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Specific HIV integration sites are
linked to clonal expansion and
persistence of infected cells
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tiated; however, after prolonged cART
(mean duration of treatment, 11.7 y),
identical viral sequences, defined at
either the RNA or the DNA level,
emerged (Fig. 1, S1). In total 2410
integration sites were mapped; these
represented 1632 different integration
events. 1388 integration sites (57%)
were detected once, and 1022 sites
(43%) were associated with more than
one host DNA breakpoint, revealing
that a large fraction of the infected cells
are from expanded clones (Fig. 2, Table
S2, Table S3, Fig. S2). We validated
the method for identifying expanded
clones by making two completely inde-
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The persistence of HIV-infected cells in individuals on suppressive combination
antiretroviral therapy (CART) presents a major barrier for curing HIV infections. HIV
integrates its DNA into many sites in the host genome; we identified 2410
integration sites in peripheral blood lymphocytes of five infected individuals on
cART. About 40% of the integrations were in clonally expanded cells. Approximately
50% of the infected cells in one patient were from a single clone and some clones
persisted for many years. There were multiple independent integrations in several
genes, including MKL2 and BACH2; many of these integrations were in clonally
expanded cells. Our findings show that HIV integration sites can play a critical role

in expansion and persistence of HIV infected cells.

HIV replication is suppressed by combination antiretroviral therapy
(cART), but infected cells persist in patients and are a critical obstacle to
curing HIV infection (/, 2). Analysis of HIV populations in vivo shows
that, after long-term suppressive cART, genetically identical HIV vari-
ants emerge (3, 4). The source and mechanisms involved in the emer-
gence of these identical variants are not understood. One possibility is
that the identical variants arise from cells that have clonally expanded.
Because HIV DNA integrates at many sites in the human genome, the
site of integration can be used to identify clonally expanded cells that
arose from a single infected progenitor.

Clonal expansion of HIV infected cells in patients

We analyzed the integration sites in peripheral blood mononuclear
cells (PBMCs) or CD4+ T-cells from patients on prolonged cART ob-
tained by negative selection using a previously described technique (5—
7). DNA from PBMCs or CD4+ T-cells was randomly sheared to
~400bp fragments and linker-mediated PCR was used to selectively
amplify fragments that contained viral’/host DNA junctions (8). Both
ends of the amplified junction fragments were sequenced on the [llumina
platform to determine the viral/host junctions and the breakpoints in the
host DNA. The sequence of the viral’host junction identifies the exact
position and orientation in which the HIV DNA was integrated. The
breakpoints in the host DNA can be used to identify the integration sites
in clonally expanded cells. If several cells with the same integration site
are present, shearing their DNA will give rise to multiple fragments in
which the integration site is the same, but the host DNA breakpoints
differ.

Integration site analysis was performed using PBMCs or CD4+ T-
cells from 5 patients (Table S1). A diverse population of viruses was
present in each patient either pre-therapy or shortly after cART was ini-

pendent libraries from cells from the
last time point from patient 1; the same
highly expanded clones were identified
in both libraries. In some cases, clonal
expansion was extensive. For example,
in patient 3, the initial analysis found
the same site in the HORMAD? gene in
62 of 317 integrations, but, because of
overlaps in the breakpoint analysis, this
figure is an underestimate. We also
estimated the fraction of the total inte-
gration sites that were derived from this
expanded clone (8). This analysis im-
plied that approximately 58% of all the
HIV infected cells in this patient were
derived from a single infected cell.

Among the 5 patients studied, HIV
integration sites were found in 985 different genes (Fig. S3). Most of the
genes had only a single integrant (659 integrants, 67%); these integrants
were not shown to be from clonally expanded cells. The remaining 326
genes (33%) either had a single integrant in a cell that underwent clonal
expansion (126 genes) or had multiple integrants (200 genes), some of
which (59 genes; 30%) were in cells that underwent clonal expansion
(Fig. S3). Approximately 70% (21 of 29) of the genes with multiple
integrants in highly expanded clones (listed in Table S4) are known to be
directly involved in the regulation of cell growth. HIV proviruses (the
integrated form of retroviral DNA is called a provirus) were also found
in intergenic regions of the genome, and in sites that could not be
uniquely mapped (ambiguous sites); some of the cells with such inte-
grants were also highly expanded (Fig. S2).

