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Abstract

An HIV-infected patient presenting an unexpected viral escape under combined antiretroviral treatment is
described. The virus isolated from plasma contained a large deletion in the HIV-1 integrase gene but no
known resistance mutation. Nested polymerase chain reactions (PCRs) with patient virus integrase-specific
primers and probes were developed and used to detect the mutant from plasma, blood, rectal biopsies, and
sperm. The variant progressively emerged during a period of therapy-induced virosuppression, and persisted
at a low but detectable level for at least 5 years. Surprisingly, proviral DNA from lymphocytes, rectal cells,
and sperm cells was, and remained, mainly wild type. Cellular HIV RNA with the deletion was detected only
once from the rectum. The origin and mechanisms underlying this so far not described production at a
detectable level are largely hypothetical. This observation raised concern about the ability of defective
viruses to spread.

Introduction

The accumulation of defective virus in peripheral
blood mononuclear cells (PBMCs) has long been ob-

served in human immunodeficiency virus (HIV) infection.1,2

These defective viruses reside in circulating PBMCs and in
the viral reservoirs as integrated provirus and result from the
high replication rate of HIV-1 and the low fidelity of reverse
transcriptase (RT). Cells infected with defective HIV-1 have
recently been estimated to outnumber by around 50-fold the
reservoir of cells with replication-competent provirus.3

Generally, defective viruses are not detected as a circulating
free viral population since they cannot be assembled or se-
creted and cannot perpetuate the infection.

However, defective provirus can be detected in PBMCs
and other reservoir sites. Cells actively replicating the virus
rapidly die due to the viral cytopathic effect and cytotoxic
immune response. Cells that are latently infected or infected
with defective proviruses are less susceptible to cytotoxicity

and may survive during their natural life span.4 Among res-
ervoir cells are resting memory as well as naive T cells and
cells from the monocyte/macrophage lineage.5,6 The half-life
of these cells is variable, with central memory cells having
the greatest long-term persistence.4

The existence of a reservoir of infected cells, not detected
by routine techniques, in treated patients with suppressed
viral load for decades is now generally admitted. However,
the source of this reservoir has not yet been discovered. It can
be restricted to certain cells or sanctuary sites.

We report the case of a patient with an optimally sup-
pressed viremia under combination antiretroviral therapy
(cART) for several years in whom a variant emerged in
the plasma, carrying a deleted integrase (IN) gene without
RT or protease resistance mutations, that persisted for
several years at a low level while the proviral HIV DNA in
PBMCs was predominately wild type (WT). This case
raises the problem of the productive source of this defec-
tive variant.
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Materials and Methods

Patient characteristics

The patient was diagnosed with HIV-1 in February 2004 in
the context of a zoster eruption. Serology for human T cell
lymphotropic virus (HTLV) was negative and serology for
hepatitis B virus was positive for a cured infection. The pa-
tient was anti-hepatitis C virus (HCV) negative during the
follow-up period. Positive polymerase chain reactions
(PCRs) for herpes simplex virus (HSV) and Epstein–Barr
virus (EBV) were observed in 2012 while cytomegalovirus
(CMV) DNA remained undetectable.

Viral load determination and sequencing were done from
plasma samples collected during the patient’s routine follow-
up and stored at - 80�C. PBMCs were isolated from June
2011, September 2011, and October 2012 blood samples.
Total blood was stored in January 2012. Two rectal biopsies
and sperm were collected in March 2012.

The patient has been subjected to positron emission to-
mography (PET) imaging and a thorough hematologic ex-
amination in January 2013.

Viral load measurement

From 2004 to 2006 viral loads were monitored with the
bDNA 3.0 kit (Bayer Versant HIV 3.0, Bayer Diagnostics).
The Nasba test was used (NucliSens HIV-1 EasyQ v1.1,
BioMerieux) from the end of 2006 until August 2007, and
was replaced afterward by the Abbott m2000 Real Time HIV
assay (Abbott Diagnostics).

