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Reservoirs of infectious HIV-1 persist despite years of combination
antiretroviral therapy and make curing HIV-1 infections a major
challenge. Most of the proviral DNA resides in CD4+T cells. Some of
these CD4+T cells are clonally expanded; most of the proviruses are
defective. It is not known if any of the clonally expanded cells carry
replication-competent proviruses. We report that a highly expanded
CD4+ T-cell clone contains an intact provirus. The highly expanded
clone produced infectious virus that was detected as persistent
plasma viremia during cART in an HIV-1–infected patient who had
squamous cell cancer. Cells containing the intact provirus were widely
distributed and significantly enriched in cancer metastases. These re-
sults show that clonally expanded CD4+T cells can be a reservoir of
infectious HIV-1.
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HIV-1 infection can be controlled, but not cured, by com-
bination antiretroviral therapy (1); cells infected with

replication-competent HIV-1 persist despite many years of
combination antiretroviral therapy (cART). Recently, we and
others (2, 3) showed that there is frequent clonal expansion of
HIV-1–infected cells in patients and that these clones can
persist for more than 10 y. Most of the proviruses that persist in
patients on cART are defective (4), and it is not known whether
clonally expanded cells can harbor a replication-competent
provirus. It has been suggested that CD4+ T-cell clones are not
likely to contain replication-competent HIV-1 because expres-
sion of viral proteins is cytotoxic, and the host’s immune system
would preferentially eliminate infected cells that express viral
proteins (4). Only a small proportion of integrated proviruses
are intact (4), and it has been proposed that clonally expanded
CD4+ T cells contain only defective proviruses and that intact
proviruses that make up the reservoir are found only in unex-
panded cells (5). Previous studies have reported that pop-
ulations of virus with identical sequences emerge in the plasma
after several years of suppressive cART (6, 7), but it is not
known whether the identical viruses found in the blood of pa-
tients are infectious. We report here the identification of a
highly expanded clone of HIV-infected CD4+ T cells that
produced infectious virus at a level that caused persistent
plasma viremia. This result shows that cells containing repli-
cation-competent HIV-1 proviruses can clonally expand and
persist in vivo, presenting a challenge for achieving a cure of
HIV-1 infection.

Results
Clinical Summary. The patient was a 58-y-old African-American
man diagnosed with an HIV-1 infection in May 2000. We char-
acterized the virus present in samples obtained from this patient
over 13 y, from the time cART was initiated until his death from
metastatic squamous cell carcinoma. At the time of his initial HIV-1
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diagnosis, his CD4+ T-cell count was 16 cells/μL, and plasma HIV-1
RNA was 5.4 log10 copies/mL. Analysis of HIV genetic variation
using single genome sequencing (SGS) of the HIV pro–pol region
(7) revealed that the virus present at the time of diagnosis was
genetically diverse (nucleotide average pairwise distance of 1.4%;
Fig. S1). cART was started, and plasma HIV-1 RNA decreased to
<50 copies/mL within 4 mo, with typical decay kinetics (8), and
remained <50 copies/mL for 5 y, with transient viremic periods
due to nonadherence to medication. Despite a good virological
response to cART, immune recovery was incomplete (1), and
the CD4+ T-cell count never exceeded 350 cells/μL (Fig. S1).
About 12 y after cART was initiated, plasma HIV-1 RNA in-

creased to 100–200 copies/mL (Fig. 1). SGS of the viral RNA in
plasma revealed two distinct populations: a genetically diverse
group of drug-resistant viruses and a second population of identical
viruses that lacked drug resistance mutations (Fig. 1 and Fig. S1).
At the time of the increase in viremia, the patient was diagnosed
with human papilloma virus (HPV)-negative squamous cell carci-
noma of the tongue. The cART regimen was changed to optimize
efficacy against the drug-resistant variants, and viremia decreased
to 50–100 copies/mL but did not become undetectable in com-
mercial assays (Fig. 1 and Fig. S1). The reduction in viremia was
associated with a decline of the drug-resistant viral variants to
below the limit of detection, but the population of identical viruses
that did not carry resistance mutations persisted for more than 8
mo at a level similar to that seen before the change in cART
(Fig. 1B). During the subsequent period when the patient was
treated with radiation and chemotherapy, the size of the primary
tumor decreased, the level of plasma HIV-1 RNA declined grad-
ually to less than 40 copies/mL, and the proportion of virus without
resistance mutations increased to >90% (Fig. 1 A and C).

