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replication during ART.

Introduction

Antiretroviral therapy (ART) effectively prevents HIV-1 disease
progression. However, low-level viremia persists during ART and
typically rebounds to pretherapy levels when treatment is dis-
continued. Rebounding virus is not genetically divergent from
pre-ART HIV-1 variants (1-3), suggesting a stable viral reservoir
during ART that is likely established prior to initiating treatment.
Understanding the mechanisms that maintain the HIV-1 reservoir
on ART is vital to developing strategies to eradicate the infection
and/or to prevent viral rebound without ART.

Although there is ongoing debate about whether or not ART is
fully effective (4, 5), evidence suggests that ART does effectively
block HIV-1 replication in the peripheral blood of both children and
adults whether initiated in acute (6-8) or in chronic infection (3, 9,
10). These results imply, and previous experimental evidence sup-
ports, that HIV-1proviruses in peripheral blood either reside in cells
infected prior to ART or in their clonal descendants (8, 11-14). Such
a model suggests, assuming that there is free exchange of infected
cells between the lymph nodes and blood (15, 16), that there would
be a lack of viral evolution in lymph nodes during ART and that
the proviral population in the lymph nodes and peripheral blood
would be highly similar. However, studies have claimed to be able
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To investigate the possibility that HIV-1 replication in lymph nodes sustains the reservoir during antiretroviral therapy (ART),
we looked for evidence of viral replication in 5 donors after up to 13 years of viral suppression. We characterized proviral
populations in lymph nodes and peripheral blood before and during ART, evaluated the levels of viral RNA expression in
single lymph node and blood cells, and characterized the proviral integration sites in paired lymph node and blood samples.
Proviruses with identical sequences, identical integration sites, and similar levels of RNA expression were found in lymph
nodes and blood samples collected during ART, and no single sequence with significant divergence from the pretherapy
population was detected in either blood or lymph nodes. These findings show that all detectable persistent HIV-1 infection

is consistent with maintenance in lymph nodes by clonal proliferation of cells infected before ART and not by ongoing viral

to detect viral evolution in tissues collected during ART (16-18),
suggesting that HIV-1 replication may not be fully inhibited in all
anatomical sites. Furthermore, questions have been raised about
the ability of ART to effectively penetrate lymph node follicles and
prevent continuing rounds of viral replication (16, 19, 20), raising
the possibility that HIV-1 may persist during ART by exploiting
putative sanctuary sites in lymph nodes (19, 21, 22). The hypothe-
sis that the HIV-1 reservoir is maintained during ART by persistent
viral replication in lymph nodes implies that there is only minimal
trafficking of infected cells between lymph nodes and peripheral
blood. If not, then proviruses in infected cells in the blood would
show evidence of evolution due to accumulating mutations, espe-
cially after many years of viral suppression on ART.

To determine if the mechanisms that maintain HIV-1 provi-
ruses in lymph nodes differ from those in peripheral blood, and
whether there is ongoing exchange of infected cells between
these compartments, we compared the proviral populations in
lymph nodes and peripheral blood from 5 participants whose
levels of viremia were suppressed on ART (<40 copies/mL) for
1.8 to 12.9 years. We addressed a number of questions related
to the mechanisms that maintain the HIV-1 reservoir in lymph
nodes during ART. During long-term ART, are proviral popula-
tions in lymph nodes divergent from pre-ART proviral popula-
tions in lymph nodes and peripheral blood? Are HIV-1 proviral
populations divergent between paired lymph node and periph-
eral blood samples collected after long-term ART? Do provi-
ral populations in lymph nodes change over time in a manner
characteristic of ongoing HIV-1 replication during ART? Are the
clonal populations of infected cells that persist on ART differ-
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ent in lymph nodes compared with peripheral blood? Do more
infected cells in lymph nodes contain HIV-1 RNA compared
with those in peripheral blood? Are proviruses in lymph nodes
expressed at higher levels than those in peripheral blood? Are
the replication-competent proviruses in lymph nodes that are
induced in viral outgrowth assays divergent from pre-ART viral
populations? Is there a higher number of CD4* T cells carrying
infectious, inducible proviruses in lymph nodes compared with
peripheral blood during ART?

The results we obtained support the conclusion that HIV-1-
infected cells persisting on long-term ART are well mixed between
the peripheral blood and lymph nodes, and that the HIV-1 reser-
voir is sustained in the lymph nodes by proliferation of cells that
were infected prior to ART and not by ongoing cycles of viral rep-
lication during ART.

Results

Donor characteristics. Samples from 5 HIV-1-infected partici-
pants from the San Francisco SCOPE cohort (NCT00187512)
(ref. 23 and Supplemental Table 1) were investigated for evi-
dence of ongoing HIV-1 replication, as assessed by evolution
of sections of the viral genome in peripheral blood and lymph
nodes during ART. In these donors, viremia was well-suppressed
on ART (<40 HIV-1 RNA copies/mL plasma) for 1.8 to 12.9 years.
Two participants, 3720 and 2661, achieved viral suppression in
early infection (<1 year and 0.3 years after the approximate date
of transmission). The low pretreatment genetic diversity of the
HIV-1 populations in these donors provided a sensitive probe
for the detection of viral divergence in the peripheral blood or
lymph nodes for periods of 1.8 years and 12.9 years, respectively.
Donor 2661 had one brief ART interruption after 4.7 years, was
quickly resuppressed, and subsequently maintained continuous
suppression of viremia on ART for another 12.9 years. The oth-
er 3 participants initiated ART in chronic infection (2.0 to >22
years after the approximate date of transmission).

All donors had HIV-1 subtype B infection except donor 3720
who was infected by subtype C. With one exception, no partici-
pant had detectable mutations conferring resistance to current
therapy in any samples studied. Donor 2669 had a history of
mono- and/or dual-therapy, and, consequently, acquired reverse
transcriptase inhibitor drug resistance mutations prior to achiev-
ing continuous viral suppression for 5.5 years following the addi-
tion of dolutegravir to his treatment regimen. Single-genome
sequencing (SGS) of the integrase coding region in peripheral
blood mononuclear cells (PBMCs) and lymph node mononucle-
ar cells (LNMCs) did not detect mutations that would contribute
to dolutegravir resistance (92 single-genome DNA sequences
obtained from PBMCs and 115 from LNMCs).