Cell immunophenotyping and sorting

Cellular immunophenotyping of CD4 + and CD8+ T cells
subtypes, including Tregs, was performed on a Navios flow
cytometer (Beckman Coulter, Miami, FL) from fresh blood
sampled in October 2012. Treg cells were characterized based
on a CD4 + CD25highFoxP3 + phenotype. Activated T cells
were identified using (1) increased HLA-DR expression for
CD4 + T cells and (2) increased expressions of HLA-DR, or
CD38, or both (HLA-DR+ CD38+ cells) for CD8+ T cells.
Stainings were performed using anti-CD4-Pacific Blue (PB),
anti-CD8-AlexaFluor 750 (AF750), anti-CD45RA-fluoresceine
isothiocyanate (FITC), anti-HLA-DR-krome orange (KO),
anti-CD38-phycoerythrin-cyanine 5.5 (PC5.5), anti-CD25-
phycoerythrin (PE), and anti-CD127-PC7 antibodies (Beckman
Coulter). Antihuman FoxP3 antibodies (clone 259D) were
purchased from BioLegend (San Diego, CA). CD4 + lympho-
cyte cells were isolated from blood sampled on October
2012. Cell sorting was performed on a FACS Aria II (Becton-
Dickinson, San Jose, CA).

DNA and RNA extraction from plasma, PBMCs,
and tissue cells

PBMCs were isolated by centrifugation on a Ficoll layer,
washed, and the pellet was stored at - 80�C following the
standard procedure. Sperm was centrifuged, seminal plasma
was collected, the cell pellet was washed and both were
stored at - 80�C. Two fragments of rectal biopsies were di-
rectly stored at - 80�C until extraction was performed.

All nucleic acid extractions were done with the NucliSens
Easy Mag instrument (BioMerieux). Cellular nucleic acids

were quantified with a NanoDrop spectrophotometer (Ther-
moScientific).

Before extraction, seminal cells were treated with 11 ll of
proteinase K (Roche Diagnostics, ref 03 115 844 001) for
10 min at 56�C, followed by inactivation at 95�C. Rectal
biopsies were treated with 140 ll of a trypsin/EDTA solution
(Sigma, ref T3924) at 56�C for 30 min, then 95�C for 10 min.

The cell extracts used to amplify viral RNA were first
digested with 10 U of DNase (Roche Diagnostics, ref 04 536
282 001) for 30 min at 37�C, which was then inactivated for
5 min at 95�C.

Population sequencing

Protease, reverse transcriptase, integrase, and V3 sequences
were obtained by population-based sequencing (CEQ2000
sequencer, Beckman) using primers and PCR and sequencing
conditions described in the ANRS (Agence Nationale de Re-
cherches sur le SIDA et les Hépatites Virales, Paris, France)
consensus techniques (www.hivfrenchresistance.org).

Specific detection of the patient integrase gene

The deleted integrase gene was detected and its proportion
estimated with specific techniques developed for this par-
ticular sequence, described in details in the Supplementary
Methods section (Supplementary Data are available online at
www.liebertpub.com/aid). The differential nested PCR with
primers specific for deleted or WT regions could detect one
copy of the deleted gene in 103 copies of the wild-type gene
(Supplementary Fig. S1). Copy number was estimated by real
time PCR with specific probes, using a standard curve ob-
tained from mixtures of plasmids containing the patient viral
WT and deleted IN sequence, in increasing proportion (0,
1%, 10%, 50%, 90%, 99%, and 100%), at 100 copies/ll.

Results

Patient history

Antiretroviral treatment with zidovudine/lamivudine and
lopinavir was initiated 15 weeks after diagnosis (time 0 of
follow-up). HIV viral load decreased from more than 6 log to
below 50 copies/ml and CD4 count increased from less than
400 to about 800/mm3 in 16 months, as shown in Fig. 1.

Viral load remained below 50 copies/ml for more than 2
years (from week 83 to week 196), except for one observed
blip at 84 copies/ml at week 127. After that HIV RNA in-
creased slightly but persistently with values fluctuating from
56 to 466 copies/ml for more than 5 years.

