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SUMMARY

Persistent SIV/HIV reservoirs are the primary obstacle to a cure and the source of viral rebound after ART inter-
ruption (ATI). However, the anatomical source of viral rebound remains elusive. Here, we characterized the
proviral landscape in the blood, inguinal, and axillary lymph nodes and colon biopsies of five SHIV-infected
rhesus macaques (RMs), under ART for 28 weeks. From the 144 near full-length (NFL) proviral sequences ob-
tained pre-ATI, 35%were genetically intact and only 2.8%were found inmultiple copies. Envelope sequences
of plasma rebounding viruses after ATI, more frequently matched pre-ATI intact proviruses retrieved from
lymph nodes compared to sequences isolated from the blood or the colon (4, 1, and 1 pair of matched se-
quences, respectively). Our results suggest that clonal expansion of infected cells rare in this model, and
that intact proviruses persisting in the lymph nodes may be a preferential source of viral rebound upon ATI.

INTRODUCTION

HIV reservoirs represent the predominant barrier to a cure for HIV

infection. Latently infected cells persist despite antiretroviral

therapy (ART) and are the source of viral rebound upon analytical

treatment interruption (ATI).1–5 Most of the proviruses persisting

during ART have genetic defects that impede their ability to repli-

cate,6–8 although they may retain a capacity to produce short

viral transcripts or proteins.9–13 Only a small proportion of the

viral reservoir is made of genetically intact proviruses that have

the potential to produce viral progeny1,3,7 and distinguishing

those from the rest of the viral reservoir requires sophisticated

approaches.14–17 A second obstacle stems from the location of

HIV-infected cells, which are primarily found in anatomic com-

partments throughout the organism.18–23 For these reasons,

characterizing viral reservoirs in deep tissues is a challenge in

people with HIV (PWH) but is more manageable in non-human

primate models (NHP) of SIV/SHIVinfection.18,23,24

It is well-established that SIV can disseminate in several com-

partments including the spleen, lymph nodes, gut, brain, blood,

liver, and lungs by infecting not only CD4 T cells but also resident

macrophages.25–28 Additionally, many of these tissues have

been identified as preferential sites for viral persistence and po-

tential sources of viral resurgence following ART interrup-

tion.29,30 These newly produced viral particles emerge from repli-

cation competent reservoirs,15 but despite many attempts to

identify the source of this viral rebound,29,31,32 the precise origin

of these virions remains elusive.

Several NHPmodels have been developed to study the mech-

anisms responsible for the persistence of HIV in humans. These

animal models largely reproduce the observations made in hu-

mans, with viral RNA being detected in the plasma within days

or weeks following ART cessation.33,34 Similar to HIV, the major-

ity of SIV genomes persisting during ART have genetic defects,

particularly large deletions. However, several studies reported

higher proportions of intact proviruses in the SIV reservoir (30–

60%) compared to the HIV reservoir (5–10%).11,22,35,36 This dif-

ference may be attributed to a greater ability of SIV and SHIV

to establish a larger intact reservoir compared to HIV, to the

prompter initiation of ART in animal models which limits the
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accumulation of defective proviruses compared to natural infec-

tion in humans or to the shorter duration of ART.35,36 Like in HIV,

genetically intact SIV genomes decay faster than defective pro-

viruses but the kinetic may depend on the viruses, with SIV

displaying a three phasic decay whereas SHIV better fits a

two-phase decay model.37,38 Importantly, unlike in PWH on

ART for many years, both the SIV and SHIV reservoirs are

composed of a relatively large proportion of unintegrated ge-

nomes which could complicate the analysis. Excluding these

unintegrated forms may be a prerequisite to draw meaningful

conclusions on the dynamic of the long-lived viral reservoir,

which is mainly composed of integrated viral genomes.36–38

Here, we analyzed the proviral populations in three compart-

ments (blood, lymph nodes, and colon) from SHIV-infected rhe-

susmacaques (RMs) on ART. Using an optimized near full-length

sequencing approach, we studied the genetic integrity and clon-

ality of the proviral landscape in each compartment. In an

attempt to identify the source of viral resurgence, we compared

the proviral sequences obtained before ATI with those from the

plasma rebounding viruses.

RESULTS

Cohort characteristics and reservoir quantification
Five RMs of Indian ancestry were inoculated intravenously with

SHIV-AD8-EO (Figure 1A). After 8 weeks, the animals initiated

a combination ART regimen of tenofovir, emtricitabine and dolu-

tegravir and maintained on ART for 28 weeks. Cohort character-

istics are described in Table S1 (Table S1). All animals achieved

viral suppression after 24 weeks of ART (week 32 post infection),

although small blips (< 65 SHIV RNA copies per mL) were de-

tected in 2 animals (Figure 1B). Following ART interruption, at

week 37 pi, viral rebound was observed in all animals within 1–

2 weeks.