Clonal Expansion of the Cell Lineage Responsible for Plasma Viremia.
We previously showed that these identical viral sequences were
produced by a clonally expanded cell containing a provirus, which
was integrated into a region of the human genome that cannot be
mapped to a unique location; thus, the location is ambiguous (3)
and the provirus was designated AMBI-1. AMBI-1 viral RNA was
first detected (as 1 of 19 sequences obtained) in a plasma sample
taken when plasma HIV-1 RNA was <50 copies/mL at year 9.5 of
cART, 2 y before viremia increased to a level that was detectable
by routine clinical HIV-1 RNA assay. AMBI-1 viral RNA was not
detected in several samples taken earlier, between 0.2 and 7.8 y
after the initiation of cART. At the time of the increase in viremia,
after 12 y of cART, the cells that contained the AMBI-1 provirus
comprised one of the most highly expanded HIV-infected clones
detected in this patient; analysis of peripheral blood mononuclear
cells (PBMCs) taken after 12.1 y of cART (about 11% of the
PBMCs were CD4+ T cells) revealed that 13% of the pro–pol se-
quences were AMBI-1 (Fig. 1C). We had previously estimated,
based on integration site analysis, that AMBI-1 constituted a
smaller fraction of the proviral DNA (at least 3.2%) (3). These
data imply that a substantial fraction of the proviruses detected in
the integration site analysis were defective and may have had
large internal deletions, or hypermutations, which would have
prevented their detection by PCR for pro–pol DNA. Quantitative
analysis of PBMCs taken after 12.1 y of cART revealed 209 HIV-1
DNA copies/million PBMC; thus, we estimate that there were ∼9
million cells containing the AMBI-1 provirus in the patient at the
time of the viral rebound at year 12 (Fig. S2). AMBI-1 proviruses
were not detected in PBMC obtained after 3.6 or 7.8 y on cART
(Fig. 1C and Dataset S1), suggesting that extensive expansion of
this clone occurred after 7.8 y on therapy.
To obtain the full-length sequence of the AMBI-1 integrated

provirus, we selectively PCR-amplified two overlapping DNA
fragments from CD8-depleted CD4+ T cells (12.1 y on cART),
using primers that matched the flanking host and internal HIV-1
sequences (Fig. 2A and SI Materials and Methods). Sequence
analysis showed that the reading frames for all viral genes were
open and that there were no obvious disabling mutations; env se-
quence analyses predicted that AMBI-1 was CCR5-tropic (15%
false-positive rate by Geno2Pheno; GENAFOR).

Infectivity of AMBI-1 Provirus. To determine whether the AMBI-1
provirus was infectious, we cotransfected the two overlapping
amplified fragments into 293T cells using lipofectamine 2000
(Fig. 2B). Supernatants from the transfection were used to infect
CD8-depleted lymphoblasts from a healthy HIV-negative donor.
As shown in Fig. 2A, HIV-1 p24 antigen levels increased expo-
nentially, and sequencing of the corresponding viral RNA showed
that it was identical to AMBI-1. The same transfection super-
natants were serially diluted and used to infect TZM-bl indicator
cells, in the presence and absence of 300 nm efavirenz, a non-
nucleoside RT inhibitor. Luciferase activity above background
was detected in cultures in the absence of efavirenz but not in
its presence, again demonstrating the presence of replication-
competent HIV-1 (Table S1).

Recovery of Replication-Competent HIV from Clonally Expanded Cells.
To determine whether AMBI-1 could be directly recovered from
PBMCs, we performed an infectious virus recovery assay on cells
obtained after 12.2 y of cART (SI Materials and Methods). Serial
dilutions of purified total CD4+ T cells (CD4+ cells were selected
without regard to their activation state) were phytohemagglutinin
(PHA) treated, cocultured, in replicates, with γ-irradiated feeder
cells and CD8-depleted allogeneic blasts from healthy HIV-
negative donors for 28 d, and the culture supernatants were
assayed weekly for virus production by measuring p24 antigen.
As shown in Fig. 2C, infectious virus was recovered from
multiple coculture replicates; none of the p24-negative wells

Fig. 1. Persistent low-level viremia during cART is due, in part, to a clonal
population of HIV-1 that has no drug resistance mutations. (A) Profile of
plasma HIV-1 RNA levels starting 9.5 y after initiation of therapy, with an-
notations for clinical events (arrows), and sampling for SGS of plasma viral
RNA (∼1,100 nt p6-RT) indicated by colored circles (14) and triangles for cell-
associated HIV-1 DNA. The cART regimen is indicated by the horizontal bars
(see Fig. S1 for treatment details). (B) Phylogenetic analysis of plasma viral
RNA and cell DNA. (C) Abundance of the AMBI-1 variant in plasma. The
percentage of proviruses that are AMBI-1 at the times indicated is shown
below the graph.
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contained HIV-1 RNA. The titer of infectious HIV-1 in the
starting sample, calculated by a maximum likelihood estimate
(9), was 9.1 infectious units per million CD4+ T cells. Thus,
positive cocultures containing 3 × 104 or 1 × 105 donor CD4+ T
cells were likely to have arisen from a single patient-derived cell
that produced infectious virus. SGS analysis of p6-RT sequences
obtained from virus-positive wells that had been seeded with 3 ×
105, 1 × 105, and 3 × 104 CD4+ T cells showed that there was a
single viral variant in each well. As shown in Fig. 2C, 5 of the 11
positive coculture wells contained sequences identical to AMBI-1,
including 2 wells with 100,000 cells and a well with 30,000. Full-
length sequencing of one of the isolates (derived from the well
containing 30,000 cells) showed that the virus was identical to
AMBI-1 and not a mixture or a recombinant. Culture supernatant
from this well was used to infect CD8-depleted lymphoblasts from
a healthy HIV-negative donor, resulting in rapid increases in HIV-1
p24 antigen (Fig. 2D). Sequence analysis of the HIV-1 RNA
from this viral passage was identical to AMBI-1. Analysis of the