Reverse transcriptase and protease genes had been se-
quenced for resistance genotyping before therapy and for the
time on treatment, before and after the undetectable period. No
known RT or protease resistance mutation was found at any
time. The virus subtype was a recombinant CRF02.AG, with a
predicted CCR5 tropism by V3 region genotyping (the geno2-
pheno algorithm). The treatment regimen was changed during
follow-up (Fig. 1) by replacing zidovudine/lamivudine with
tenofovir/emtricitabine at week 145, and then lopinavir with
darunavir at week 273. As viremia persisted, the integrase
inhibitor raltegravir was added to the tenofovir/emtricitabine/
darunavir regimen (week 326) without any improvement, and
then removed (week 376). Serum drug concentrations at the
time of plasma HIV RNA detection were in the therapeutic
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ranges and were considered efficacious. Adherence to the
treatment was good at all times.

Analysis of HIV-1 integrase by population sequencing

Since a low level of HIV-1 production persisted in the
presence of raltegravir, the IN gene was sequenced from
plasma virus. A 38-nucleotide deletion was observed in the IN
C-terminal domain (CTD) encoding sequence (residues 215 to
227 of the WT IN). The deletion also induces a - 1 frameshift
leading to a stop codon at residue 245 on the WT IN (Fig. 2).
Thus, the C-terminal end of IN is composed of a stretch of 18
residues that does not correspond to any known protein se-
quence. The resulting deleted protein is 233 residues long
(instead of 288 for the WT IN).

Several previous plasma samples were sequenced to
evaluate the period of emergence of this variant (Fig. 1). The
first sample available at the time of diagnosis did not contain
the deletion as well as those tested until week 176. At this
time, the HIV RNA level was still below 50 copies/ml (using
the NucliSens EasyQ HIV v1.1 kit, which was later found to
underestimate this CRF02.AG virus). Attempts to amplify
the integrase gene by nested PCR from plasma between week
83 and week 145 were unsuccessful. The deletion was first
detected at week 246 when the HIV RNA level was above the
Abbott Real Time HIV RNA kit threshold.

Surprisingly, at week 376, population sequencing from
PBMCs showed a WT proviral integrase gene DNA, without
evidence of the deletion (Fig. 2). A phylogenic analysis con-
firmed that all the integrase sequences clustered together (Fig. 3).

Search for the source of deleted variant by specific
PCR in different compartments

The apparent discrepancy between the viral and proviral
circulating populations triggered a search to determine the
origin of the variant virus. The presence of the deletion from
plasma RNA, as well as RNA and DNA extracted from

PBMCs and other compartments (rectal biopsy and sperm),
was measured with two specific PCRs adapted to the patient’s
viral sequences. Qualitative results obtained with the two
techniques, differential nested PCR with primers specific for
the deleted or the WT regions and real time PCR with specific
probes, are shown in Fig. 4. Quantitative results from the real
time PCR are indicated below the corresponding samples in
Fig. 4A and B. The results are expressed per ll of extract for
plasma RNA and ng of nucleic acids in the extracts from
cellular compartments. PCR from plasma was performed
with an extract volume equivalent to 100 ll of plasma.

Replicates were tested to increase the chance of detecting
low levels of variant, generally in triplicate but varying from
two to five times.

The deleted variant likely emerged in the plasma around
week 169, while HIV RNA was not detected by routine viral
load assay (Fig. 1). Indeed, a positive result was obtained
from RNA extracted at this time point with one of the three
RT-PCR using the WT probe and another one using the de-
letion-specific probe in a similar amount. Later, the WT IN
from plasma RNA, which was no longer detected by bulk
sequencing, was still present, since some, but not all, RT-
PCR using WT-specific primers were positive. However, the
proportion of deleted plasma variant tended to increase with
time, while WT did not (Fig. 4A).