Clones of HIV infected cells persist in patients for more than 11
years
Longitudinal sampling revealed that some of the clones that emerged on
cART persisted for many years. Patient 1 had at least 13 different clones
that were present in samples taken 11.2 years apart, and 11 other clones
were present in samples taken 6.6 years apart (Table 1). A number of
these persistent clones had integration sites in genes known to be associ-
ated with cell growth (STAT5B, PARPS, DDXG6), and/or mitosis (PKP4,
MAP4). In patient 3, we analyzed a small set of integration sites (47 total
sites) from a sample taken before the patient started cART. Most of the
integration sites from this pre-cART sample were unique, an observation
consistent with the short half-life of infected cells during uncontrolled
HIV replication (9). However, one site was from a clonally expanded
cell, showing that there is clonal expansion in the absence of cART.
Others have reported that there are HIV infected clones that can persist
for prolonged periods in patients on cART (10, 11). Our data show that
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prolonged persistence of expanded clones is common and is frequently
associated with specific integrations in genes involved in controlling cell
growth and division. Although there was variation in integration sites
among patients, all 5 patients showed evidence of clonal expansion of
infected cells, even in the smallest datasets (35 and 46 distinct integra-
tion sites, Table S2).

Integration in specific genes is associated with the clonal expan-
sion and/or persistence of infected cells

Two genes with remarkable patterns of HIV integration were identi-
fied in patient 1 (Fig. 3). In the dataset obtained from CD4+ T-cells after
11.4 year of cART, there were 11 distinct integration sites in intron 6 of
MKL?2 (intron 6 is ~3.5 kb), more than half of which were in clonally
expanded cells; some of these cells were highly expanded (Figs. 2 and
3). There were also 4 nearby integration sites in intron 4 and none in any
other part of MKL2 (Fig. 3A). All 15 of these proviruses were integrated
in the same transcriptional orientation as the host gene. Thus, about 7%
of the infected cells in this patient had proviruses in a region that consti-
tutes a very small fraction (approximately 2x10°) of the human genome.
In the same dataset, there were 15 independent integration sites, also in
the same transcriptional orientation as the host gene, in introns 4 and 5
of BACH?2 (Fig. 3B); two additional integration sites in BACH2 were
identified in earlier samples from this patient.

For comparison, we analyzed two large HIV integration site libraries
made from acutely infected HeLa cells (~ 250,000 sites) and human
CD34+ hematopoietic stem cells (~ 150,000 sites). The frequencies of
HIV integration in MKL2 and BACH? in cells from patient 1 were much
greater than in HeLa or CD34+ cells. In cells from patient 1, integrations
in MKL2 were 7% of the total integrations, compared to 0.03% of total
integrations in HeLa and CD34+ cells. Similarly, integrations in BACH2
in cells from patient 1 were 1.5% of the total integrations, compared to
0.002% in HeLa cells and 0.01% in CD34+ cells. There was no prefer-
ence for integrations in specific introns in these genes in HeLa cells or
CD34+ cells. Nor was there any indication, in either library, of preferen-
tial integration in one orientation in MKL2 or BACH?2. Across the entire
patient dataset (Table S3), there was a weak, but significant preference
for integrants in genes to be in an orientation opposite to the direction in
which the gene is transcribed. Of the 1313 integrants that were in genes,
594 were in the same transcriptional orientation as the gene, and 719
were in the opposite orientation (p=0.02, Fisher’s exact test). These find-
ings led us to conclude that the HIV DNA insertions in MKL2 and
BACH?2 were selected, post integration, because they altered the level of
expression of the MKL2 and BACH? proteins and/or gave rise to the
expression of altered forms of the proteins, and that these alterations
affected the expansion and survival of the infected cells. In the case of
BACH?2, all of the integrations were upstream of the initiation site for
translation, consistent with the integrations altering the level of expres-
sion of BACH?2. The integrations in MKL2 were in introns that were
between two coding exons and these integrations were more likely to
have affected the structure of the protein. Both these mechanisms have
been seen with other types of retroviruses and are known to be involved
in oncogenic transformation in animals (/2).