We first measured SHIV DNA in blood, peripheral lymph node

and colon from all 5 animals at 2 time points before ATI (weeks 34

and 36) and at 2 time points following ATI (weeks 38 and 40).Min-

imal changes were noted in the frequencies of cells harboring

SHIV DNA in blood and lymph nodes over time, whereas fre-

quencies of infected cells were lower and more variable in the

colon (Figure 1C). Measured frequencies of infected cells were

lower in the colon compared to blood and lymph node at all

time points (Figure S1A). Cell-associated SHIV RNA levels

were low or undetectable in all compartments during ART,

and, as expected, increased significantly in all samples following

ATI (Figure 1D). Of note, this increase in the transcriptional activ-

ity of the reservoir during ATI was more pronounced in the blood

compared to the lymph node and the colon (Figure S1).

SHIV viral reservoir showed low levels of clonality and a
relevant proportion of intact proviruses
To analyze the proviral landscape in blood and tissues from vir-

ally suppressed SHIV infected animals, we applied a novel

approach to amplify and sequence near full-length SHIV ge-

nomes from blood, colon, and lymph nodes collected before

ATI (weeks 34 and 36). We obtained a total of 144 sequences

from the 5 animals from week 34 and 36 (pre-ATI time points)

(from 32 to 41 for each animal: 49 from the blood, 63 from the

lymph nodes, and 32 from the colon) (Figure 2). 2-LTR circles,

which yielded a PCR product of �700 bp (see STAR Methods),

represented 80.6%, 67.8%, and 76.7% of all amplicons retrie-

ved from blood, lymph nodes, and colon, respectively (Fig-

ure S2), and were excluded from the analysis.

We built phylogenetic trees of sequences derived from each

individual animal to analyze the SHIV proviral population in

each tissue (Figure 3). In all 5 animals, proviruses derived from

different anatomical sites appeared intermingled in the phyloge-

netic tree, suggesting the absence of viral compartmentalization

in this model. We then assessed viral diversity in each compart-

ment using the founder strain SHIV-AD8-EO as a reference.

Therewas a trend for a higher degree of viral diversity in the colon

compared to blood and lymph node, but this difference did not

reach statistical significance (Figure S3).

We then analyzed the genetic integrity of the proviruses

retrieved from all animals in blood, lymph node and colon using

the pipeline described in Figure 2. Large deletions represented

the main type of defect in all compartments (Figure 4A), with

other types of defects being relatively rare. Overall, 35.6% of

all proviral sequences were genetically intact. Colon biopsies

contained a lower proportion of intact genomes (25.0%)

compared to lymph node (46.7%) and blood (37.5%) (p < 0.05,

Figure 4A).

We then measured the clonality of the SHIV reservoir in these

compartments. Identical sequences represented only 2.8%of all

sequences analyzed (2 identical sequences in the blood of one

animal and 2 identical sequences in the colon of another animal),

suggesting that clonal expansion of SHIV-infected cells was

limited in these animals who had been on ART for a relatively

short period of time (Figure 4B).

Rebounding viruses were more genetically related to
intact proviruses residing in the lymph node
To identify the anatomical source of viral rebound after ART

discontinuation, we compared sequences derived from rebound-

ing plasma virions to those from the viral reservoir before ATI. 95

sequences of the env gene from plasma virions were obtained

from all 5 animals (between 14 and 24 for each animal). In 3 out

of 5 animals, the env sequences from these virions were identical

to genetically intact proviral genomes sampled pre-ATI. In animal

09082, 2 virion-derived sequences matched an intact proviral

sequence recovered from lymph nodes (Figure 5A). This was

also observed in animal 10075, in whom a plasma virion-derived

sequence matched a pre-ATI genetically intact sequence from

lymph node. In this same animal, 5 plasma virion-derived se-

quences were identical to intact proviruses sequences retrieved

from lymph node (n = 3) and colon (n = 1) (Figure 5A middle

row). In animal 14090, a virion-derived sequencematched genet-

ically intact sequences isolated from lymph nodes (n = 3) and

blood (n = 3) collected pre-ATI (Figure 5A last row).

