation and fairly well in effector sites, such as the gastrointes-
tinal tract and lungs, viral RNA expression levels in lymph nodes
were not contained effectively (18), suggesting that the viral res-
ervoir consists of cells present in lymph nodes. We also detected
CD3-positive cells, most likely CD4™ T lymphocytes, expressing
Nef protein in the follicles of the MLN of an SIV-infected animal
that exhibited a viral rebound upon the cessation of cART (18).
On the basis of their location, these might be Tth cells, which are of
the memory phenotype (30-32). The results of the present study
have further narrowed the location of the viral reservoir from our
previous study (18) to cells with longer half-lives that retain pro-
virus for at least 1 year. Since resting CD4™ T cells possess long
half-lives (33), these cells satisfy this criterion for a viral reservoir
during cART. It is conceivable that resting CD4" T cells func-
tioned as the predominant viral reservoir in the SIV239-rhesus
macaque model for patients undergoing cART employed in our
study, as in preceding studies concerning the issue in the context
of HIV and SIV infections.

Lymph nodes serve as a major HIV reservoir throughout the
course of infection without intervention by cART (15-17). During
clinical latency, the virus persists as an intact provirus, which can
produce infectious viral particles upon cell activation, in a minis-
cule fraction of the resting CD4™ T lymphocytes in lymph nodes
(25). An extensive examination of lymph node specimens from
HIV patients undergoing cART revealed an infinitesimal amount
of viral RNA-positive cells by in situ hybridization (34). Hockett et
al. (34) revealed that cART lowers the number of viral RNA-pos-
itive cells in lymph nodes but that the number of viral copies in
each infected cell is constant, regardless of the viral burden in the
circulation, suggesting the existence of virus-infected cells actively
transcribing viral genes during cART, as we found previously in
the lymph nodes of SIV239-infected animals undergoing cART
(18). Our present observations, together with those of Hockett et
al. (34), indicate that the viral RNA-positive cells present in lymph
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nodes during cART may represent cells infected with virus prior to
theinitiation of cCART and transcribing viral RNA from integrated
provirus during therapy.

Current cART is unable to eradicate the viral reservoir or, more
precisely, provirus integrated in the reservoir. On the basis of our
results, it is important to establish strategies to target specifically
long-lived cells that harbor intact provirus while unlocking the
dormant state of the provirus, perhaps by using histone deacety-
lase (35), to achieve a functional cure for AIDS.
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