To compare the evolution of HIV-1 among the different
locations, pre-ART plasma and/or PBMCs and/or LNMCs were
obtained from 4 of the participants. Two longitudinal on-ART
LNMC samples were obtained about 1 year apart from 2 of the par-
ticipants (2669 and 1079), including paired samples from contra-
lateral inguinal lymph nodes, enabling comparison of the proviral
populations in the 2 nodes. After completing this study, 1 donor
interrupted ART and a plasma sample was obtained 14 days after
discontinuation, allowing the rebounding plasma viral RNA pop-
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ulation to be compared with pre-ART RNA sequence variants in
plasma, to the pre-ART DNA and cell-associated RNA variants in
peripheral blood, and to the on-ART DNA and cell-associated RNA
variants in peripheral blood and lymph nodes. A detailed timeline
of participant sampling is shown in Supplemental Table 2.

No evidence for HIV-1 evolution during ART in peripheral blood.
Previous studies have demonstrated the absence of detectable
HIV-1 evolution in the peripheral blood during ART (3, 6, 9, 10).
Because HIV-1 replication is error prone, this result shows that
there is only very limited HIV-1 replication in blood. To ensure
that ART fully suppressed viral replication in the peripheral blood
of this set of donors, we performed SGS of the P6-PR-RT region
derived from virus in the plasma or viral DNA in PBMCs collect-
ed prior to ART and after 1.8 to 12.9 years of continuous viral sup-
pression (Figure 1). We also performed SGS on the full-length env
gene in proviruses from pre- and on-ART PBMC samples from
donors 1683 and 1079 (Supplemental Figure 1; supplemental
material available online with this article; https://doi.org/10.1172/
JCI126714DS1). Because evolution would be a consequence of
ongoing viral replication, we looked for evidence of viral evolu-
tion on ART. Evolution of the proviral sequences would cause:
(i) increasing genetic diversity measured by average pairwise
distance (APD), (ii) increasing genetic divergence of individual
sequences from the starting population over time, as shown by
a statistically significant (P < 0.001) negative test for panmixia
comparing the 2 time points (24), and (iii) emergence of new viral
variants, observable by increasing average and individual root-to-
tip distances over time on maximum-likelihood phylogenetic trees
(Figure 1 and Supplemental Figure 1).

There was no evidence of HIV-1 evolution characteristic of
ongoing cycles of viral replication detected (in either P6-PR-RT or
env) in peripheral blood from any of the 4 individuals we studied
by any of these analytical tools. Two donors (Figure 1, A and B)
were treated in early infection and the HIV-1 populations did not
shift from the apparent pre-ART founder viruses over 1.8 and 12.9
years of continuous treatment (probability of panmixia = 0.1 and
0.4, respectively). HIV-1 sequences with APOBEC-mediated G to
Ahypermutation, which are commonly seen in individuals on ART
(25), as well as any other sequences containing stop codons, were
excluded from these and all subsequent analyses. In donor 1683
(Figure 1C and Supplemental Figure 1A), the diversity in the pro-
viral population decreased during ART in both P6-PR-RT and env
(0.5% to 0.1%, P < 0.0001 and 1.3% to 0.6%, P < 0.0001). In this
donor, the HIV-1 population became dominated by a single clonal
sequence that was already present in the pre-ART population 5.4
years prior and may have been directly derived from the original
founder virus. The increased proportion of this clonal variant also
resulted in divergent (nonpanmictic) proviral populations prior to
and during ART in P6-PR-RT (P = 5 x 1079), a difference that dis-
appeared when the identical sequences were collapsed to single
variants (P= 0.7), as was done for all the panmixia analyses shown
in the figures. This result implies that the apparent shift in the pop-
ulation during ART was due to clonal proliferation of infected cells
rather than emergence of new variants from ongoing replication.
The root-to-tip analysis also showed a potential loss of P6-PR-RT
sequences on longer branches from the pre-ART population (slope
=-2.0 x 107). Similar results were obtained from analyses of the
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Figure 1. HIV-1 P6-PR-RT proviral DNA and plasma virus RNA sequences prior to and during long-term ART. Neighbor joining trees were constructed
from single-genome P6-PR-RT proviral DNA sequences obtained from PBMCs (hollow black triangles; A, C, and D) or RNA sequences obtained from plasma
virus (hollow red circles; B) prior to the most recent period of continuous viral suppression on ART and proviral DNA sequences obtained from PBMC
samples taken after 1.8-12.9 years of viral suppression on ART (solid black triangles). Diversity was measured by APD, and measures were compared using
an unpaired t test. Divergence was measured by a test for panmixia (to correct for multiple comparisons, populations are considered to be statistically dif-
ferent when the probability of panmixia is less than 0.001). Red arrows indicate sequences matching virus obtained in a viral outgrowth assay (30). Root-
to-tip distances were measured using maximum likelihood trees, and the slopes of the root-to-tip distances over time were calculated by linear regression
(units for slopes are substitutions/year). In cases where the slope was positive, an F-test was used to determine if the root-to-tip slopes were significantly
different from zero. A is rooted on the HIV-1 subtype C consensus sequence, and B-D are rooted on the subtype B consensus sequence. Sequences contain-
ing G to A hypermutations and/or stop codons in open reading frames (indicated by shaded boxes) were excluded from all analyses. Except where unique
variants were too few to test statistically (indicated by *), rakes of identical sequences were collapsed to a single variant for the test for panmixia and
branch-length analysis. Results from a total of 8 samples (2 samples each from 4 patients) are represented in this figure.
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same 2 genomic regions in peripheral blood from donor 1079 (Fig-
ure 1D and Supplemental Figure 1B), treated in chronic infection,
despite the absence of prominent clonal variants in these samples
after 11.4 years on ART.

Asin previous studies (3, 6, 9, 10), comparative analyses of sin-
gle-genome sequences obtained before therapy and after up to 13
years of suppressive ART provided no evidence for ongoing repli-
cation of HIV-1in peripheral blood. On the contrary, all changes in
the genetic structure of proviral DNA populations can be attribut-
ed to clonal proliferation of cells containing proviruses laid down
prior to treatment initiation or the loss of variants during ART.

No evidence for HIV-1 evolution during ART in lymph nodes. It has
been suggested that the drugs used in ART do not optimally pene-
trate lymph nodes (19, 22), permitting persistent HIV-1 replication
in lymph nodes (16, 20). If significant levels of viral replication
occur in the lymph nodes during ART, then the newly emergent
viral variants produced by the accumulation of reverse transcriptase
errors would have to be sequestered in the lymph nodes, because
they are not detected in the peripheral blood (as shown above). This
argument predicts significant compartmentalization of HIV-1 DNA
between the infected mononuclear cells in the lymph nodes and
those in the peripheral blood. To address the possibility that HIV-1-
infected cells are compartmentalized between the lymph nodes and
peripheral blood, and that viral replication continues during ART at
levels that sustain the HIV-1 reservoir in the lymph nodes as previ-
ously claimed (16), we compared proviral sequences of P6-PR-RT
(Figure 2) and env (Supplemental Figure 2) from the lymph nodes
and peripheral blood of the donors in this study.