We then calculated the median genetic distance between

virion-derived sequences and sequences of genetically intact

proviruses sampled from each tissue pre-ATI. In all animals,

the minimal genetic distance was found between plasma virions

sequences and proviral sequences isolated from lymph nodes

rather than those retrieved from the blood or the colon (Fig-

ure 5B). Overall, virion-derived env sequences were genetically
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closer to pre-ATI intact proviral sequences retrieved from lymph

node than from blood or the colon (Figure 5C). Taken together,

these results indicate that plasma rebound viruses are geneti-

cally closer to proviruses derived from lymph nodes compared

to blood and colon, suggesting that the lymphoid tissue may

be a preferential source or viral rebound in this model.

DISCUSSION

In this study, we analyzed the blood and tissue viral reservoirs in

5 SHIV-infected RMs receiving ART.We combined ultrasensitive

measures of SHIV DNA/RNA and near full-length genome

sequencing to analyze the dynamics of reservoir markers in lon-

gitudinal samples collected before and after ATI. SHIV DNA copy

numbers remained relatively stable in blood and lymph nodes

during ART and after ATI, indicating that the size of the pool of

infected cells does not dramatically increase in the first weeks

of viral rebound. In contrast, the transcriptional activity of the

viral reservoir, which was below the limit of detection of our

assay in the majority of these tissues during ART, rapidly

increased in all compartments upon ATI. Both DNA and RNA

measures in colon biopsies were highly variable between

Figure 1. Study design and quantification of reservoir markers

(A) Schematic representation of the study and sampling schedule. Five rhesus macaques were infected intravenously with SHIV-AD8-EO (red arrow) and treated

with ART from week 8 to week 37 (orange box). Violet arrows indicate blood, lymph nodes, and colon-sampling time points. Plasma virions env sequences were

obtained from blood at week 40 (blue arrow).

(B) Longitudinal plasma viral load measures in the 5 animals. The gray area indicates time on ART.

(C) Quantification of SHIV DNA. Results are shown for blood, lymph nodes, and colon and represented as SHIV DNA copies per million CD4 T cells (blood and

lymph node) or per million total cells (colon).

(D) Quantification of SHIV cell-associated RNA (LTR-gag). Results are shown for blood, lymph node, and colon and represented as SHIV RNA copies per million

CD4 T cells (blood and lymph node) or per million total cells (colon). Undetectable measurements are represented by open symbols, and limits of detection are

plotted. Statistical analysis was performed by a parametric one-way ANOVA test and Dunn’s multiple comparison post-test. *p < 0.05; **p < 0.01.
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animals and between time points, which likely reflected the het-

erogeneity of the gut tissue and the challenge of conducting

quantitative analysis using small biopsies from this large organ.

Using an optimized approach to obtain near full-length SHIV

genome sequences, we amplified 144 NFL proviral genomes

and built phylogenetic trees to study the viral diversity in each

compartment during ART. Sequences derived from the blood,

lymph nodes, and colon appeared intermingled, suggesting a

lack of compartmentalization of viral sequences between the

three sites. Proviral sequences retrieved from the colon were

genetically more distant from the founder viral strain (SHIV-

AD8-EO) compared to those isolated from the lymph node and

the blood, suggesting that enhanced levels of SHIV replication

may have resulted in heightened diversity in this site.

More than a third of all proviral sequences were genetically

intact, which likely results from the fact that ART was initiated

relatively early after infection, as reported before.35,36 The

prompt initiation of ART may have limited the accumulation of

mutations in archived proviral sequences, whereas the short

period on ART might also mask the decay of the intact reservoir

through time. Consistent with previous reports,35,36 large dele-

tions represented themain defect identified in the SHIV reservoir.

The proportion of intact genomes was significantly higher in the

lymph node (46%) and the blood (37%) compared to the colon

(25%), suggesting that lymph nodesmay represent a preferential

site for the persistence of genetically intact proviruses, in line

with previous studies.35,36,39 The lower percentage of intact pro-

viruses in the colon is coincident with increased proportions of

hypermutated genomes and proviruses with premature stop co-

dons. Thismay be attributed to the abundance of activated CD4+

T cells in the colon, which are characterized by heightened

expression of APOBEC3G compared to resting CD4+ T cells.40

It is well-established that the proliferation of latently infected

cells is a major mechanism of HIV persistence during ART.41–46

In our cohort of animals, the SHIV reservoir was constituted of

an overwhelming majority of unique proviral sequences in all 3

compartments, as previously observed in the blood of SHIV-in-

fected animals36 as well as in the blood and lymph nodes of

SIV-infected animals.32 Our results confirm and extend these re-

sults by showing that clonal expansion of SHIV-infected cells is

also rare in tissues, which was expected in these animals who

had been on ART for only 29 weeks. Of note, a study in which

integration site sequencing was used as a measure of clonality

reported that clonal expansions can occur in SIV-infected ma-

caques on suppressive ART after only one year.47 In this study,

the size of the expanded clones was small, suggesting that we

may have missed small clonal expansions in our study because

of the relatively limited number of proviruses we obtained.