HIV-1 sequences in the supernatants from the other positive
wells revealed that a second variant, referred to as outgrowth 1
(OG-1), was also present in multiple wells (Fig. 2C), suggesting
that there is a second clonally expanded cell in this patient that
can produce infectious virus, although integration site analysis
will be needed to confirm that OG-1 was present in a clonally
expanded cell. OG-1 was transiently detected in rebound viremia
during a treatment interruption (Fig. S1B) ∼6 y before the
sample used for the in vitro virus recovery assay. Approximately
half of the proviruses that were induced produced AMBI-1.
We estimated that there were ∼250 AMBI-1 proviruses per
million CD4+ cells (discussed above) and a total of ∼9 million
AMBI-1–infected cells in the infected individual (Fig. S2). Thus,
only a small fraction (<5%) of the cells that carry the AMBI-1
provirus produced virus in this assay. It is possible that this cal-
culation may underestimate the abundance of AMBI-1 virus-
producing cells present in the infected individual. p24 accumu-
lation in AMBI-1 containing wells was slower than in some of the

Fig. 2. Recovery of infectious HIV-1 from a provirus present in a clonally expanded CD4+ T cells. (A) The AMBI-1 provirus was amplified from CD8-depleted
CD4+ T cells in two fragments that overlapped in the IN-vif region, using primers in the flanking host sequence and in HIV (primers named with HXB2 co-
ordinates are listed in Table S3). Sequence analysis revealed ORFs for all HIV-1 genes with no obvious debilitating mutations. Amplified fragments were mixed
1:1 and used to transfect 293T cells with lipofectamine 2000, and the supernatant was used to infect CD8-depleted blasts from a healthy, HIV-negative donor;
p24 was measured in culture supernatants by ELISA (Alliance HIV-1 p24 ELISA Kit; Perkin-Elmer). Viral sequences from the culture supernatants were identical
to AMBI-1. (B) CD4+ T cells were purified from patient 1 PBMCs, serially diluted, PHA treated, and added to cocultures with irradiated feeder cells and CD8-
depleted allogeneic blasts from healthy HIV-negative donors, which were maintained for 28 d as described (SI Materials and Methods); p24 antigen in the
culture supernatants was determined weekly. p24-positive wells are shown. p24-negative wells were also negative by an assay for HIV-1 RNA (Roche Taqman
v2.0). Infectious units per million (IUPM) were calculated using maximum likelihood estimate (5, 9). (C) HIV-1 sequences obtained from the p24-positive wells
on day 21, as indicated by the symbols, were obtained by bulk sequencing of the p6-RT region and subjected to neighbor-joining phylogenetic analysis. Virus
recovered from the supernatant (inverted triangle) also underwent full-length sequencing and was identical to AMBI-1. (D) HIV-1 recovered by in vitro
cultivation is infectious in subsequent infections. Cell supernatant from one of the p24-containing wells with AMBI-1() was used to infect fresh CD8-depleted
blasts from a healthy, HIV-negative donor. p24 levels were measured in culture supernatants at days 1, 7, 10, and 14. Viral RNA sequence (p6-RT) obtained
from culture supernatants obtained at day 7 was identical to AMBI-1.
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other wells (Fig. 2 B and C), and it is possible that some of the
AMBI-1–positive wells might not have been detected after 28
d in culture in our assay.

Wide Anatomic Distribution of Clonally Expanded Cells and Enrichment
in Tumors. The level of AMBI-1 RNA in plasma declined after
treatment of the patient’s cancer and then increased with its re-
currence (Fig. 1), suggesting a connection between the extent of
the tumor and the abundance of the clone carrying the AMBI-1
provirus. We examined samples obtained at autopsy from the
region of the primary squamous cell carcinoma and some of the
metastatic lesions (Fig. 3A). These samples showed infiltration by
CD4+ lymphoid cells (Fig. 3 B and C). HIV-1–infected cells were
detected in all of the lymphoid tissues and metastatic lesions tested
(summarized in Fig. 3D, Table S2, and Dataset S1); the levels of
HIV-1 DNA present in cancer tissue (∼12–20 copies per million
cells) were, in general, about 10-fold lower than that detected in
lymphoid tissue (Table S2). However, the AMBI-1 provirus and
the integration site were detected in DNA derived from both tu-
mor and lymphoid tissues (Table S2 and Dataset S1) and were
present as a significantly larger fraction of all of the HIV-1 DNA
sequences in the cancer metastases than in lymphoid tissue (Fig.
3D; P = 0.001). Other clonal populations of infected cells, as well
as proviruses encoding the replication competent variant OG-1,
were detected in both tumor and lymphoid tissues (Fig. S3).

Discussion
It is widely held that resting memory T cells carrying infectious
proviruses constitute the major reservoir of infectious HIV-1
(10, 11). We show here that clonally expanded CD4+ T cells can
harbor an infectious provirus and produce virus at levels that are

detectable in blood over a period of several years. The AMBI-1
clone was able to persist and expand despite the potential cyto-
pathic effects of the viral proteins or immune clearance of virus-
producing cells. The fact that cells carrying infectious proviruses can
expand by cell division complicates the problem of eliminating all of
the HIV-1 proviruses that make up the HIV-1 reservoir. The pa-
tient we describe had advanced HIV infection at presentation and,
although clinically stable for a number of years without opportu-
nistic infections, he never achieved robust CD4 recovery while
undergoing cART; it is possible that overall, immune surveillance
was weak in this patient because of the poor recovery of his T cells
during cART (12, 13), which may have impaired tumor surveil-
lance. It is likely that only a fraction of the cells in the clone were
producing virus at any given time, which could help the clone es-
cape from HIV-1–specific immune surveillance. We recovered the
AMBI-1 virus in vitro using total PBMCs, and the activation state
of the cells before in vitro stimulation is not known. Quiescent cells
are known to be an important reservoir of HIV persistence.
Whether AMBI-1 virus was produced from quiescent or partially
activated CD4+ T cells is not known. We have estimated that the
proportion of AMBI-1–positive cells producing HIV was relatively
small (∼5%). AMBI-1 emerged slowly in vitro relative to other
viruses recovered (Fig. 2C), and it is possible that we may have
underestimated the frequency of AMBI-1 proviruses producing
HIV, because some AMBI-1 viruses could have been out-
competed by more rapidly growing viruses in vitro or because we
did not monitor cultures long enough to detect AMBI-1 from slowly
reactivating cells present in some of the wells.
Because virus is rapidly cleared from the blood (8), the persis-