The results of this analysis yielded no evidence of compart-
mentalization in any of the donors when proviral sequences
from the paired peripheral blood and lymph node samples were
compared, in aggregate or individually, using the same 3 analyt-
ical tools as above (Figure 2 and Supplemental Figure 2). These
results (in detail below) indicate that infected cells are well-mixed
between the 2 compartments, and imply the absence of signifi-
cant viral replication in lymph nodes, just as in peripheral blood,
during suppressive ART. Neighbor joining phylogenetic analyses of
P6-PR-RT sequences from the 2 donors who were treated in ear-
ly infection (Figure 2, A and B) showed, in each case, a prominent
group of identical sequences in the lymph nodes that was identi-
cal to the presumed founder viruses (the most common variants
observed in the peripheral blood prior to ART), suggesting that
no detectable sequence divergence occurred in the lymph nodes
over 1.8 or 12.9 years of viral suppression on ART in these 2 indi-
viduals (there were not enough cells available from these donors to
sequence env). After sampling over half of the infected cells in an
entire lymph node from donor 2661, we found only a few P6-PR-
RT variants to be 1-2 nucleotides different from the sequence of the
presumed founder virus and these had not diverged from the plas-
ma virus in the pre-ART sample (APD: P = 0.08, panmixia: P=0.2).
Though the positive branch length correlation coefficient indicated
a significant difference in branch lengths between lymph node and
peripheral blood (r = 0.26; P = 0.0005), when identical sequences
were converted into single variants this difference disappeared (r
=-0.065; P = 0.6), suggesting that the difference was due to the
fact that an identical variant was sampled at a disproportionately
higher level in the peripheral blood than in lymph nodes or that an
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expanded clone carrying this variant is not equal in size across the 2
locations. As in the blood, the only noticeably divergent sequences
in the lymph nodes were G to A hypermutants.

A lack of compartmentalization between peripheral blood
and lymph nodes was also observed in the 3 individuals treated in
chronic infection (Figure 2, C-E, and Supplemental Figure 2, A-C).
Sequences obtained from paired peripheral blood and lymph
nodes were well-mixed phylogenetically and by the test for pan-
mixia, had similar measures of diversity, and had branch length
correlations not significantly different from zero in both P6-PR-
RT (Figure 2, C-E) and env (Supplemental Figure 2, A-C), with the
exception of donor 1683. There was a slight increase in the diversi-
ty of the proviral P6-PR-RT sequences in the lymph node from this
donor (from 0.1to 0.3%, P = 0.04); however, as in donor 2661, this
difference can be attributed to the disproportionate representa-
tion between the 2 locations of a major clonal variant, a difference
that likely arises from the physiology of cells in those particular
locations (such as expression of homing signals or responsiveness
to antigen [ref. 14]) rather than a property of the provirus itself.
When identical sequences were condensed into single variants,
the diversity of the populations in the peripheral blood and lymph
nodes was not statistically different (P = 0.7). Differences in the
number of rakes of identical sequences were observed between
P6-PR-RT and env, particularly in PID 1683. Such differences like-
ly reflect the more rapid accumulation of diversity in env compared
with pol and, possibly, the different selection pressures on env ver-
sus pol, including the humoral immune response and/or cell tro-
pism. Identical sequences common to both peripheral blood and
lymph nodes (indicated with black arrows in the figures) were
found in the donors who initiated ART in chronic infection; these
identical sequences likely resulted from clonal expansion of cells
infected prior to the initiation of ART. If so, these data imply traf-
ficking of clonally expanded cells between the 2 compartments.
The presence of indistinguishable HIV-1 populations in paired
peripheral blood and lymph node samples collected during ART
suggests, with our level of sampling (see discussion), that ongoing
HIV-1 replication in lymph nodes is likely insufficient to sustain
the HIV-1 reservoir during treatment.

In addition to seeking evidence for compartmentalization
between lymph nodes and peripheral blood, we also investigated
the possibility of compartmentalization between 2 separate lymph
nodes from the same donor at the same time point (Supplemen-
tal Figure 3). LNMCs were collected from contralateral inguinal
lymph nodes of 2 donors and proviral P6-PR-RT sequences were
obtained. In both donors, we found the HIV-1 populations in the
paired lymph nodes to be well-mixed, showing no evidence for viral
compartmentalization between nodes by any metric (for donors
1079 and 2669, respectively: APD: P = 0.8 and 0.3; panmixia: P =
0.3 and 0.7; branch length correlation: P = 0.05 and 0.7). These
data imply that infected cells traffic between peripheral blood and
lymph nodes and provide additional evidence that ART effectively
blocks HIV-1replication in lymph nodes as well as peripheral blood
to levels that are not detectable with our level of sampling by SGS.

To further address the question of ongoing viral replication
in lymph nodes during ART, we pooled the proviral sequences
obtained from the paired lymph node samples in each donor and
compared those sequences to proviral sequences obtained from a
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Figure 2. HIV-1 P6-PR-RT proviral DNA populations in lymph nodes and peripheral blood during ART. Neighbor joining trees were constructed
from single-genome P6-PR-RT proviral sequences obtained from PBMCs (black triangles) and LNMCs (blue triangles) after 1.8-12.9 years of contin-
uous viral suppression on ART. Diversity, divergence, and root-to-tip distances were measured as described in the legend to Figure 1. Branch-length
correlation coefficients were calculated from maximum likelihood trees, and significance was assessed by a permutation test as described in
Methods. Black arrows indicate identical sequences that were found in both locations. The presence of identical viral sequences in both locations
is likely due to clonal expansion of HIV-1-infected cells. Red arrows indicate sequences that matched virus recovered in the viral outgrowth assay.
A is rooted on the HIV-1 subtype C consensus sequence; B-E are rooted on the HIV-1 subtype B consensus sequence. Sequences containing G to A
hypermutation and/or stop codons in open reading frames (indicated by shaded boxes) were excluded from all analyses. Except where indicated
(*), rakes of identical sequences were collapsed to a single variant for the test for panmixia and branch-length analysis. Results from a total of 10

samples (2 samples each from 5 patients) are represented in this figure.