Intact

Large deletion

Hypermutation

Psi defect

Small deletion

Stop codon

Insertion

Inversion Defective

1144009900

Tat
Vpx

Pol
NefRev

Vpr
VifGa  g

3' LTR

Env

Vpu

Psi
5'LTR

1155008811

22552299

1100007755

0099008822

Figure 2. SHIV proviral landscape in the 5 animals

The SHIV-AD8-EO genome diagram at the top illustrates the coverage of the near-full length (NFL) amplification (92%). Each horizontal line represents and

individual proviral sequence obtained by NFL amplification from week 34 and 36 (pre-ATI time points). Each block of sequences derived from a given animal is

identified with the corresponding animal ID. The type of defect in each sequence is indicated by a specific color, as shown in the diagram on the right. Alignments

were performed using the founder strain SHIV-AD8-EO as a reference.
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We then compared proviral sequences retrieved from samples

collected during ART with env sequences derived from rebound-

ing plasma virion during ATI. We chose the env gene because of

its genetic diversity, in both SIV and HIV infections.29,36 Since our

goal was to identify tissues that may represent a source of viral

rebound, we focused our analysis on genetically intact proviral

sequences. We identified 4 pairs of matched sequences be-

tween intact proviruses in the lymph node and virion-derived se-

quences. Of note, two of these 4 sequences were not shared

with any other compartment, whereas the other two were shared

between the lymph node and the blood or the colon. This was in

line with the fact that virion-derived sequences were genetically

closer to lymph node proviral sequences than genomes ampli-

fied from the blood or the colon. Altogether, these observations

may suggest that rebounding viruses may be preferentially pro-

duced by genetically intact proviruses that persisted in lymph

nodes during ART.

Several studies reported that ATI is characterized by a rapid

viral reactivation in several tissues throughout the body,4,29 sug-

gesting a multifocal recrudescence of viral replication after ART

Figure 3. Phylogenetic trees SHIV NFL se-

quences

Phylogenetic trees were built with all sequences

obtained from each animal, after excluding the

proviral sequences identified as hypermutated.

Trees were built using the estimated by maximum

likelihoodmodel rooted to the reference sequence

of the founder strain SHIV-AD8-EO (pink). Se-

quences derived from the different compartments

are identified by a specific color: red for the blood,

green for the lymph node, and blue for the colon.

Scale bars refer to the phylogenetic distance,

represented by the length of the branch, in

nucleotide substitution per site.

interruption, both in humans and in non-

human models of HIV infection.4,29 Con-

sistent with our observations in SHIV-in-

fected RMs, proviruses residing in the

lymphoid tissue have been suggested

as a preferential source of SIV rebo-

und.30,32 Both the SIV and SHIV experi-

mental models are therefore consistent

with the observations made in PWH un-

dergoing ATI in whom viral resurgence

is thought to originate from the lymphoid

tissue.4 Several intrinsic characteristics

of lymph nodes likely contribute to their

capacity to serve as preferential sites of

viral persistence and resurgence: (1)

lymph nodes are enriched in T follicular

helper (Tfh) cells, which are known to be

highly susceptible to HIV/SIV infection48;

(2) they are characterized by the pres-

ence of well-structured B follicles in

which infected Tfh cells reside and from

which cytotoxic CD8 T cells are largely

excluded49,50; (3) follicles also contain

follicular dendritic cells which can retain infectious viral particles

on their surface for years,39,51 (4) lymph nodes contain a high-

density of CD4 T cells, the primary target cell of HIV, SIV and

SHIV-AD8. Altogether, these characteristics and our observa-

tions suggest that lymphoid tissues are important contributors

to the persistence of the rebound competent HIV reservoir. Ther-

apeutic strategies aimed at eliminating the viral reservoir or con-

trolling viral rebound should be optimized to penetrate these

complex structures.

Limitations of the study
This study presents several limitations. We studied samples

from 5 animals which had been infected for a short period of

time before starting an ART regime, which could have an

impact on viral evolution and clonality of the viral reservoir.

Additionally, the time on ART was relatively short (29 weeks)

when treatment was interrupted. Given that full suppression

on ART may require longer treatment, we cannot exclude the

possibility that ongoing viral replication still occurred in these

animals at the time of ATI.
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The relatively small number of NFL sequences may have

limited our ability to detect clonal expansions in the reservoir.

In addition, since we obtained a larger number of proviruses

from lymph nodes (n = 63) compared to blood (n = 49) and co-

lon biopsies (n = 32), we cannot exclude the possibility that un-

der sampling in these two compartments may have limited our

ability to detect proviruses contributing to viral rebound.