tence of detectable levels of AMBI-1 virus in the blood for more
than 3.1 y indicates that at least a fraction of the cells in the clone

Fig. 3. Cells carrying the AMBI-1 proviruses are widely distributed anatomically and enriched in tumor metastases. (A) H&E-stained section of a metastasis of
the invasive squamous cell carcinoma shows lymphocytic infiltration. (Magnification, 200×.) (B) Sections were stained for CD4 expression to demonstrate that
the infiltrate includes CD4+ lymphocytes. CD8 staining was negative. (Magnification, 200×.) (C) High magnification (12) of CD4 expressing lymphocytes
(arrows) (D) Samples from autopsy specimens were subjected to env-U3 SGS. HIV-1 sequences were amplified from individual metastatic lesions and lymphoid
tissues and used for phylogenetic analyses (Fig. S3). The table shows the number of AMBI-1 and other HIV-1 DNA sequences in metastatic lesions and
lymphoid tissues; P values were derived from the Fisher exact test.
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were producing virus during this period. The overall level of plasma
virus derived from the clone was relatively constant for more than 8
mo before cancer treatment, and the level was not affected by a
change in cART. Thus, the stimulus that caused the cells in the
AMBI-1 clone to divide (perhaps encounter with an antigen or
homeostatic proliferation) was sufficient to drive expansion to
∼9 million cells (Fig. S2).
These data indicate that a clonally expanded population is ca-

pable of producing infectious HIV. Because HIV infection is often
cytopathic and because HIV proteins, such as vpr, can block cell
division, most of the infected cells that expand are unlikely to
produce virus. We estimated that only a fraction of AMBI clones
were producing HIV at a given time. There are a number of
mechanisms that could explain this result. These mechanisms in-
clude the AMBI-1 provirus is transcriptionally silent in most cells,
but is expressed after cells have divided or AMBI-1 may be pro-
duced only at low levels that are insufficient to induce cytopa-
thicity or trigger killing by cells of the host’s immune system.
AMBI-1 cells are likely to represent a long-lived cell CD4+ T-cell
type, and some specific T-cell subtypes may favor HIV production.
Further research will be essential in determining the mechanisms
of HIV production during persistence and clonal expansion, the
CD4 subsets responsible for expansions, and whether these ex-
pansions are the product of homeostatic proliferation of HIV
infected cells, and/or response to antigen.
We found strong evidence that proviral integration into the

proto-oncogenes BACH-2 and MKL-2 resulted in clonal expan-
sion of CD4+ T cells in this patient, probably because the in-
tegrated proviruses affected the expression of these genes (3). We
have no evidence that the site of AMBI-1 provirus integration
contributed to the clonal expansion of the cells that carry AMBI-1.
The AMBI-1 integration junction sequence [chrUn_gl000220;
University of California Santa Cruz (UCSC) genome hg19] does
not have an unequivocal assignment in the human genome but
matches several highly related sequences present at distinct
chromosomal locations. However, the AMBI-1 clone did expand
in parallel with the growth of the squamous cell cancer, decreased
as the tumor underwent regression after radiation and chemo-
therapy, recurred with disease relapse (Fig.1), and was also
enriched in tumor tissue at autopsy (Fig. 3D), suggesting that
expansion of AMBI-1–infected cells may have been in response to
a tumor antigen.
The data presented here demonstrate that clonally expanded

cells containing an intact, infectious provirus can persist and
produce virus for many years in a patient on cART. Studies of
additional patients will be necessary to estimate the frequency of
clonally expanded populations with replication competent HIV.
Given that clonal expansion of HIV-infected cells is common,
our results suggest an important mechanism for persistence of
HIV reservoirs. To develop successful curative strategies, a
better understanding is needed of the fraction of the replication-
competent reservoir that is composed of clonally expanded cells
and how to specifically target and eliminate them.

Materials and Methods
Experimental Design. We conducted a virologic, immunologic, and anatomic
analysis of samples from a single HIV-infected patient from the time of
initiating antiretroviral therapy to death 13 y later. The patient was enrolled
in research studies of HIV replication (97-I-0082 and 08-I-0221) approved by
the intramural National Institute of Allergy and Infectious Diseases (NIAID)
Institutional Review Board, FWA00005897, at the National Institutes of
Health (NIH) Clinical Center (Bethesda). The study participant underwent an
informed consent process and provided written consent for research studies,
including genetic testing.