jci.org  Volume129  Number1l  November 2019 4633


https://www.jci.org
https://www.jci.org
https://www.jci.org/129/11

RESEARCH ARTICLE

The Journal of Clinical Investigation

Table 1. Infected cell clones in PBMCs and LNMCs

No. of integration
sites obtained*

Expanded clones detected®

Patient  PBMCs LNMCs Totalno.of Clones detected Gene or Clones Gene or Clones Gene or Pvalue'
identifier clones detected in both PBM(s  nearest gene  detected in nearest gene detected in nearest gene
(PID) and LNMCs PBMCs only LNMCs only
1683 143 72 9 5 WIPF1, RAPIA, AATF, SIFLECT5, AGAP1, BRE 1 PDPK1
TFCP2, MAPK14
1079 174 63 7 3 ACO1, TAF3, FBLN7 RNF213, J0SD1, (0G4, ZNF490 0 -
2669 247 579 47 12 NFATC3, CNN2, LOC729608, TFCP2, TMCO5A, 25 TMX3, EPB41, PIBF1, FLOTT DNAJCT6, 01
ZNF207,TPX2, SCAMP2, MARS, ZNF207, ARHGAP25, MIDN, LOC100505746,
FOPNL, XP06, CUL3, MARCH14, MKLT, USP4, ASHIL, KDMZ2A, NUMAT, STAT5B,
(TSD, PPP4R], PBRM1 ARHGAP33, IFNAR2, FBXL17, TTFI,
SENP7, INPP4B, (CP110, XPO6, TRPV3, MARCH14,
LO(374443 AP3D1, ACAPZ, ABHD16A,

RPS10- NUDT3, RAB39B

Alntegration sites assay (11). ®Clonal integration sites were identified >2 times in a single location or at least once in both locations. “‘Wilcoxon signed rank

test to determine if differences in clonal detection are within sampling error.

lymph node 1 year prior (during ART) or from a lymph node col-
lected prior to ART initiation (Figure 3). Using the analytical tools
described above, we observed no change in the diversity or diver-
gence of the HIV-1 proviral populations in the longitudinal lymph
node samples (for donors 3720, 1079, and 2669, respectively: APD
comparison: P = 0.8, 0.9, and 0.9; panmixia: P = 0.6, 0.8, and 0.9;
and branch length correlation: P = 0.9, 0.9, and 0.9). The lack of
any detectable change in the proviral populations in longitudi-
nal lymph nodes during years of therapy again shows that ART is
effective at blocking viral replication in the lymph nodes.

HIV-1 integration site comparison of clonal populations in lymph
nodes and peripheral blood. The sites at which HIV-1 proviruses are
integrated can be used to monitor the clonal expansion of infect-
ed cells (11). Because HIV-1 integrates almost randomly into many
sites in the human genome, finding multiple cells with exactly the
same sites of integration is very strong evidence that these cells are
descendants from a single infected cell. By this principle, integra-
tion site analysis can be used to monitor the trafficking and com-
partmentalization of populations of HIV-l-infected cells. Thus,
when infected cells at 2 different locations have identical inte-
gration sites, they must be members of a clone derived from the
same infected cell, and cells from that clone must have trafficked
between the 2 locations. We used the integration sites assay to
determine whether the same expanded clonal populations were
present in lymph node and peripheral blood (Table 1). From each

donor, we obtained 143-247 integration sites from the peripheral
blood samples and 63-579 integration sites from the lymph nodes
(full set of integration sites deposited in the Retroviral Integration
Sites Database [RID], accessible by Pubmed ID at https://rid.ncif-
crf.gov/). Clones were defined as proviruses with identical integra-
tion sites that were detected at least once in each of 2 different loca-
tions or samples regardless of ART status, in 2 or more different
DNA fragments in the same location or sample during ART, or 3 or
more times prior to ART (26). Although the presence of 2 identical
integration sites is indicative of cell division, we define clones in
pretherapy conservatively as requiring 3 detection events because
dividing cells could die before establishing an expanded cell clone.
In the 3 ART-treated donors in which the numbers of infected cells
were sufficient for integration site analyses (1683,1079, and 2669),
common clones were detected between lymph nodes and periph-
eral blood. Of note, in the combined data set, we found evidence
for selection for integrations in the BACH2 (P = 3.0 x 107), MKL1
(P=0.010), and STAT5B genes (P = 3.5 x 107*) as previously report-
ed (11, 13). Overall, in these 3 donors, the clonal populations were
not significantly different between the lymph nodes and peripheral
blood (P =0.1), confirming the absence of detectable compartmen-
talization of infected cells between those locations (Table 2).
Expression of HIV-1 proviruses in pevipheral blood and lymph nodes
priorto and on ART. Our analysis of proviral populations showed no
evidence of ongoing HIV-1 replication in, or compartmentalization

Table 2. Number of rakes of identical DNA sequences detected by SGS vs. number of clones of infected cells detected by ISA

Patient identifier (PID)

Average P6-PR-RT,
env pairwise distance (%)

No. of rakes of identical P6-PR-RT
sequences detected by SGS
(PBMCs and LNMCs combined)

1683 05,07 2
1079 24,21 3
2669 21,2.8 9

Alntegration site detected more than once.

No. of rakes of identical env
sequences detected by SGS
(PBMCs and LNMCs combined)

No. of expanded clones* detected
by integration sites assay
(PBMCs and LNMCs combined)

5 9
5 7
4 47
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A 3720 p6-PR-RT
(pre-ART and 1.8 years suppressed)
A\ 14 days before ART (LNMC DNA)
A 5.4 years on continuous ART (LNMC DNA)
<— Putative clonal sequences
<— Replication competent
Contains STOP codon(s)

Diversity: 0 year LN: 0.2%
1.8 year LN: 0.2%

Panmixia: P=0.8

Root-to-tip slope: 5.3x106, P=0.9

lP=09

-— —

C 1079 p6-PR-RT
(11.4 and 12.8 years suppressed)
A\, 11.4 years on continuous ART (LNMC DNA)
A 12.8 years on continuous ART (LNMC DNA)
<— Putative clonal sequences
Contains STOP codon(s)

. Diversity: 11.4 year LN: 1.0%
12.8 year LN: 1.0%

Panmixia: P =0.8

Root-to-tip slope:6.7x10%, P=0.9

JpP=08

between, peripheral blood and lymph nodes. In a further study, we
determined the fraction of infected cells with unspliced HIV-1 RNA
(monitoring P6-PR-RT) and the levels of proviral expression in sin-
gle cells in each location. Using our cell-associated RNA and DNA
single-genome sequencing (CARD-SGS) assay, which can detect
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B 2669 p6-PR-RT
(4.3 and 5.5 years suppressed)
A\ 4.3 years on continuous ART (LNMC DNA)
A 5.5 years on continuous ART (LNMC DNA)
<— Putative clonal sequences
<— Replication competent
Contains STOP codon(s)