In all, we found, out of the 985 genes in which there were integra-
tions in the patients, that there were 200 genes that had multiple inde-
pendent integrations; 59 of these were associated with expanded clones.
Table S4 shows the genes that had at least 3 independent integrants; as
mentioned earlier, many of these genes have roles in cell growth. In
addition, there were integrations in more than one patient in more than
60% (18 of 29) of the genes listed in table S4. For example, a total of 10
independent integrants were found in STAT5B in 4 of the 5 patients,
some of these integrants were in expanded clones; however, the pro-
viruses integrated in STAT5B showed no orientation preference. Gene
ontology analysis showed that the patient integration sites were enriched

for genes in several pathways involved in cell growth. The HeLa and
human CD34+ cell datasets (which were similar to each other) were not
enriched for genes in these pathways (Fig. S4). This analysis also
showed that the patient dataset was related to leukemia and Burkitt’s
lymphoma; the HeLa and human CD34+ datasets were not associated
with any disease related pathways.

Although, as expected (/3), most of the integration sites in the pa-
tients were in genes, 21% (509) were in intergenic regions or were in
sequences that could not be mapped to a unique location. 44% (226) of
the integrants in the intergenic regions, or that could be mapped to a
unique location, were in cells that underwent clonal expansion, some of
which were highly expanded (Fig. S2, Fig. 2). One of the proviruses in
the two most highly expanded clones in patient 1 [each site was identi-
fied 55 times, which is an underestimate because of breakpoint overlaps,
see (8)], was in an intergenic region; the other could not be mapped to a
unique location in the human genome (Fig. 2). The predominant virus in
the plasma of patient 1 late in therapy was clonal (Fig. 1, Fig. S1), and
was insensitive to a switch in cART (Fig. 1, Fig. S1), suggesting that it
was produced by a clone of infected cells, rather than from infection of
new cells. More than 1kb of sequence in gag-pro-pol from the RNA
genome of this predominant virus exactly matched the sequence of the
ambiguously mapped provirus, identifying this provirus as the source of
the clonal viral RNA in the plasma (Fig. 1A, black arrow).

Discussion

Our results strongly imply that, in at least some cases, sites of HIV
integration play an important role in the expansion and/or persistence of
infected cells in patients. This conclusion is particularly strong for the
integrations into specific introns of the MKL2 and BACH?2 genes. The
integrations in MKL2 and BACH? that were linked to clonal expansion
were in internal introns, and in the same transcriptional orientation as the
genes in which they are inserted. Even setting aside the fact that that it is
extremely unlikely that such a large fraction of the integrations would
have occurred in these two small segments of the genome, the probabil-
ity that all 33 of the integrations we saw in BACH2 and MKL?2 in the
patients (Table S4) would have been in the same orientation as the genes
is approximately 107'°. In prior studies, a limited number of HIV inte-
gration sites were identified in patients (/4—17), and HIV proviruses
were found in intron 6 of MKL2 and intron 5 of BACH2, in the same
orientation that the genes are transcribed. However, in the published
studies, the integration sites in these genes were not linked to the clonal
expansion of the infected cells (Table S5). Both BACH2 and MKL2 are
involved in the growth and development of cells, and BACH?2 is known
to play a key role in T-cell development (/8). Both genes (and the
MKL2-related gene MKLI, in which there were 4 independent integra-
tion sites, some of which were associated with clonally expanded cells in
patient 1, Table S4) have been implicated in human cancers (/9-21),
where they were activated by DNA rearrangements that created gene
fusions. The pattern of multiple integrations in MKL2 and BACH?2 found
in the patients cannot be the result of preferential integration because
HIV integration is neither intron specific nor orientation specific (22).
Thus, the only plausible explanation for the data that is in accord with
the rules for HIV integration is that the cells with the integrations in
MKL2 and BACH?2 were selected post-integration because the integra-
tions in these genes contributed to the expansion and persistence of the
host cells. This interpretation is supported, for BACH2, by a report
showing that this gene is a target for retroviral insertional activation in
mice infected with murine leukemia virus (23).