Single Genome Sequencing. Viral RNAwas extracted fromplasma andwas used
to synthesize cDNA with a primer in pol (HXB2 position 3500). Genomic DNA
(gDNA) was extracted directly from PBMCs. The cDNA or gDNA was end-point
diluted and PCR amplified, and single-genome sequences were obtained from

an 1,100-bp region that encodes a segment from p6 through the first 660 nt
of RT as previously described (7). Frozen pieces of tissue from autopsy-derived
samples were disrupted with disposable pestles and lysed using proteinase K,
and gDNA was extracted with DNeasy Blood & Tissue Kit (Qiagen). Isolated
gDNAwas then end-point diluted and subjected to single genome sequencing
applying the same cycling conditions previously described (7) but with primers
amplifying the env-U3 region (HXB2 positions from 8694 to 9486). Primer
sequences are given in Table S3. PCR conditions were as follows: 94 °C for
2 min, 94 °C for 30 s, 50 °C for 30 s, 72 °C for 1 min 30 s (44 cycles), 72 °C for
3 min, 4 °C hold (14); 94 °C for 2 min, 94 °C for 30 s, 55 °C for 30 s, 72 °C for 1 min
(15), and 72 °C for 3 min, 4 °C hold (second step).

Sequences were aligned using Clustal W, G > A hypermutants were
identified with Hypermut 2.0 (16), and neighbor-joining trees were
constructed in MEGA 6.0 (14) with HXB2 HIV-1 as the outgroup. Phylo-
genetic structure was tested by bootstrap analysis (1,000 replicates);
branches with bootstrap support ≥80% are indicated in figures with an
asterisk (16).

Specific Provirus Sequencing. To amplify and sequence specific proviruses
from CD8-depleted CD4+ T cells, ad hoc primer sets were designed based on
sequences in the human genome near the integration site. Complementary
primers spanning different regions of the HIV-1 genome were used. A nes-
ted PCR was performed using Phusion hot start flex polymerase (NEB), fol-
lowing the manufacturer’s instructions; annealing temperatures were
calculated with the NEB Tm calculator available online (tmcalculator.neb.
com). The full-length AMBI-1 genome was isolated using two amplicons that
overlapped in the IN/vif region. PCR products were isolated by gel electro-
phoresis and directly sequenced. Primer sequences are listed in Table S3. The
PCR products were used to transfect HEK293T cells to generate infectious
virus (see Transfection Analysis).

Quantitation of HIV DNA and RNA. HIV-1 DNA copy numbers were determined,
in DNA extracted from PBMCs, using HIV-1 integrase as the target for PCR
amplification, as previously reported (17). To determine HIV-1 DNA levels in
lymphoid and tumor tissue, samples were collected in 2 mL SPEX SamplePrep
(Metuchen) tubes with 1.4-mm acid-washed zirconium beads. With the sam-
ples on dry ice, 1.0 mL TriReagent (Molecular Research Center) was added, the
tubes were loaded into a Precellys 24 (Bertin Technologies) tissue homoge-
nizer, homogenized twice at 6,000 rpm for 30 s, frozen for 3 min on dry ice,
and then homogenized twice more at 6,000 rpm for 30 s. RNA was isolated by
adding 0.1 mL 1-bromo-3-chloropropane (Molecular Research Center), fol-
lowed by vortexing or homogenization for 15 s, and then centrifugation at
14,000 rpm for 15 min at 4 °C. The aqueous phase, which contained the RNA,
was collected and transferred to a new tube containing 240 ng glycogen
(Roche Life Sciences). The RNA was precipitated with 0.5 mL 2-propanol, and
the pellet was washed with 70% ethanol. DNA was extracted from the
remaining organic phase by adding 0.5 mL 4M guanidine thiocyanate, 1 M Tris
base, and 50 mM sodium citrate and repeating the phase separation steps
described above. The aqueous phase with the DNA was transferred to a new
tube containing 240 ng glycogen and precipitated with 0.4 mL 2-propanol, the
DNA was collected, and the pellet was washed with 70% (vol/vol) ethanol. HIV
gag DNA copy numbers were determined using a multiplexed qPCR assay, as
described previously (18). Samples were tested undiluted and diluted 1:10 with
spiked-in RCAS (replication competent avian sarcoma virus) controls in-
corporated in the multiplexed assay to monitor any inhibition of the assay.
Results were normalized to diploid genome cell equivalents of DNA, using
quantitative PCR for the CCR5 gene as previously described (19). Results were
reported as cell associated HIV-1 copies per 106 cell equivalents (Table S2). No
HIV RNA was detected in any of the autopsy tissue samples; however, this
probably reflects a prolonged delay in obtaining the autopsy.