We sequenced the whole SHIV envelope to perform the anal-

ysis regarding the origin of the viral rebound, which is the most

variable region of the viral genome and provides a representative

picture of the viral diversity. However, we cannot exclude the ex-

istence of genetic variation outside the env gen region that could

mask ours results.

Due to the limited sample size in this study (2 females and 3

males), we cannot draw definitive conclusions regarding the

impact of sex on the evidence presented.
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A

B C

Figure 5. Phylogenetic relationships between geneti-

cally intact sequences isolated from pre-ATI samples

and rebounding viruses

(A) Left column: phylogenetic trees of genetically intact proviral

sequences from pre-ATI samples and sequences of rebounding

viruses. Proviral sequencesmatching rebound virion sequences

are indicated by a hash or an asterisk. Right column: diagram

representing the fraction of rebounding viruses that are geneti-

cally identical to an intact provirus retrieved from a pre-ATI

sample.

(B) Minimal genetic distance between the sequence of a re-

bounding plasma virions and a genetically intact provirus was

calculated for all compartments and in all animals.

(C) Genetic distances between each rebounding plasma virions

and the closest intact proviral sequence from each compart-

ment for all compartments and in all animals. Statistical analysis

was performed by a one-way ANOVA test and Tukey’s multiple

comparison post-test. **p < 0.01; ***p < 0.001.
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STAR+METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

A total of 5 Rhesus macaques (Macaca mulatta) 2 females and 3 males, of Indian ancestry and free of simian retrovirus type D (SRV),

simian T-lymphotropic virus type 1 (STLV-1), SIV and macacine herpesvirus 1 (herpesvirus B) were used for these studies (Table S1).

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

SHIV-AD8-EO Dr. Malcolm Martin NCBITaxon_57667

Biological samples

Rhesus macaques derived blood,

lymph nodes biopsies (inguinal

or axillary) and colon biopsies

Wisconsin National Primate

Research Center (WNPRC)

N/A

Deposited data

SHIV full-length genomic sequences GenBank BankIt2921480: PV068831 - PV068975

SHIV env sequences GenBank BankIt2875156: PQ380606-PQ380700

Experimental models: Organisms/strains

Rhesus macaques (Macaca mulatta)

of Indian ancestry

Wisconsin National Primate

Research Center (WNPRC)

NCBITaxon_9544

Oligonucleotides

SIV U3 Fw1: 50-CAG AAG AGT TTG GAA GCA AGT C-30 Integrated DNA technologies N/A

SIV U3 Rv1: 50-ACA TAT GCC TCA TAA GTG TAG G-30 Integrated DNA technologies N/A

SIV U3 Fw2: 50-TTA GAA GAA GGC TAA CCG CAA G-30 Integrated DNA technologies N/A

SIV U3 Rv2: 50-TTG GAT CAA ACT TCC ATG CTA G-30 Integrated DNA technologies N/A

SHIV env reverse primer: 50-TGT AAT AAA

TCC CTT CCA GTC CCC CC-30
Integrated DNA technologies N/A

SIVLLTR Fw: 5’ – ATG CCA CGT AAG CGA AAC

TGG CAG ATT GAG CCC TGG GAG – 30
Integrated DNA technologies N/A

SIVgag Rev: 5’ – TGC TGC CCA TAC TAC ATG CTT C – 30 Integrated DNA technologies N/A

LambdaT: 5’ – ATG CCA CGT AAG CGA AAC T – 30 Integrated DNA technologies N/A

SIVLTR Rev2: 5’ – CTT TAA GCA AGC AAG CGT GGA G – 30 Integrated DNA technologies N/A

5’ –/56-FAM/GCA GGTAGA/ZEN/GCC

TGG GTG TTC CCTGC/3IABkFQ/– 30
Integrated DNA technologies N/A

HCD3 out 5’: 5’ – ACT GAC ATG GAA CAG GGG AAG – 30 Integrated DNA technologies N/A

HCD3 out 3’: 5’ – CCA GCT CTG AAG TAG GGA ACA TAT – 30 Integrated DNA technologies N/A

HCD3 in 5’: 50-GGC TAT CAT TCT TCT TCA AGG T-30 Integrated DNA technologies N/A

Mamu CD3 in 3’: 5’ – TAA GAT GGC GGT AAC AGG GT – 30 Integrated DNA technologies N/A