Diversity: 4.3 year LN: 1.5% 1P=0.9
5.5 year LN: 1.4%

Panmixia: P= 0.6

Root-to-tip slope: -3.9x104

Figure 3. HIV-1 P6-PR-RT proviral DNA sequences from longitudinal
lymph node samples. Neighbor joining trees were constructed from
single-genome P6-PR-RT proviral sequences obtained from LNMC at 2
time points: the first prior to ART initiation or after 11.4 or 4.3 years on ART
(dark blue triangles) and the second approximately 1year later (light blue
triangles). Diversity, divergence, and root-to-tip distances were mea-
sured as described in the legend to Figure 1. Black arrows indicate clonal
sequences present at both time points, and red arrows indicate sequences
matching virus that grew in the viral outgrowth assay. A is rooted on the
HIV-1 subtype C consensus sequence, and B and C are rooted on the sub-
type B consensus sequence. Sequences containing G to A hypermutation
and/or stop codons in open reading frames (indicated by shaded boxes)
were excluded from all analyses. Results from a total of 6 samples (2 sam-
ples each from 3 patients) are represented in this figure.

a single HIV-1 P6-PR-RT RNA sequence in a single infected cell
(27), we compared the level of unspliced viral RNA in single cells
obtained from paired peripheral blood and lymph node samples
(Table 3, Figures 4 and 5, Supplemental Table 3, and Supplemental
Figure 4). While our previous work showed that there are single cells
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Table 3. HIV-1 RNA levels in PBMCs and LNMCs

Treatment  PID Number of infected cells/million  Number of infected cells/

status MCA (No. of proviruses million CD4* T cells*
with P6-PR-RT assayed)
PBMC(s LNMCs PBMCs  LNMC(s
Pre-ART 3720 233 (40) 994 (66) 3874 1614
1683 837 (21) ND 2886 ND
1079 2677 (38) ND 14,089 ND
On-ART 3720 6 (55) ND (18) 34 ND
2661 6(19) <4 (25) 23 <8
1683 192 (37) 154 (27) 708 423
1079 137 (32) 194 (40) 521 427
2669 429 (50) 1673 (97) 3226 3637

Percentage of infected cells Pvalue Mean number HIVRNA  Pvalue
with unspliced HIV RNA* copies/infected cells (range)
(No. of cells with ca-HIV RNA assayed)

PBMCs  LNMCs PBMCs  LNMCs

10 (27) 100 (247) = 46(1-53)  22(1-71) =
13 (16) ND - 53(1-57) ND -

8 (20) ND = 21(1-13) ND =
31(18) ND (3) 2.6 (1-18) 13(1-2)

9(12) <13(12) 1.6 (1-4) 16 (1-3)

5(24) 7(36) 0.8 1.6 (1-6) 13(1-7) >0.98
8 (103) 20 (138) 13(1-13)  2.0(1-16)

6(262) 13 (108) 17(0-12)  28(1-30)

ND indicates not determined due to lack of sample availability. “Integrase cell-associated DNA (iCAD) protocol (31). ®Difference between Pre-ART and

On-ART values determined by Wilcoxon signed-rank test.

with high levels of HIV-1 RNA in the peripheral blood of untreated
individuals, cells with similarly high levels of viral RNA were not
detected in the peripheral blood of patients on ART (27). The obser-
vation of cells containing high levels of viral RNA (which may be on
the viral replication pathway) in lymph nodes during ART would
provide support for the proposal that there are significant levels of
ongoing replication in the lymph nodes. Although cells expressing
high levels of HIV-1 RNA can be seen in in situ hybridization assays
on lymph nodes of HIV-infected individuals on ART (20, 28, 29),
they are much more rare than in untreated individuals, and may
well reflect activation of HIV-1 expression in descendants of cells
infected prior to ART initiation. The low-level persistent viremia
seen in most suppressed patients implies that highly expressing
cells must exist, albeit at numbers averaging about 10,000-fold
lower than before treatment initiation (27).

We found no overall difference in the fraction of infected cells
that contained viral RNA in lymph nodes compared with periph-
eral blood during ART (median 13% in LNMCs vs. median 8% in
PBMCs; P = 0.13) or in the levels of proviral expression within single
cells between the lymph nodes and peripheral blood (median =1
RNA molecule/expressing cell in both). In donor 3720, we detected
afew cells in the peripheral blood and lymph node with high levels
of viral RNA (containing >20 HIV-1 RNA molecules) prior to ART,
while no such cells were observed in a sample taken after 1.8 years
on ART (Figure 5A, cells with high viral RNA levels indicated with
blue arrows; pre-ART data from lymph nodes, including 3 cells with
high HIV-1 RNA levels, not shown). Similarly, in donor 1683, one
cell with a high level of viral RNA was identified in the peripheral
blood prior to ART, and none was found after 5.4 years on ART in
either peripheral blood or lymph nodes (Figure 5B, indicated with
blue arrow). In donor 1079, no cells with high levels of viral RNA
were detected at either time point (Figure 5C, 353 HIV-1-infect-
ed cells assayed for HIV-1 RNA from pre-ART and 1315 on ART).
Although a pre-ART sample was not available for donor 2669, we
did detect one LMNC during ART with 28 molecules of HIV-1 RNA
(Supplemental Figure 4C). These data suggest that cells that have
high levels of viral RNA are rare and, as expected for productive
infection, may be preferentially eliminated. It is also likely that
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latently infected cells or cells with very low levels of HIV-1 expres-
sion are not eliminated and, therefore, accumulate over the dura-
tion of infection, possibly explaining why high-expressing cells
were detected before ART initiation in donors 3720 and 1683 (who
were still rather early in infection) and not in donor 1079 (who had
been infected for more than 4 years at the time of ART initiation). A
larger study would be required to investigate this possibility.

As previously reported (27), we also found RNAs with identi-
cal P6-PR-RT sequences in different single cells, suggesting that
clonally proliferating populations of infected cells include ones
with proviruses that are actively expressing low levels of HIV-1
RNA. While it is possible that such cells are the source of viral
rebound when ART is interrupted, it is more likely that there
are always very rare highly expressing cells, as can be seen by
in situ hybridization (20, 28, 29), that give rise to persistent and
rebound viremia and in some cases are the source of outgrowth in
viral outgrowth assays. In donor 3720, the viral outgrowth assay
(30) identified multiple sequences obtained from pre-ART as
replication competent (Figure 1A, Figure 2A, and Figure 3A, red
arrows). Two of the viral sequences obtained in viral outgrowth
assays matched RNA sequences obtained from multiple PBMCs
prior to ART and from multiple PBMCs and LNMCs obtained
after 1.8 years on ART (Figure 5A and Supplemental Figure 4A,
red arrows). In donor 1079, a treatment interruption revealed 2
major rebound variants in the consequent viral rebound, one of
which matched a set of 6 lymph node-derived, cell-associated
RNA sequences obtained from a single cell after 11.4 years on
ART (Figure 4B, yellow arrow). This observation suggests that
rebound viremia resulted from a clone of infected cells, some
of which were actively transcribing HIV-1 RNA prior to ART
interruption, as previously reported (2). The other rebounding
variant matched a single proviral sequence obtained from the
peripheral blood during ART (data not shown but sequence
submitted to GenBank, accession MK147615). Thus, persistent,
rebound, and rescued virus can have the same genetic proper-
ties as the proviral DNA described above, showing no evidence
of ongoing replication or evolution but strong evidence for clon-
al expansion of the cells responsible for it.
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Figure 4. HIV-1 cell-associated RNA sequences obtained
from single cells in peripheral blood and in lymph nodes 5
during ART. Neighbor joining trees were constructed from
single-genome P6-PR-RT proviral DNA and cell-associ-
ated HIV-1 RNA sequences obtained from paired PBMCs
and LNMCs sampled during continuous viral suppression
on ART. Black and blue triangles indicate HIV-1 DNA
sequences from PBMCs and LNMCs, respectively; solid
squares and hollow squares indicate HIV-1 RNA sequences
from PBMCs and LNMCs, respectively. Squares with no
genetic difference of the same color indicate sequences
that are assumed to be from the expression of single
infected cells. Black arrows indicate sequences detected