Isolation of Integration Sites. Integration site analysis was performed as
previously described (3). Briefly, DNA was isolated from Ficoll-purified PBMCs
(5–10 × 106), negatively selected CD4+ T cells, or autopsy samples. gDNA was
fragmented by random shearing into 300- to 500-bp fragments. Linker-
mediated nested PCR was performed to amplify the human genomic regions
and the linked viral sequences from both the 5′ and 3′ long terminal repeats
(LTRs). Paired end-sequencing was carried out using the MiSEq. 2 × 150-bp
paired end kit (Illumina). The sequences of the host-viral junctions and the
host DNA breakpoints were determined. The host DNA sequences were then
mapped to human genome (hg19) with BLAT. A stringent filter was used to
check quality of recovered integration sites. Sequences that have exactly the
same integration site but different host DNA breakpoints came from dif-
ferent cells; this test identifies proviruses in clonally amplified cells (3).
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Transfection of Amplified Viral DNA. HEK293T cells were cotransfected (using
Lipofectamine 2000) with two overlapping AMBI-1 DNA fragments generated
by PCR (10 μg of each). Forty-eight hours later, supernatants from transfected
HEK293T cells (referred to as T1 supernatants) were harvested. T1 supernatants
were used to infect CD8-depleted lymphoblasts obtained from a healthy HIV-
negative donor. The cells were isolated using Ficoll-hypaque density-gradient
centrifugation. Cells were incubated in 60 mL T-cell growth medium [phenol
red-free RPMI 1640, 10% (vol/vol) heat-inactivated FBS, 60 U/mL penicillin,
60 μg/mL streptomycin, 100 U/mL recombinant human-IL-2, and T-cell condi-
tioned medium] + 0.5 μg/mL PHA for 4 d. On day 4, blasts were CD8 depleted
using BD IMag CD8 depletion beads, and twomillion CD8-depleted blasts were
resuspended in medium with 400 μL T1 supernatant and cultured for 2 h. Cells
were washed in RPMI and cultured in new medium. Supernatants were sam-
pled at 0, 4, 7, 10, and 14 d after infection and assayed for p24 antigen fol-
lowing the manufacturer’s instruction (Alliance HIV-1 p24 ELISA Kit; Perkin-
Elmer). HIV-1 RNA was extracted from the day 7 supernatant, and the pro-RT
region was amplified by bulk one-step RT-PCR and bidirectionally sequenced
for comparison with the sequence of AMBI-1. To exclude DNA carryover from
transfection, the remaining RNA was DNase-treated, reextracted, and sub-
jected to cDNA synthesis, and the pro-RT region was amplified by bulk PCR
with or without RT, using primers described for SGS in Table S3.

Infectivity in TZM-bl Cells.AMBI-1 infectivity was determined using the TZM-bl
reporter cell line. TZM-bl cells were infected with serial dilutions of T1
supernatants in the presence or absence of 300nMefavirenz andwere assayed,
after 48 h, for luciferase activity. Studies were done in triplicate, and results are
shown in Table S1. The luciferase activity of uninfected cells (sham infection)
was measured, and this background activity was subtracted from the data.

Ex Vivo Recovery of Infectious Virus. Virus culture assays were performed as
previously described (9, 20) with the modifications described below. Cry-
opreserved PBMCs were enriched for CD4+ T cells by negative selection, serially
diluted from 1,000,000 to 10,000 cells per well, and seeded in individual wells
in sets of 6. Cells were stimulated with PHA in the presence of a 10-fold excess
of γ-irradiated allogeneic PBMCs from healthy HIV-negative donors. Replica-
tion-competent viruses were amplified by adding CD8-depleted lymphoblasts

from healthy HIV-negative donors. Virus cultures were maintained for 4 wk;
supernatants were collected weekly and used to measure HIV-1 p24 antigen by
ELISA. The p24-negative wells were tested for the presence of HIV-1 RNA using
Roche Taqman v2.0. The frequency of HIV-1–infected cells was determined
by a maximum likelihood method as previously described (9). HIV-1 RNA
was extracted from the supernatants and subjected to bulk RT-PCR or to p6-RT
SGS (as described above), yielding at least 20 sequences per supernatant.
Sequences were then aligned with MEGA v6.0 (14) and subjected to phylo-
genetic analysis. The complete AMBI-1 genome was recovered from the su-
pernatant and the sequence compared with the sequence of the AMBI-1
provirus. RT-PCR was performed with SuperScriptIII and OligoDT (Life Tech-
nologies), and cDNA was then amplified as described above to produce three
overlapping fragments spanning U5-RT, RT-env, and env-U3 (Table S3). PCR
products were subjected to direct sequencing.

Passage of Infectious Virus. Supernatant from a culture well (replicate 5 of
30,000 patient cells per well) from AMBI-1 was recovered as described above
and was used to infect CD8-depleted lymphoblasts from a healthy HIV-
negative donor. HIV-1 p24 antigen was measured in supernatants collected
on days 1, 4, 7, 10, 14, and 17. HIV-1 RNA in the supernatant from days 7, 10,
and 14 was extracted, and the pro-RT region was amplified by bulk RT-PCR
and sequenced for comparison with AMBI-1 sequence.

Statistical Analysis. Differences in numbers of copies of HIV proviruses in
lymphoid and tumor tissues were analyzed using Fisher exact test statistics.
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The patient was a 58-y-old African-American man with an MSM
risk factor and a 30-y history of smoking and alcohol use who was in
good health until April 2000, when he developed thrush and was
diagnosed with HIV-1 infection. Duration of the HIV-1 infection is
uncertain; a prior HIV-1 ELISA performed in 1985 was negative. At
diagnosis, he had 16 CD4+ T cells/μL and viral RNA of 283,186
copies/mL plasma. He enrolled in an NIH study of antiretroviral
therapy and viral decay kinetics (protocol 97-I-0027). On enroll-
ment in an NIH natural history protocol of HIV infection in June
of 2000, CD4+ T-cell count was 22 cells/μL, his viral RNA level was
5.4 log10 copies/mL plasma, and therapy with azidothymidine,
lamivudine, indinavir, and nevirapine was initiated.
The patient tolerated antiretroviral therapy, and viral RNA in