Most of our analyses were performed using cells from patients on
long-term cART, which blocks the infection of additional cells, but has
no effect on cells that have already been infected (9). During untreated
HIV infections, approximately 10° cells are infected daily. The vast ma-
jority (99%) of the newly infected cells die within 24-48 hours and a
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substantial proportion of the remaining cells die within 2-4 weeks (24—
26). Viremia decreases by 4-5 logs when patients undergo cART; how-
ever, the number of cells containing HIV DNA decreases by approxi-
mately one log (9), indicating that a substantial fraction (~10%) of the
cells that were infected before the initiation of cART persist. Most of
these long-lived infected cells contain proviruses that are obviously de-
fective; however, about 12% of the proviruses appear to be functional,
although only a small fraction of these apparently functional proviruses
can be induced to make virus in ex vivo experiments (27). Cells infected
with highly defective or fully latent proviruses that produce little or no
viral protein may have a survival advantage relative to cells that produce
virions, because cells that express viral proteins are more likely to be
lysed by HIV-specific CTL, or be subject to cytopathic effects of the
viral proteins. This same logic applies to HIV infected cells that undergo
clonal expansion. Although we have not yet shown that clonally expand-
ed cells produce replication competent HIV, we have shown that a high-
ly expanded clone of cells does produce HIV virions in sufficient
quantity to cause viremia, which means that the selection against cells
that produce viral proteins is not so strong that it prevents extensive
clonal expansion of cells that express the viral proteins required to pro-
duce virions.

Our data show that many of the infected cells that persist have un-
dergone clonal expansion; these clones were revealed but not created by
cART. For some infected cell clones, it is likely that the integration site
is only a passive marker of clonal expansions that are driven by another
factor or factors, such as antigen stimulation or homeostatic proliferation
signals (28). By contrast, we show here that some cells with HIV inte-
gration sites in specific genes are strongly selected because these inte-
grations promote the survival and expansion of the infected cells.
Although there are obvious similarities in the integration sites seen in the
five patients, there is considerable heterogeneity from one patient to
another, both in the extent of clonal expansion and in the genes in which
proviruses are integrated in the clonally expanded cells (Fig. S5). This
complexity highlights the difficulty in attempting to extrapolate, from
bulk HIV DNA quantification, the size and nature of the population of
HIV proviruses that make up the reservoir that gives rise to HIV rebound
following cessation of cART (28).

Our findings have relevance for three important areas: 1) To effec-
tively target HIV persistence with the goal of achieving a cure, it will be
important not only to suppress any replication of the virus, but also to
block the expansion of infected cells. 2) Although the HIV vectors used
in gene therapy have safety features that the parental virus lacks, we now
know that, like many other retroviruses, HIV integration can lead to
clonal expansion and persistence of infected cells. This discovery sug-
gests that persons treated with HIV-based vectors should be carefully
monitored for evidence of clonal expansion of vector-infected cells. 3)
We also suggest that it is time to reexamine the question of whether HIV
integration can contribute to the development of malignancies. Although
there are well-defined cancers in HIV-infected patients that are the result
of uncontrolled expression of herpes viruses, there are reports of a small
number of lymphomas with HIV proviruses integrated at defined sites;
one lymphoma had a provirus integrated in BACH2 (75, 29, 30). Despite
these published reports, it is widely believed that HIV DNA is not de-
tectable in most cancers from HIV-infected patients; however, the exper-
iments supporting this belief are not well-documented in the literature. It
is possible that prior attempts to detect HIV DNA in cancers examined
only a very small portion of the HIV genome; and as such, missed HIV
proviruses having large deletions; large deletions are a characteristic of
the proviruses that cause murine and avian tumors. Thus, our findings
have important implications for designing and implementing strategies
to eliminate persistent HIV infection, for the use of lentiviral vectors for
gene therapy in human patients, and, possibly, for the origin of some
HIV-related malignancies.
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Table 1. In patient 1, clones persist for many years.