MamuCD3Zen 5’ –/56-FAM/AGC AGA

GAA/ZEN/CAG TTA AGA GGC TCC AT/3IABkFQ/– 30
Integrated DNA technologies N/A

Software and algorithms

Lima PacBio software v2.7.1 DNA Link, South Korea SCR_025520

pbAA PacBio algorithm v1.0.3 DNA Link, South Korea SCR_017988

Multiple Fast Fourier transform algorithm Los Alamos National Laboratory SCR_011811

Geneious Prime (v2021.1.1) https://www.geneious.com/ SCR_010519

HIV Database QC Tool Los Alamos National Laboratory SCR_002906

HIV Database Gene Cutter online tool Los Alamos National Laboratory SCR_002906

HIV Database Elim Dupes online tool Los Alamos National Laboratory SCR_002906

GraphPad Prism v9.3.0 https://www.graphpad.com/ SCR_002798

IQ-TREE http://www.iqtree.org/ SCR_017254
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These animals housed at the Wisconsin National Primate Research Center (WNPRC) in accordance with the standards of the Asso-

ciation for the Assessment and Accreditation of Laboratory Animal Care (AAALAC) and the University of Wisconsin Research Animal

Resources Center and Compliance unit (UWRARC). Animal experiments were approved by the University of Wisconsin College of

Letters and Sciences and the Vice Chancellor for Research and Graduate Education Centers AICUC (protocol numbers G005609

and G006679) and performed in compliance with the principles described in theGuide for the Care and Use of Laboratory Animals.52

Fresh water was always available, commercial monkey chow was provided twice a day and fresh produce was supplied daily. To

minimize any pain and distress related to experimental procedures, Ketamine HCL was used to sedate animals prior to blood collec-

tion and animals were monitored twice a day by animal care and veterinary staff. The animals were socially housed in pairs or groups

of compatible animals whenever possible. Animals were infected intravenously with the viral strain SHIV-AD8-EO (200 TCID50).53

Animals were started on ART at week 8 post-infection and remained on therapy for 29 weeks until week 37. A solution of the anti-

retroviral drugs dolutegravir (DTG, 2.5 mg/mL), tenofovir disoproxil fumarate (TDF, 5.1 mg/mL) and emtricitabine (FTC, 40 mg/mL)

was prepared in 15% Kleptose (HPB Biopharma, cat. 346113105E), filter-sterilized through a 0.2 mm nylon membrane and stored

at �20�C. Each animal received daily subcutaneous injections of ART at doses of 1 mL per kg body weight.54

Animals age was in average 8.4 years (4.2–12.8) at the moment of sampling. Blood, lymph nodes biopsies (inguinal or axillary) and

colon biopsies were obtained from all animals at weeks 34, 36, 38 and 40. The gut biopsies were pinch biopsies taken from the colon.

All the tissue recovered was used for DNA/RNA dual extraction following the protocol described below. Lymph node biopsies were

obtained with forceps using sharp or blunt dissection, collecting one lymph node if large (�1 cm diameter) or multiple small lymph

nodes. Biopsies were homogenized and passed through a 70-mmcell strainer tomechanically isolate lymphocytes. From blood sam-

ples, mononuclear cells were isolated by density gradient centrifugation. Plasma samples were obtained at week 40 (Figure 1A).

METHOD DETAILS

DNA and RNA extractions
CD4 T cell were enriched from blood and lymph nodes mononuclear cells using the EasySep Human CD4+ T cell Isolation Kit

(StemCell). Colon biopsies were thawed, lysed and homogenized in RLTPlus lysis buffer (Qiagen) at room temperature using the

RNA program of the gentleMACS Dissociator (Miltenyi). DNA and RNA were simultaneously extracted using the AllPrep DNA/

RNA/miRNA Universal Kit (Qiagen), according to the manufacturer’s instructions.

SHIV DNA and RNA quantifications
Total SHIV DNA and cell-associated SHIV RNA were measured by ultrasensitive nested qPCR with primers annealing the LTR/gag

region. SIVLLTR Fw: 5’ – ATG CCA CGT AAG CGA AAC TGG CAG ATT GAG CCC TGG GAG – 3’; SIVgag Rev: 5’ – TGC TGC CCA

TAC TAC ATG CTT C – 3’; LambdaT: 5’ – ATGCCACGT AAGCGA AAC T – 3’; SIVLTR Rev2: 5’ – CTT TAAGCA AGC AAGCGT GGA

G – 3’; 5’ –/56-FAM/GCA GGTAGA/ZEN/GCC TGG GTG TTC CCTGC/3IABkFQ/– 3’.55,56 Primers specific for the CD3 gene were

added to the DNA PCR reaction to precisely quantify the cell input: HCD3 out 5’: 5’ – ACT GAC ATG GAA CAG GGG AAG – 3’;