The HIV DNA with WT integrase was amplified from each
cell extract, with the lowest positivity rate occurring from
seminal cells (Fig. 4B). The deleted provirus was infrequently
detected in blood cells (2 over 14 PCRs from different time
points) and rectal biopsy (1 over 8 PCRs). It was not amplified
from PBMCs obtained at week 388, blood CD4 T cells at week
442, seminal cells, and one rectal biopsy specimen. The only
proviral DNA-positive PCR using the deletion-specific probe
was from the second rectal biopsy sample, while the WT was
found in each DNA PCR from the two rectal biopsies.

WT viral RNA was detected in all RT-PCR from PBMCs
and total blood, infrequently in the rectal cells and seminal

FIG. 1. Schematic graph of the patient’s follow-up data. Evolutions of viral load and CD4 cell count are represented
before and during treatment periods with drugs shown at the top of the graph. Detection of the wild-type (WT) and deleted
integrase by nested polymerase chain reaction (PCR) is indicated by different symbols: open square, WT detected by PCR
for sequencing; open circle, negative nested PCR; black diamond, deleted variant detected by real time PCR with specific
probes; black square, deleted variant detected by PCR for sequencing. ZDV, zidovudine; LMV, lamivudine; LPVr, rito-
navir-boosted lopinavir; TDF, tenofovir; FTC, emtricitabine; DRVr, ritonavir-boosted darunavir; RAL, raltegravir.
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fluid and not in the seminal cells (Fig. 4C). RT-PCRs specific
for the deleted HIV RNA integrase gene were negative from
PBMCs, seminal cells, and fluid. Detection of deleted IN
from HIV RNA occurred once in the second rectal biopsy,
and each time in whole blood, which was expected since it
contains plasma virus.

Additional results

The enzymatic activities of the deleted IN could not be
evaluated because of its known poor solubility.7,8 By using
previously described techniques9 the WT IN was mainly
detected in the pellet (insoluble fraction) and a small quantity

FIG. 2. Integrase sequence
of the patient virus during
follow-up. Consensus se-
quences obtained by popula-
tion sequencing from plasma
RNA at the time of diagno-
sis, before treatment (RNA
PL W0), and at week 376 of
follow-up, after the emer-
gence of the deletion, as well
as in the proviral DNA from
peripheral blood mononu-
clear cells (PBMCs) at the
same time (DNA PBMC
W376) were aligned to the
integrase sequence of the
CRF02.AG reference virus
(NG.IBNG). Symbols are
points for identities to the ref-
erence sequence, and dashes
represent deleted bases. A
box is drawn around the
central termination sequence.

INTEGRASE-DELETED HIV-1 VIRUS PRODUCTION 145



was solubilized in the supernatant (soluble fraction). By
contrast, the deleted IN protein was detected only in the
bacteria pellet as an insoluble form and we were not able to
purify it in sufficient quantity. No virus could be obtained by
infecting phytohemagglutinin (PHA)-stimulated PBMCs
from a seronegative subject with plasma from the HIV-1-
infected patient in vitro.

Immunophenotyping of the different T cell populations did
not detect any particular abnormality compared to 87 HIV-
infected patients, virologically controlled for at least 1 year of
therapy, when considering CD4 + T cells, activated CD4 + T
cells, and Treg cells.10 Only an increase in the percentage of
activated CD8 + T cell subsets (i.e., CD8 + HLA-DR+ , CD8 +

CD38+ , and CD8 + CD38HLA-DR+ T cells) was observed.
PET imaging did not reveal any evidence of malignancy.

Discussion

We report the case of a patient with a detectable viremia
during antiretroviral treatment, without known resistance
mutations in the RT, protease, and IN genes of HIV, but whose
virus harbored a large deletion and a frameshift in the IN gene.

Although not confirmed by testing the IN enzymatic ac-
tivity, it is likely that the deleted IN is not functional. Indeed,
the CTD domain is required for IN enzymatic activities and
oligomerization,11 whereas only five IN residues of the CTD
are conserved in the IN mutant. It is unlikely that the non-
structured stretch of the 18-residue might replace the entire
functions of the CTD domain as numerous residues known to
bind to DNA or to participate in the oligomerization of the
entire IN are lacking.8,12

This likely defective virus emerged while replication was
profoundly suppressed by therapy. The emergence of the
mutant was associated with a small but persistent increase in
viremia while adherence to treatment remained good.