in probable clones in both the samples. The yellow arrow
indicates a sequence detected in rebound plasma viremia.
Trees are rooted on the subtype B consensus sequence.
Results from a total of 8 samples (4 samples each from 2
patients) are represented in this figure.

In estimating the fraction of infected cells that contain HIV-1
P6-PR-RT RNA, our measurements of the number of HIV-1-
infected cells were based on a particular region of the genome, in
the pol gene (ref. 31 and Table 3). To ensure that the region of the
viral genome we analyzed did not affect our conclusions, we also
used primers and probes in the LTR (R-U5) and in the gag gene (Sup-
plemental Table 3). Though quantification by these methods result-
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ed in varying counts of infected cells (likely
due to some proviruses having large internal
deletions or variants with mismatches to the
primers or probes), our estimates for the
fractions of infected cells with HIV-1P6-PR-
RT RNA were not significantly different
between the peripheral blood and lymph
nodes, regardless of the genomic region
used to detect proviral sequences (P = 0.4
for LTR and P = 0.7 for gag). Because there
are more CD4" T cells in lymph nodes of
some donors, and more infected cells in the
lymph nodes than in the peripheral blood,
the overall number of HIV-1 RNA molecules
we detected could be higher in lymph nodes
than in peripheral blood, as previously
reported (20, 28). However, when the levels
of HIV-1 RNA in single infected cells were
compared, we found no difference between
the cells from peripheral blood and lymph
nodes during long-term ART. These find-
ings demonstrate that lymph node cells con-
taining high levels of HIV-1 RNA collected
from HIV-infected individuals on ART, such
as those detected here and previously using
in situ hybridization assays (27-29), more
likely reflect activation of HIV-1 expression
in descendants of cells infected prior to
ART initiation than from cells infected from
ongoing cycles of viral replication on ART.
No single proviral sequences on ART devi-
ate from those in pre-ART. Our results clearly
show that there is no detectable evolution
of the bulk population in either peripheral
blood or lymph nodes for almost 13 years of
suppressive ART. However, it remains possi-
ble that a fraction of the proviral DNA popu-
lation may have arisen by low-level ongoing
replication and that these sequences may
not have been visible in analyses of the pop-
ulation as a whole. Such variants would only
be visible in the populations when analyzed
individually, as distinct outliers in the over-
all distribution of a diversity metric. To test
for the presence of such variants in the com-
bined patient data, we normalized the root-
to-tip distances of all HIV-1 RNA or DNA
sequences from pre-ART in each patient,
when available, and divided the results into
bins, yielding a histogram centered around
0, as shown in Figure 6 (red bar graph). We then did the same anal-
ysis with the P6-PR-RT proviral sequences from the on-ART periph-
eral blood and lymph node samples, normalizing individual dis-
tances to the respective donor’s pre-ART data, as shown in Figure
6 (grey and blue graphs, respectively). Thus normalized, all patient
data could be aggregated, allowing visualization of evolution of the
peripheral blood and lymph node populations overall, as well as
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Figure 5. HIV-1 cell-associated RNA from single cells
in peripheral blood prior to and during long-term
ART. Neighbor joining trees were constructed from
single-genome P6-PR-RT proviral DNA and cell-as-
sociated HIV-1 RNA sequences obtained from PBMCs
sampled prior to ART initiation (hollow triangles
indicate proviral sequences, hollow squares indicate
RNA sequences) and after 1.8-11.4 years of viral
suppression on ART (solid triangles indicate proviral
sequences, solid squares indicate RNA sequences).
Squares of the same color indicate sequences that are
assumed to be from the expression of single infected
cells. The blue arrows indicate high expressing cells
(>20 HIV-1RNA copies), and red arrows indicate
sequences matching virus that grew in the viral
outgrowth assay. A is rooted on the HIV-1 subtype C
consensus sequence, and B and C are rooted on the
subtype B consensus sequence. Results from a total
of 12 samples (4 samples each from 3 patients) are
represented in this figure.

sensitive detection of small subpopulations that
might be evolving separately from the bulk pop-
ulation. Analyses were performed both on total
sequences (left panels) and with groups of iden-
tical sequences collapsed to remove the effects of
clonal expansion (right panels).

Consistent with our previous analyses, the
pre-ART and on-ART data sets yielded very sim-
ilar histograms, despite the samples being drawn
from different anatomical locations and sepa-
rated by very long times. In the plots, any single
sequence with a genetic distance of more than 2
standard deviations from the mean of the pre-
ART sequence distribution would be revealed as
a significant outlier. Since we examined a total
of about 125 sequences in each set, we expect-
ed about 5% of the 122 PBMC or 129 LNMC
sequences to be between 2 and 3 standard devi-
ations from the mean by chance, and none to be
greater than 3. As the figure shows, the number
of such outlier sequences is actually less than
the 6 sequences expected (0/122 total sequenc-
es in the on-ART PBMCs and 1/129 sequences
in the on-ART LNMCs) and very similar to the
frequency of such outliers in the pre-ART data.
Given that HIV-1 genomes accumulate muta-
tions at about 1% per year in untreated patients
(32) and 1 standard deviation in this analysis
corresponds to a genetic distance of between
0.08% and 0.9% from the root in these donors,
3 standard deviations represents a very low bar
based on the time between ART initiation and
the on-ART sampling, yet not a single provirus
in 251 studied in the 2 tissues was able to cross it.
Thus, if there is ongoing replication, it can only
involve, at most, 0.4% (upper bound of 95% CI
=1.2%) of the virus population in either blood or
lymph nodes in ART-suppressed patients.
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Pre-ART plasma, PBMC, and/or LNMC (n = 4)