HCD3 out 3’: 5’ – CCA GCT CTG AAG TAG GGA ACA TAT – 3’; HCD3 in 5’: 50-GGC TAT CAT TCT TCT TCA AGG T-3’; Mamu

CD3 in 3’: 5’ – TAA GAT GGC GGT AAC AGG GT – 3’; MamuCD3Zen 5’ –/56-FAM/AGC AGA GAA/ZEN/CAG TTA AGA GGC TCC

AT/3IABkFQ/– 3’. The first-round PCR cycle conditions were as follows: a denaturation step of 8 min at 95�C and 12 cycles of ampli-

fication (95�C for 1 min, 55�C for 40 s, 72�C for 1 min), followed by a final elongation step at 72�C for 15 min. For the cell-associated

RNA a 30min incubation at 50�Cwas included previous to the previous cycling protocol. The second rounds of PCRwere carried out

in real time as follows: denaturation step (95�C for 4 min), followed by 40 cycles of amplification (95�C for 3 s, 60�C for 10 s).

The number of copies of total SHIV DNA were calculated by using serial dilutions of lysed 3D8 cells as a standard curve. The

amount of total cell-associated SHIV RNA was calculated by using serial dilutions of in vitro transcribe SHIV RNA as standard. All

measures were performed in triplicate wells. Results were expressed as numbers of SHIV genomes or transcripts per million cells.

Near full-length amplification of SHIV genomes
Near full-length amplification of proviral sequences was performed at an endpoint dilution of the extracted DNA where <30% of the

reactions were positive, obtaining a total of 144 SHIV proviral sequences. The protocol was adapted from previous studies.11,22

Briefly, the first-round PCR cycle conditions were as follows: a denaturation step of 30 s at 98�C and 25 cycles of amplification

(98�C for 10 s, 60�C for 10 s, 72�C for 5 min), followed by a final elongation step at 72�C for 5 min.

SHIV proviruses were pre-amplified using an Invitrogen PlatinumSuperFi II MasterMix (ThermoFisher cat.12358050) with two outer

primers (SIV U3 Fw1: 50-CAG AAG AGT TTG GAA GCA AGT C-3’; SIV U3 Rv1: 50-ACA TAT GCC TCA TAA GTG TAG G-30). Diluted
pre-amplification products were used in a second round of amplification, using inner primers (SIV U3 Fw2: 50-TTA GAA GAA GGC

TAA CCG CAA G-3’; SIV U3 Rv2: 50-TTG GAT CAA ACT TCC ATG CTA G-30). The second round of PCR was carried out as follows:

denaturation step of 30 s at 98�C and 30 cycles of amplification (98�C for 10 s, 60�C for 10 s, 72�C for 5 min), followed by a final elon-

gation step at 72�C for 5 min.

3D8 extracted DNAwere used as positive controls for PCR amplification. Proviral amplification was confirmed by running a fraction

of the PCR products on an 0.8% agarose gel. Wells containing an amplicon of approximately 700 bp, indicative of the amplification of
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a 2-LTR junction, were discarded. PCR reactions with two bands of different sizes were not excluded, since the sequencing method

can discriminate between two sequences present in the same reaction.

PacBio sequencing
All amplicons were sequenced using the PacBio next-generation sequencing platform. Each SHIV pre-amplified DNAwere re-ampli-

fied with barcoded inner PCR primers (96 different PacBio barcodes). Barcoded amplicons were purified using AMPure XP beads

(Beckman Coulter), following the manufacturer’s instructions, prior to Nanodrop quantification. 50 ng of each of the 96-barcoded

amplicons were pooled together and sequenced on a Sequel or Sequel II instrument (DNA Link, South Korea).

PacBio demultiplexing and cleaning
The demultiplex barcodes analysis was powered by the Lima PacBio software v2.7.1. High-quality phased consensus sequences

representing near full-length SHIV genome sequences with high fidelity and without the need for reconstruction were generated

with the pbAA PacBio algorithm v1.0.3. Any sequences that did not blast with the SHIV-AD8-EO reference sequence stored in

the GenBank (MN816822.1), or that lacked one of the primer’s sequences, were discarded from further analysis.