This variant appeared in the presence of the WT virus but
was later predominantly produced and released in the circu-
lation, considering a proportion of WT virus below 20–25%,

the detection threshold of population sequencing. The over-
production of deleted virus was confirmed by quantitative
RT-PCR.

However, we could not precisely determine the source of
this defective virus. Most of the circulating mononuclear
cells were infected with WT virus. The detection of the
variant provirus in rectal tissue suggested the presence of
lymphoid cells producing the deleted virus, but the detection
was so rare that it is difficult to determine whether it is the
main source. The presence of such infected lymphocytes
might have been underestimated because biopsy sizes were
small and because lymphoid zones are not uniformly dis-
tributed on the intestinal surface.13,14 Quasispecies can also
vary along the gut as previously reported.15,16 Other potential
sanctuaries could not be tested (central nervous system,
spleen, other gut regions, progenitor cells, etc.).

Important questions arising from this case are how and
why this defective variant emerged during efficient vir-
osuppression (113 weeks of viral load < 50 copies/ml) and
how it could be preferentially and stably produced.

In the context of viral replication blocked by anti-
retrovirals, residual viremia can result from on-going repli-
cation in a remote reservoir or from viral production by
latently infected cells. There is debate about which of these
mechanisms is the source of viral persistence, and probably
both may exist.4,17–20 In the patient described here an on-
going replication in any compartment would be possible only
by continual coinfection with the WT virus.

Synthesis of this defective variant by chronically infected
cells, carrying the deleted provirus, is a likely hypothesis for
its persistence.18 In this scenario the chronically infected
cells should be long lived and duplicate the integrated pro-
viral DNA during cell division.

The residual viremia on which research now focused is
generally undetectable by routine HIV RNA assays and can
be detected only by ultrasensitive tests detecting one copy/
ml. This production of a predominant circulating free variant,
absent from the circulating CD4 T cells, could have the same
origin as the predominant plasma clone (PPC) previously
described as one potential source of residual viremia by Si-
liciano’s team.21,22 However, a difference is that this variant
is defective and is produced above the detection threshold of
viral load assays, a unique and so far unexplained event.

Josefson et al.23 described a subject with a defective pro-
virus, deleted in the protease gene, expanding in the circu-
lating cell population. They speculate that the PPC identified
by Bailey et al.21 arises from proliferating cells with repli-
cation-competent HIV. We show here that production of
defective virus can be maintained several years by clonal
expansion. Such long-term activation-associated virus pro-
duction highlights the potential difficulties of therapies aimed
at purging the reservoir. We can speculate that production of
this defective virus could persistently stimulate an immune
response to HIV (as suggested by the persistent CD8 T cells
activation and high CD4 cell number), contributing to a
natural control of infection. However, the source of this virus
has not been eliminated, and infected cells with intact in-
tegrase gene provirus remain detectable 5 years after the
detection of the interfering variant.

Clonal expansion with production of a low level of virus in
a specific compartment could be possible if the cells are
continuously activated, for example, by a persistent antigen

FIG. 3. Phylogenic tree of the integrase sequences from the
patient samples taken at different times during follow-up.
Integrase genes from CRF02.AG and B reference viruses
were included in the alignment. Maximum likelihood was
used to construct the tree, with 500 bootstrap replications,
using the MEGA version 5 software. Only branch frequencies
above 70% are noted. RNA PL represents HIV RNA from
plasma (closed symbol), and DNA PBMC proviral DNA from
peripheral blood lymphocytes (open symbol). W indicates the
week of follow-up at which the sample was collected.
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such as a herpes virus. Positive amplifications of type 2
herpes virus and Epstein–Barr virus were observed in this
patient (not shown), but whether there is any relationship
between a specific immune response and low-level viremia
has not been determined. Another hypothesis is an integration
of the defective proviral DNA near a cellular oncogene as
supported by results presented at the 2014 CROI confer-
ence.24,25 However, the HIV LTR might not be strong enough to
activate an oncogene. Another possibility could be its insertion
close to a strong and constitutive cellular promoter allowing the
persistent expression and release of the deleted virus.