the blood underwent typical initial first- and second-phase decay
kinetics to <50 copies HIV RNA/mL within 4 mo; his CD4+ T-cell
count increased but never exceeded 350 cells/μL (Fig. S1). His
course was marked by an episode of Kaposi sarcoma that de-
veloped within 6 mo of the initiation of cART. After 5 y of con-
tinuous therapy, he underwent several interruptions of cART due
to insurance lapses. During these interruptions, he experienced
rebound viremia, but there was prompt suppression of viremia
when the therapy was restarted (Fig. S1A).
The patient remained well until December 2011, when he de-

veloped persistent low-level viremia (134 copies/mL) measured by
bDNA, Versant 3.0. His CD4+ T-cell count was stable at 153 cells/μL
(12%). and he reported >95% adherence to cART. Commercial
drug resistance testing (TRUGENE) revealed the presence of the
following mutations in RT: L74V,M184V, K103N, and V108I; these
mutations are known to confer some degree of resistance to all of
the antiretroviral drugs in the regimen he was taking at that time
(abacavir, lamivudine, and efavirenz).
At the time the persistent low-level viremia emerged, a physical

examination identified several macerated papules on the dorsum of
his tongue that were asymptomatic; shortly thereafter, the patient
reported the presence of small mass on the dorsum of his tongue,
which was subsequently diagnosed as stage III, T3N0 moderately
differentiated squamous cell carcinoma, which was human papilloma
virus DNA negative (Quest Diagnostics), EBV negative, and p61
positive. CD4+ and CD8+ cells were present in the tumor-containing
regions of the biopsy.
In preparation for oncology treatment, he was admitted and

underwent a change in cART to a regimen that included tenofovir,

emtricitabine, raltegravir, and etravirine, which he received as an
inpatient by directly observed therapy. Viral RNA levels promptly
declined but did not fall below the limit of detection of 50 copies/
mL (Fig. 1). At that time, cisplatin chemotherapy was initiated,
and tenofovir was switched to abacavir to avoid potential renal
toxicity. He underwent radiation therapy with 70 Gy total de-
livered to the primary tumor and a comprehensive neck field
encompassing levels IA, IB, II, II, and IV. Radiaton therapy was
given during an 8-wk course starting 6 September 2012. He re-
ceived cisplatin 100 mg/m2 every 3 wk for total of three doses over
6 wk. Repeated measurements of his HIV-1 RNA levels revealed
persistently detectable viremia, with slow viral decay, declining to
<50 copies/mL with a half-life of ∼6 mo. CD4+ cell numbers
declined in response to radiation therapy, as previously reported
(21, 22).
Thepatient didwell andhad remission in the size of the local lesion.

Approximately 6 wk after his last cisplatin therapy, he had recurrence
of discomfort in his tongue. In January 2013, hewas diagnosedwith an
overt recurrence of the cancer; CT scans and MRI showed no evi-
dence of local metastatic disease. He underwent radical subtotal
glossectomy with reconstructive surgery in March 2013. He tolerated
the surgery well and did not have further chemotherapy. He did well,
did not require percutaneous endoscopic gastrostomy for feeding, and
maintained some speech, which improved after speech therapy. In
May–June 2013, there was a local recurrence of the cancer and the
development of skin lesions, which gradually increased in size. He
initiated do-not-resuscitate status. There were additional symptoms
that included difficulty breathing, and he died due to respiratory
insufficiency in the emergency room while undergoing evaluation. A
limited autopsy showed that he had residual disease at the site of
surgery, as well as multiple discrete metastases (skin, larynx, right
atrium). Microscopic examination of material from the spleen and
several lymph nodes (laryngeal, para-aortic, inguinal, axillary nodes)
revealed no histologic or immunohistochemical evidence of squa-
mous cell carcinoma. Local tumor and metastatic lesions showed
metastatic invasive squamous cell carcinoma, and all lesions con-
tained lymphoid cells infiltrating the periphery of the tumor. The
local tumor contained both CD4+ and CD8+ cells, and metastatic
lesions obtained at autopsy contained predominantly CD4+ cells
(CD8+ cells were not detected by immunohistochemistry).
The initial description of this patient has been reported (ref. 3,

patient 1).
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Fig. S1. Clonally expanded cells responsible for low-level viremia emerged from a diverse population of HIV-1–infected cells. (A) Time course of HIV-1 viremia
(circles) and CD4+ T-cell numbers (gray diamonds) before and following the initiation of combination antiretroviral therapy. (B) Plasma samples obtained at the
time points indicated by colored circles were subjected to SGS (p6-RT) as described, and neighbor joining phylogenetic analysis was performed. (C) Composite
neighbor joining tree of all sequences in Fig. S2B. *Bootstrap support ≥80% (16).
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Fig. S2. Cells from the AMBI-1 clone represent a significant fraction of the infected peripheral lymphocytes. PBMCs from the 9 December 2011 (12.1 y after
therapy) time point were subjected to SGS (p6-RT) and neighbor-joining phylogenetic analyses were performed. AMBI-1 represented ∼13% of the total p6-RT
sequences recovered from PBMCs at this time point (there were 83 HIV-1 sequences of which 11 were AMBI-1). Real-time PCR amplification for total HIV-1 DNA
(17) revealed that there were 209 HIV-1 DNA copies per 106 PBMCs, of which ∼13% were AMBI-1, which would correspond to 27 × 106 PBMCs. The peripheral
T-cell count was 1,279 cells/μL, and the total number of PBMCs in this patient was estimated to be 3.3 × 1011, based on total blood volume (Nadler formula) =
5.12 L, assuming that 2% of the total T cells are in the blood. From these estimates, the total number of expanded cells containing AMBI-1 proviruses is
calculated to be ∼9 × 106. DNA sequences that correspond to a second clonal virus (OG-1) detected in the ex vivo infectious virus recovery assay were also
present. †Hypermutants (5).
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Fig. S3. Phylogenetic analysis of HIV from autopsy tissues. Frozen samples obtained from the indicated autopsy material were subjected to SGS (env-U3) and
neighbor-joining phylogenetic analysis. For ease of identification, large groups of expanded clones are grouped (boxes), and their position in the tree is noted
by arrows.
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Table S1. Infection of TZM-bl cells with viral supernatants