Detected in year*

Gene Integration Site 0.2 4.8 11.4 Orientationt Gene Description
DEAD (Asp-Glu-Ala-Asp) box polypep-
DDX6 chr11:118636877 + + + Reverse tide 6
tumor necrosis factor (ligand) superfamily,
TNFSF13B chr13:108927255 Forward member 13
PKP4 chr2:159370503 Forward plakophilin 4
RBM15B chr3:51434782 Reverse RNA binding motif protein 15B
poly (ADP-ribose) polymerase family,
PARP8 chr5:50035007 + + + Reverse member 8
ATPase, H+ transporting, lysosomal
ATP6V1G3 chr1:198506789 - + + Forward 13kDa, V1 subunit G3
solute carrier family 30 (zinc transporter),
SLC30A7 chr1:101445575 - + + Forward member 7
ZCCHC11 chr1:52956520 - + + Reverse zinc finger, CCHC domain containing 11
NUMA1 chrl1:71744577 - + + Forward nuclear mitotic apparatus protein 1
CTAGES chr14:39760983 - + + Reverse CTAGE family, member 5
protein associated with topoisomerase II
PATL2 chr15:44962782 - + + Forward homolog 2 (yeast)
P4HB} chr17:79800929 - + + Reverse prolyl 4-hydroxylase, beta polypeptide
ZC3H4 chr19:47603701 - + + Reverse zine finger CCCH-type containing 4
COGS5 chr7:107182849 - + + Reverse component of oligomeric golgi complex 5
GIMAPG6T chr7:150318109 - + + Reverse GTPase, IMAP family member 6
ZNF16 chr8:146170620 - + + Forward zinc finger protein 16
R3H domain containing 2 (R3HDM?2),
R3HDM2} chr12:57731640 = + Forward mRNA.)
FSIP1 chr15:39975096 - + Forward fibrous sheath interacting protein 1
NLRCS5 chr16:57030643 = + Forward NLR family, CARD domain containing 5
signal transducer and activator of transcrip-
STATSB chr17:40421711 + - + Reverse tion 5B
PABPCIL chr20:43561100 + - + Reverse poly(A) binding protein, cytoplasmic 1-like
MAP4 chr3:47981132 + - + Reverse microtubule-associated protein 4
BTNL3} chr5:180401789 +F - 4 Forward butyrophilin-like 3
SQLE chr8:126012090 + - + Forward squalene epoxidase
chromodomain helicase DNA binding pro-
CHD7 chr8:61594573 + + = Reverse tein 7
*Relative to start of cCART.

1The orientation of the provirus relative to the direction of transcription of the gene.

I Nearest gene.
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A <K B

Patient 1 Patient 2

° c

Patient 3

0.002 0.002 0.002

0 05/22/98 pre-ART PBMC DNA
O 07/11/00 pre-ART plasma RNA ® 04/11/11 on ART PBMC DNA* 0 09/10/02 on ART PBMC DNA*

@ 12/09/11 on ART plasma RNA ® 04/22/09 on ART PBMC DNA*
<«12/09/11 DNA from “ambiguous”