Considering the continuous proliferation of a cell popu-
lation raises fear of malignancy, but neither clinical nor im-

aging signs have been found in this patient despite intensive
exploration.

Another potential mechanism could be derived from a
recent report showing that HIV-1 can be produced in vitro
from unintegrated 2-LTR circles DNA after infection of
nonactivated and nonproliferating cells in a cytokine en-
vironment.26 Virus production was detected only when
activation was induced several days postinfection, with the
help of Vpr-transactivating and cell growth-inhibiting ac-
tivities.

A similar case of an accumulation of defective variants
with a truncated RT has been described.27 However, there are
differences between this patient and ours. Resistance

FIG. 4. Evolution with time of the proportion of positive PCR for WT and deleted integrase in different virological
compartments using specific primers and probes. Positive PCRs were recorded from each experiment using primers or
probes specific for WT (W, black bars) and deleted (D, gray bars) integrase. Data are expressed in percent and the number
of corresponding positive PCRs over the number of performed PCRs is indicated above or inside each bar. Asterisks
correspond to real time PCR with specific probes, while other numbers are from primer-specific PCR. The collection time of
samples is indicated in weeks from diagnostic, and samples types are indicated above the bar. Below the A and B graphs are
noted, in copies/ll for plasma RNA, and copies/ng of nucleic acid for cellular proviral DNA, the quantitative results
obtained by real time PCR for WT and deleted fragments, respectively. PBMC, peripheral blood mononuclear cells.
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mutations were found in the patient with defective RT, and
the deletions were detected in the proviral DNA before their
emergence in the plasma. The deleted variants persisted
thereafter in the two compartments at a proportion reaching
100% by clonal analysis. However, after several years of poor
ART compliance, the proportion of defective free virus de-
clined, but not that of the defective provirus.28 The differ-
ences between these two patients might be linked to the site at
which the cells producing these variants resided. The selec-
tive pressure for the RT-defective variants was suspected to
be a strong T cell response against the C-terminal part of the
protein. We did not evaluate the T cell response to the in-
tegrase of our patient, but the deleted sequence is in a region
potentially containing CTL epitopes.29

However, even if a specific immune response to this region
on the WT virus developed, the deleted variant emerged
while viral replication was optimally suppressed by antivirals
in this adherent patient, which was not the case for the patient
with an RT-defective virus.

The location of the deletion indicates that the event might
have occurred late in the reverse transcription step or just
after integration in the cellular DNA. Indeed, the deletion
begins at the central termination sequence (CTS) where plus-
strand synthesis, initiated with the polypurine tract (PPT)
genomic RNA (gRNA), stopped, and downstream of the
central PPT (cPPT) initiating 3¢-half plus-strand synthesis
(see Fig. 2). This is thus a region at which the plus strand is
composed of two molecules with a triple-stranded ‘‘flap’’ at
the junction and a gap repaired before or after integration in
the nuclear DNA.30,31 It can be hypothesized that the repair
did not proceed correctly and more than the exceeding region
has been removed from the plus strand, with a necessary
parallel excision from the minus strand. Another possibility is
recombination at the level of the TACA homology at the
deletion junction, with the insertion of an A, as previously
shown with other retroviruses.32

Other cases of adherent-treated patients with a low but
detectable viral load for a long period, and without a resis-
tance mutation, were reported.33 Such instances have not
previously been associated with a defective virus, but it
would be advisable to further explore these cases. A defect
can occur almost anywhere in the virus genome, but defects
have been observed mainly in the central part of the genome,2

where the integrase gene is located. Finding the location and
cell type producing such viruses with this distinguishable trait
can help target a compartment other than blood in which the
virus replicates.
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