2-Fold diluations

Template Virus dilution in plate

A
No drug B 1:2 1:4 1:8 1:16 1:32 1:64 1:128 1:256 1:512 Cell control

C
D

300 nM EFV E 1:2 1:4 1:8 1:16 1:32 1:64 1:128 1:256 1:512 Cell control
F
G
H

pNL4-3 Plasmid T1 RLU Minus Cell Control
Average 377.62 572.45 692.80 736.23 772.31 566.81 368.27 216.19 108.36

A
No drug B 375.52 530.12 649.92 708.90 721.49 531.50 371.36 201.55 105.19

C 363.75 571.90 696.14 747.73 794.75 585.42 389.93 222.46 113.21
D 393.58 615.35 732.36 752.07 800.70 583.52 343.51 224.55 106.68

300 nM EFV E −1.09 0.74 0.95 0.83 0.74 0.86 0.66 0.43 0.25
F −1.09 0.04 0.40 0.21 0.02 0.14 0.05 0.04 0.06
G −1.09 −0.16 0.60 0.01 0.01 0.13 0.02 −0.02 0.02

Ambiclone T1 RLU Minus Cell Control
Average: 36.38 30.34 14.53 6.78 2.78 1.60 0.75 0.23 0.06

A
No drug B 29.97 29.22 15.57 7.29 2.29 1.45 0.57 0.20 0.02

C 41.45 31.68 14.52 7.16 3.28 1.33 0.86 0.32 −0.02
D 37.71 30.12 13.49 5.89 2.78 2.03 0.83 0.17 0.19

300 nM EFV E −0.30 0.05 −0.05 0.05 −0.01 −0.08 −0.03 −0.08 −0.11
F −0.03 0.20 0.26 0.14 −0.02 −0.04 −0.03 0.06 0.09
G −0.26 −0.01 0.05 −0.02 −0.17 −0.16 −0.14 −0.03 −0.10
H

Infection of TZM-bl cells with serially diluted HEK293T AMBI-1 T1 supernatants was performed as described in SI Materials and
Methods. Triplicate infections were done with each of the supernatant dilutions in the presence and absence of 300 nm of efavirenz.
The data from each infection are shown as relative light units (RLUs) minus the uninfected cell control (sham infection). Virus dilution
are color coded: 300 nM Efavirenz (light orange); no drug control (grey). Virus production (average RLU): light green.
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Table S3. List of primers used to amplify HIV

Primer set Primer position Primer name Sequence 5’→3’

ENVU3 SGS Outer NEF8513FO GTGCCTCTTCAGCTACCACC

U39496RO CTTATATGCAGCTTCTGAGGGC

Nested NEF8694FN GAGGGGACAGATAGGGTTATAGAAG

U39486RN TCTGAGGGCTCGCCACTCC

AMBI-1 Provirus 5′ End UN5140034FO CATTAGGGCGTGAGCTTGTCTTC

5264RO CCTGTATGCAGACCCCAATATG

UN5140034FN CTATCAGGGTCAATCCTAGACATTGTG

5070RN CACAATCATCACCTGCCATC

3′ End 4813FO GTGCAGGGGAAAGAATAGTAGAC

UN3140034RO CGTGACAATAAAGAGCTATCTAACCAGAA

4930FN TTTGGAAAGGACCAGCAAAGCT

UN3140034RN GCACCATCCATAGGGCTTTGTCTTTAG

AMBI-1 RNA U5-RT HIVGENF1 CCTTGAGTGCTTCAAGTAGTGTGTGCCCGTCTGT

3500– CTATTAAGTATTTTGATGGGTCATAA

HIVGENF2 AGTAGTGTGTGCCCGTCTGTTGTGTGACTC

3410– CAGTTAGTGGTATTACTTCTGTTAGTGCTT

RT-ENV 3090+ TATCAATACATGGATGATTTGTATGTAG

6950- ATGTGTACATTGTACTGTGCTGACAT

3150+ CTGACTTAGAAATAGGGCAGCATAG

6850– GGCACAATAATGTATGGGAATTGG

ENV-U3 E20F CAGTTAGTGGTATTACTTCTGTTAGTGCTT

U39496RO CTTATATGCAGCTTCTGAGGGC

E30F GTGTACCCACAGACCCCAGCCCACAAG

U39486RN TCTGAGGGCTCGCCACTCC

Primers used to amplify HIV from DNA and RNA, the env-U3 region, and to amplify the full genome of AMBI-1.

Dataset S1. List of integration sites recovered from PBMCs and metastatic tissue

Dataset S1

The AMBI-1 integrant is highlighted.
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