Figure 6. HIV-1 root-to-tip distances normalized to
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were calculated for each sequence (including either
all sequences or only each distinct variant) from

each patient, as described in Methods. These data
were separated into categories of pre-ART, on-ART
PBMCs, and on-ART LNMCs, and the values from all
patients were aggregated and plotted separately for
each group in red, grey, and blue for pre-ART, on-ART
PBMCs, and on-ART LNMCs, respectively, in bin sizes
of 1SD. A negative relative standard deviation indi-
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indicates an increase from the mean. Patient 2669
was excluded from this analysis due to lack of pre-
ART sampling. Sequences from patient 2661 included
pre-ART plasma sequence data, and sequences from
patient 3720 included both pre-ART PBMC and LNMC
data. All sequences containing G to A hypermutation
and/or stop codons in open reading frames were
excluded from the analysis. The number of samples
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Discussion

The question of whether ongoing viral replication sustains the
HIV-1 reservoir during ART has important implications for the
design of curative interventions. Some have concluded that viral
replication in lymph nodes continues at levels that maintain the
HIV-1 reservoir (16), and others have claimed that viral replication
may persist during ART, but in only a small subset of cells (20,
33). If HIV-1 replication persists on ART to the extent necessary to
maintain the viral reservoir, then the accumulation of new provi-
ral mutations would be apparent after long-term ART. The acqui-
sition of new mutations would be especially evident in patients
who initiated treatment in early infection with a homogeneous
virus population, such as donor 2661. In this donor, the number
of HIV-1-infected cells that persisted on ART was small compared
with the individuals who initiated ART in chronic infection, con-
sistent with previous reports (34-37). As a result, all 150 million
LNMCs obtained from an entire lymph node were investigated for
HIV-1 DNA or RNA. We found that fewer than 600 infected cells
persisted in the lymph node from this individual after almost 13
years on ART and less than 13% had unspliced HIV-1 RNA. Extrap-
olating this finding to the approximately 500-700 lymph nodes in
the body, we can estimate that about 300,000-420,000 HIV-1-
infected LNMCs persisted in this individual and about 39,000-
55,000 had unspliced HIV-1 RNA. In contrast, the donors who ini-
tiated ART in chronic infection and had been sustained on ART for
a shorter duration (about 1-5 years), according to our calculations,
had as many as 175 million infected LMNCs in the entire body and

as many as 22.8 million with unspliced HIV-1 RNA, 456,000 of
which may be high expressers. In total, we examined 251 lymph
node and peripheral blood proviral-derived sequences from the
donors who had pre-ART sampling and we failed to detect a sin-
gle provirus with a significant number of new mutations in either
location in any of the donors. Thus, if there is a fraction of the
proviral population in either lymph node or peripheral blood rep-
resenting virus generated by ongoing replication, it must be very
small. With our level of sampling, we can report with 95% confi-
dence that, if there is a replicating population, it is less than 1.2%
of the total HIV-1-infected cells that persist on ART. Additionally,
as viral RNA* cells do not necessarily indicate replication compe-
tency, less than 1.2% is a highly conservative estimate of the upper
bound of a potential replicating pool (25, 38).

By contrast, the clonal proliferation of infected cells that con-
tain replication-competent proviruses can generate large pools
of infected cells, some of which persist during long-term ART
(14, 39-41). Our integration site assay data show that clonal pop-
ulations of infected cells that are detectable after long-term ART
in the peripheral blood and lymph nodes are not significantly dif-
ferent and provides support for the conclusion that cell prolifera-
tion is likely to be the most important mechanism that maintains
the persistent viral DNA in blood and lymph nodes. These data,
taken together with the finding that the HIV-1 populations in
peripheral blood and lymph nodes are not genetically divergent
and that infected cells in those locations contain similar levels of
viral RNA, show that this process is not different in these com-
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partments. Importantly, these data also show that infected cells
are trafficked between the blood and the lymph nodes, as well
as between lymph nodes. This lack of compartmentalization fur-
ther implies that ongoing cycles of viral replication during ART
do not persist in lymph nodes at a level that sustains the HIV-1
reservoir. Our findings support the conclusion that the viral DNA
reservoir is maintained largely or entirely by clonal prolifera-
tion of cells that were infected prior to initiating ART and that
this mechanism is important in both the peripheral blood and
the lymph nodes. In sum, our results refute the idea that devel-
opment of new antiretroviral drugs (with improved targeting to
lymph nodes, for example) will be of value toward achieving a
cure of HIV-1 infection. The very low frequency of virus-pro-
ducing cells detectable by in situ PCR assays (20, 28, 29) may
be important biologically for other reasons not addressed in this
study, but our results imply that they are more likely to be due
to expression of rare proviruses in descendants of cells infected
prior to therapy than from ongoing viral replication. Likewise,
the low number of high-expressing cells, though likely to be the
source of persistent viremia on ART and rebound viremia after
stopping ART, is unlikely to result in ongoing cycles of viral rep-
lication in the presence of effective therapy. These results make
it very clear that survival and expansion of cells infected prior to
therapy constitute the major, if not the only, barrier to a cure of
HIV-1infection. Future strategies for curative interventions must
focus on methods to target the populations of clonally expanded
HIV-1-infected cells harboring intact HIV-1 proviruses.

Methods

Participant cohort and sample collection. Samples from the 5 HIV-1
infected participants were obtained from the San Francisco SCOPE
cohort (NCT00187512) (ref. 23 and Supplemental Table 1). PBMCs
were separated with Ficoll and resuspended in FBS with 10% DMSO.
To disaggregate LNMCs from lymph node biopsies, excess fat was
trimmed and the node was minced and strained on 70-pm and 40-pum
nylon cell strainers. Samples were shipped on dry ice and stored in lig-
uid nitrogen until processed.

Sequence data availability. All sequence data are available on Gen-
Bank at accession numbers MK145079-MK148700.