Integrity analysis
Sequences containing only LTR portions of the viral genome, which likely corresponded to 2-LTR circles amplifications, were

excluded from the analysis. All proviral sequences were aligned to the reference SHIV-AD8-EO sequence using Multiple Fast Fourier

transform program (MAFFT) with strategy E-INS-i and a scoring matrix of 1PAM/k = 2 (online https://mafft.cbrc.jp/alignment/server/

or with Geneious Prime (v2021.1.1) pluggin). For integrity analysis, all sequences containing (in this order) hypermutations, large in-

ternal deletions, stop codons and/or frameshift, defects in the J locus, small internal deletions in a coding region, inversions or

insertions were considered defective. Inversions and insertions were detected manually in the alignment. Hypermutations were de-

tected using the online HIV Database QC Tool (https://www.hiv.lanl.gov/content/sequence/QC/index.html). Genomes with large in-

ternal deletions were defined as any provirus shorter than 8,500 bp (excluding the primer’s regions). Stop codons/frameshifts were

identified using theHIVDatabaseGeneCutter online tool (www.hiv.lanl.gov/content/sequence/GENE_CUTTER/cutter). Any defect in

theJ locus (MSD point mutation; stem loop 2 deletion; packaging signal deletion) were determined manually by looking at the align-

ment with the reference SHIV-AD8-EO sequence. The intactness of the 9 coding regions (gag, pol, vif, vpx, tat, rev, vpu, nef, env) and

2 regulatory regions (J and RRE) were evaluated by assessing the presence of a start codon (except for pol), and the lack of internal

stop codons, frameshift or small deletion over 3% of the ORF’s length.

Clonality analysis
Clonal sequenceswere defined as proviral amplicons 100% identical to each other andwere determined using the HIV Database Elim

Dupes online tool (https://www.hiv.lanl.gov/content/sequence/elimdupesv2/elimdupes.html) and confirmed using the Geneious

Primediversity tool. Phylogenetic treeswerebuilt with IQ-Tree2, usingaMaximum-likelihood treeGTR+ I+Gmodel, 1,000bootstraps.

Env sequencing
Virion-derived Env sequences were obtained from plasma samples by single copy sequencing. Viral RNA was isolated from plasma-

associated virions as described previously.57 RNA was reverse transcribed into cDNA which was then used for subsequent dilution

and single genome PCR amplification and SHIV Env sequencing as described previously.58 Briefly, cDNA was generated from viral

RNA using the SHIV specific primer 50-TGT AAT AAA TCCCTT CCAGTCCCC CC-30 and SuperScript III reverse transcriptase as per

themanufacturer’s instructions (ThermoFisher Scientific). Template viral cDNAwas diluted until the number of wells containing a viral

template constituted 30% or less of the total number of PCR wells to ensure a single viral genome per reaction, as calculated by

Poisson distribution statistics.59 The SHIV envelope gene was amplified using a two-round nested PCR with SHIV specific primers

and Platinum Taq DNA High Fidelity polymerase (ThermoFisher Scientific) per the manufacturer’s instructions. Correctly sized am-

plicons identified by gel electrophoresis were sequenced by Sanger sequencing using BigDye Terminator technology (Applied Bio-

systems) and gene specific primers. Overlapping sequence fragments were assembled into contigs using Sequencher (Gene

Codes), and chromatograms were manually checked for multiple peaks to confirm single genome sequencing. Sequences with

mixed bases were excluded from further analysis. env RNA sequences were compared to proviral Env sequences obtained from tis-

sues obtained prior to ATI using the HIV Database Elim Dupes as described above. Intact proviral- and virion-derived env sequences

were used to build phylogenetic trees with the algorith IQ-Tree2, using a Maximum-likelihood tree GTR + I + G model, 1,000 boot-

straps. From these phylogenetic trees, the total branch length between each plasma viral particle sequence and the closest intact

proviral sequence was obtained.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were analyzed using GraphPad Prism v9.3.0. Statistical tests are indicated in the figure legends. A p value of less than 0.05

was considered statistically significant.

iScience 28, 111998, March 21, 2025 e3

iScience
Article

ll
OPEN ACCESS

https://mafft.cbrc.jp/alignment/server/
https://www.hiv.lanl.gov/content/sequence/QC/index.html
http://www.hiv.lanl.gov/content/sequence/GENE_CUTTER/cutter
https://www.hiv.lanl.gov/content/sequence/elimdupesv2/elimdupes.html

	ISCI111998_proof_v28i3.pdf
	Contribution of intact viral genomes persisting in blood and tissues during ART to plasma viral rebound in SHIV-infected rh ...
	Introduction
	Results
	Cohort characteristics and reservoir quantification
	SHIV viral reservoir showed low levels of clonality and a relevant proportion of intact proviruses
	Rebounding viruses were more genetically related to intact proviruses residing in the lymph node

	Discussion
	Limitations of the study

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Method details
	DNA and RNA extractions
	SHIV DNA and RNA quantifications
	Near full-length amplification of SHIV genomes
	PacBio sequencing
	PacBio demultiplexing and cleaning
	Integrity analysis
	Clonality analysis
	Env sequencing

	Quantification and statistical analysis