*Hypermutants omitted from alignment

D

Patient 4

© 06/20/97 pre-ART PBMC DNA*

©02/23/99 on-ART PBMC
© 03/16/09 on ART PBMC DNA* o 12/13/04 o ART PBMG

Fig. 1. Long term cART reveals, the presence, in patients, at both the RNA and the DNA level, of HIV
genomes that have identical sequences. (A to E) Single-genome sequences were obtained from plasma
virion RNA or from PBMC DNA prior to or shortly after the initiation of cART, and after long-term cART.
Sequences were aligned using Clustal W, and neighbor-joining trees were rooted on the consensus sequence
of subgroup B HIV (8). Virus populations from pretherapy samples, or samples taken shortly after the initiation
of cART, are shown as open circles (red, virion RNA; black, PBMC DNA); populations after prolonged cART, as
closed circles (red, virion RNA; black, PBMC DNA). In patient 1, the black dot, marked by the arrow, represents
DNA sequences from the provirus in a clone of expanded cells, whose integration site could not be mapped
(“ambiguous”, Fig. 2). Short branches and low bootstrap values on major nodes of the trees support a lack of
divergence between pre- or early therapy sequences and populations of identical sequences after prolonged
cART (4). To avoid distorting the trees, all hypermutant sequences were removed for the analysis shown in the
figure. * Denotes the trees from which G>A hypermutant sequences were removed.
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O Integration sites O Integration sites in

identified once, expanded clones, Highly expanded clones
N=1388 N=583 Total integrants in
Genes Patient Integrants patient %
HORMAD?2 3 62 317 19.6
Ambiguous 1 55 1762 3.1
Intergenic-1 1 55 1762 31
MKL2a 1 48 1762 2.7
MKL2b 1 22 1762 1.2
HNRNPM 4 18 215 8.4
ATP6V1G3 1 17 1762 1.0
Intergenic-2 1 15 1762 0.9
TNFSF13B 1 13 1762 0.7
Intergenic-3 1 13 1762 0.7
@ UBE2D2 4 13 215 6.0
///I DDX6 1 11 1762 0.6
@ MKL2c 1 11 1762 0.6
- O FSIP1 1 10 1762 06
o KIAAO319L 1 9 1762 0.5
@ MKL2d 1 9 1762 0.5
O MKL2e 1 9 1762 0.5
O Intergenic-4 1 9 1762 0.5
PABPC1L 1 9 1762 0.5
Expanded clones with fewer O RBM15B 1 8 1762 0.5
than 7 integrants O CEPTY 1 7 1762 0.4
O CKAP5 3 7 317 22
O STAT5B 1 7 1762 0.4
O PKP4 1 7 1762 0.4

Fig. 2. Distribution of integration sites in the five patients. A total of
2410 integration sites were obtained from PBMCs or negatively selected
CD4+ cells from the five patients. Genes in which we isolated a particular
integration site 7 or more times are shown. The table shows which patient
harbored each of these expanded clones, how many times the different
integrations sites were isolated, and the fraction of the infected cells the
expanded clone represents in the patient. The MKL2 clones marked a, b, c,
and d correspond to the integration sites marked a, b, ¢, and d in Fig. 3.
One provirus in a highly expanded clone in patient 1 was in a sequence
that could not be unambiguously assigned in the human genome (denoted
“ambiguous”). Our standard analysis (presented here) underestimated the
fraction of the infected cells in patient 3 that had an integration site in
HORMAD2; see text and (8).
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» Identified in patient 1
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® indicates an integration in a cell that was clonally expanded

B Integrations in BACH2
Chr6é
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3ACH2 g4 — - ‘ : — —
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3ACH2 " ———— — - : : — —
> >
Translation start site . Hela
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Fig. 3. Integration sites in the MKL2 and BACH2 genes in patient 1 after 11.4 years of
cART. (A) There were 15 distinct integration sites (blue arrows) in a small region of the MKL2
gene in patient 1. The arrows denote the transcriptional orientation of each provirus. The
circled arrows indicate integration sites in clonally expanded cells. The arrows marked a, b, c,
and d correspond to the clones marked a, b, ¢, and d in Fig. 2. (B) There were 15 distinct
integration sites in a small region of the BACH2 gene in patient 1 (blue arrows). Some of these
integration sites were in clonally expanded cells (circled arrows). Panels A and B also show the
HIV integration sites identified in the same two genes in acutely infected HelLa cells (total
sites=248,658, brown arrows) and CD34+ cells (total sites=159,484, green arrows).
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