HIV-1 quantification. HIV-1 DNA levels were determined using the
integrase cell-associated DNA assay (31) or using a droplet digital PCR
(ddPCR) assay (42). For ddPCR, HIV-1 DNA copies per million cells
were measured in triplicate with a duplexed ddPCR assay measuring the
amount of DNA corresponding to HIV-1gag (43), pol, and the RU5 region
of the HIV-1 LTR. The amount of cellular DNA was measured by CCR5
quantitation. The RUS region of the HIV-1 LTR was amplified using the
following primers: RU5-F, 5'-CTTAAGCCTCAATAAAGCTTGCC-3';
RU5-R, 5-GGATCTCTAGTTACCAGAGTC-3'; and RU5-probe (Hex
Zen), 5'-AGTAGTGTGTGCCCGTCTG-3'. Prior to amplification, DNA
was extracted as in ref. 31 and randomly sheared with a Branson ultra-
sonic cup horn sonifier (Emerson) at 60% amplification in pulse mode
for 5 seconds. This step was repeated 3 times. Samples were then heated
to 100°C for 15 minutes and snap-cooled on ice. A 20 uL PCR master-
mix was made which gave a final concentration of 1x ddPCR Supermix
for Probes (BioRad), 750 nM forward and reverse primers, 250 uM
probe, and 5 uL. DNA template. End-point PCR was performed with the
following conditions: 95°C for 10 minutes, then 40 cycles of 94°C for 30
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seconds, 55°C for 1 minute with a ramp rate of 2°C/second, followed by a
final 98°C for 10 minutes. After the reactions were completed, the sam-
ples were held at 12°C. Reactions were then read on the QX200 Droplet
Reader (Bio-Rad) and analyzed using the Quantasoft software version
1.7.4 (Bio-Rad) with a user-defined threshold. Averaged triplicate HIV
DNA measurements were normalized to one million PBMCs using con-
current triplicate CCR5 measurements.

Cell-associated RNA and DNA single-genome sequencing assay.
CARD-SGS was performed on the P6-PR-RT region of HIV-1 as pre-
viously described (27). In brief, CARD-SGS is performed by diluting
cells to near the endpoint for those with HIV-1 unspliced RNA and per-
forming SGS on reverse-transcribed RNA. Using single ACH2 cells, we
previously showed that our method can detect a single HIV-1 P6-PR-
RT RNA molecule in a single cell (26). Because the reverse tran-
scription step is known to introduce errors at a rate of about 10 per
sequenced nucleotide of viral cDNA sequences (44), single RT-PCR
variants that differed by a single nucleotide from a group of 5 or more
identical sequences within the same aliquot were counted with the
majority. HIV-1 proviral SGS was performed on full-length env as pre-
viously described (45).

SGS of the full-length integrase coding region was carried
out on PBMC cell-associated DNA using the same PCR parame-
ters as those described for P6-PR-RT (46) but using different PCR
primers: IntF1l, 5-CATCTAGCTTTGCAGGATTCG-3' and IntRl,
5'- CTGACCCAAATGCCAGTCTC-3" and for nested PCR: IntF2,
5'-GGAAAAGGTCTACCTGGCATG-3' and IntR2, 5-TCTCCTG-
TATGCAGACCCCA-3'. Sequences were aligned using ClustalW and
all sequences that would clearly render the virus defective for replica-
tion (stop codons within the coding region) were omitted from down-
stream analyses. Population genetic diversity was calculated as aver-
age pairwise P distance (APD) using MEGA (www.megasoftware.net).
Neighbor joining trees were constructed using MEGA and rooted on
consensus B or C as appropriate.

Integration sites assay (ISA). ISA was performed as previously
described (11) using patient-specific primers to the 5" and 3" LTRs.
The full set of integration sites obtained were submitted to the
Retroviral Integration Sites Database (https://rid.ncifcrf.gov/) and
can be accessed using the Pubmed ID for this paper. The prim-
er sequences are as follows: 3'LTR TGTGGACTCTGGTAACTA-
GAGATCCCTC, 5LTR TCAGGGAAGTAGCCTTGTGTGTGGT
(3720 PCR1); 3'LTR CCCTTTGTGGTAAGTGTGGAAAATC, 5'LTR
TCTTGGCTCTTCTTGGAGTAAACTA (3720 nested PCR); 3'LTR
TGTGACTCTGGTACTAGAGATCCCTC, 5LTR TCAGGGAAG-
TAGCCTTGTGTGTGGT (1683 PCR 1); 3'LTR CCCTTTTAGT-
CAGTGTGAAAATC,5'LTRTCTTGCCTTTGCTGGGAGTAAATTA
(1683 nested PCR); 3'LTR TGTGACTCTGGTACTAGAGATCCCTC,
5'LTR TCAGGGAAGTAGCCTTGTGTGTGGT (1079 PCR 1); 3'LTR
TAAAAAGTGGCTAAGATCCAGAGC, 5'LTR CCTATTTAGT-
CAGTGTGGAAAATC (1079 nested PCR); 3'LTR TGTGACTCTG-
GTAACTAGAGATCCCTC, 5'LTR TCAGGGAAGTAGCCTTGTGT-
GTGGT (2669 PCR1);3’LTR CTTGTCTTTTCTGGGAGTGAATTA,
5'LTR CCCTTTTAGTCAGTGTGGAAAATC (2669 nested PCR).

Signed relative deviation analysis of single proviruses. Root-to-tip
distances from patient ML trees containing all pre-ART sequences,
pre-ART sequences with identical sequences collapsed to a single
variant, all on-ART proviral sequences from PBMCs and LNMCs,
and on-ART proviral sequences from PBMCs and LNMCs with
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identical sequences collapsed to a single variant were generated by
phyML as described above. Normalization was done by taking the
average and standard deviation of root-to-tip distances from the
pre-ART sequence data. Signed relative standard deviations (sRSD)
were then calculated as:

RTT, — RTTjre.arT
Gpre-ART

sRSD, =

(Equation 1)

for each sequence i in each patient. The sRSD were then plotted as
histograms, as shown in Figure 6. The upper limit of the confidence
interval was determined by the “rule of 3” for an unseen event (47).

Statistics. Implementation of the Hudson test for geographic sub-
division — a test for panmixia — was run using an in-house program
and a significance cutoff of less than 10 was applied to account for
multiple comparisons (24, 48). Maximum likelihood (ML) trees were
generated using the best fit model from the Smart model selection and
estimated in PhyML (49, 50). Trees were rooted against consensus
HIV-1 subtype B or C sequences as appropriate. Root-to-tip distances
were plotted against the time of sample collection and evaluated via
F-test on the resulting linear regression (units for root-to-tip are sub-
stitutions/year). Branch-length correlation coefficients for compart-
mentalization were calculated as described in Critchlow et al. using an
in-house program (51). Differences in APD were tested as previously
described (6). Other standard statistical analyses and summary sta-
tistics were done in R version 3.3.1. and are noted in figure legends.
In-house programs for the test for panmixia (java), root-to-tip analysis
(python3), and branch-length tree correlation coefficient (python3)
are available online at www.github.com/michaelbale.

Study approval. Samples from the 5 HIV-1-infected participants
were obtained from the San Francisco SCOPE cohort (NCT00187512)
(23) (Supplemental Table 1) and studies were approved by the internal
review board of the University of California San Francisco. Written
informed consent was received from the participants prior to inclusion
in the study.
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