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Summary

Advances in technology have made it possible to analyze integration sites in cells from HIV
infected patients. A significant fraction of infected cells in patients on long-term therapy are
clonally expanded; in some cases the integrated viral DNA contributes to the clonal expansion of
the infected cells. Although the large majority (>95%) of the HIV proviruses in treated patients are
defective, expanded clones can carry replication competent proviruses, and cells from these clones
can release infectious virus. As discussed in this Perspective, it is likely that cells that produce
virus are strongly selected against in vivo, and cells with replication competent proviruses expand
and survive because only a small fraction of the cells produce virus. These findings have
implications for strategies that are intended to eliminate the reservoir of infected cells that has
made it almost impossible to cure HIV infected patients.

Introduction

Like all retroviruses, replication of the HIV genome requires that the viral DNA
intermediate (provirus) be integrated into the genome of the host (Craigie and Bushman,
2012) (Figure 1A). Although the conversion of the viral single stranded RNA into linear
double stranded DNA (dsDNA) intermediate (Hu and Hughes, 2012) may help stabilize the
viral genome, it is the integration of the viral DNA into the genome of the host cell that
permits HIV to persist for many years in the absence of viral replication. HIV persists, in
spite of effective antiretroviral therapy (ART), because viral DNA occasionally integrates
into long-lived cells where the provirus can remain quiescent for long periods (Siliciano and
Greene, 2011). Although most of the proviruses that persist in patients on long term ART are
defective, a few percent are intact and are capable of giving rise to infectious virus (Ho et al.,
2013). It is these intact proviruses that allow the virus infection to rekindle upon cessation of
ART.

Whether latency plays a role in untreated HIV infection is unclear. Latency involves a very
small fraction of the total infected cells, except in the context of antiretroviral therapy, where
active HIV replication is suppressed. It has been proposed; however, that short-term
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“latency” (perhaps more of a delay) in the infection cycle can arise as a result of stochastic
“noise” in the rate of accumulation of the Tat transactivator protein, which enables efficient
transcription of HIV genes (Weinberger, 2015). This might, early after infection of a new
host, help the virus find cells that would support efficient replication (Rouzine et al., 2015).
Although the delay could not be more than a few weeks, additional epigenetic events (such
as DNA methylation or histone modification) could then lead to prolonged silencing.

There is considerable interest in developing approaches to eliminate cells containing the
intact proviruses that form this reservoir. Analysis of the integration sites in samples taken
from the blood of patients on successful long-term ART has demonstrated that some HIV
infected cells divide extensively after infection, giving rise to expanded clones of cells, all of
which have a provirus at the identical site (Maldarelli et al., 2014; Wagner et al., 2014).
More importantly, expanded clones can carry intact proviruses, which can give rise to
infectious virus following T-stimulation with T-cell activating agents (Simonetti et al.,
2016a). Even though such long-lived “latently infected” cells may be irrelevant to the natural
history of the virus in untreated infections, they constitute the major block to finding a true
cure for this devastating disease. The fact that the reservoir can be replenished, or potentially
even expand, despite effective ART, which completely blocks viral replication (Dinoso et al.,
2009; Kearney et al., 2014), makes the problem of curing HIV infection even more daunting
than was initially thought.

In the sections that follow, we present our perspective on what controls the specificity of
integration, with particular emphasis on its importance in the generation and persistence of
HIV infected cells on long-term fully suppressive ART. Those who would like additional
background information can consult recent reviews (Demeulemeester et al., 2015; Serrao
and Engelman, 2016).

What determines the distribution of retroviral integration sites?

Large-scale sequencing has revealed that there are many millions of retroviral integration
sites in the host cell genome (Singh et al., 2015; Wang et al., 2007), but that integration is,
nonetheless, far from random, with specificity created by several levels of interaction
between virus and host. First, there is some modest local sequence specificity at the
integration site (Holman and Coffin, 2005; Wu and Burgess, 2004), which is determined by
the interactions of viral integrase (IN) with the host DNA (Serrao et al., 2014). The
prototype foamy virus (PFV) IN tetramer is symmetrical (Cherepanov et al., 2005), as are
the IN octamers of avian sarcoma leukosis virus (ASLV) (Yin et al., 2016) and mouse
mammary tumor virus (MMTYV) (Ballandras-Colas et al., 2016). For that reason, the
integration reaction is not orientation specific with respect to the host DNA target. Although
there is considerable variation among various retroviruses, each displays a weak consensus
sequence at its integration site, extending at least 20 nucleotides, which can be determined
by aligning large numbers of sites. Although the consensus is palindromic, reflecting the
average of all integration sites in both directions, individual integration sites are not
necessarily symmetric. As might have been expected, mutations in IN that alter its
interaction with the host DNA can also alter the preferred sequence where the viral DNA is
integrated (Demeulemeester et al., 2014; Serrao et al., 2014); however, the new consensus is
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always palindromic. The PFV and ASLV structures show these INs bound to viral and target
(host) DNA. Both structures show that the host DNA is bent (Maertens et al., 2010; Yin et
al., 2016) (Figure 1B,C), and it is likely that the integration machinery of both HIV and
murine leukemia virus (MLV) also prefers a bent DNA target.

Beyond the general sequence preference; however, different retroviruses have different
global integration site preferences (Mitchell et al., 2004). HIV integration favors the bodies
of actively expressed genes (Schrdder et al., 2002); MLV favors active enhancer sequences
upstream of genes (De Ravin et al., 2014; LaFave et al., 2014; Wu et al., 2003). Importantly,
neither of these preferences is absolute. About 80% of HIV integration events, for example,
are in genes, which constitute about 40% of the genome, including introns and exons.
Although ASLV and human T-cell leukemia virus (HTLV) integration sites are more nearly
random (Bushman et al., 2005; Derse et al., 2007) than either MLV or HIV, there is still
some measurable specificity. The retroviral pre-integration complex (PIC) is a nucleoprotein
structure containing IN, viral DNA, and other components that facilitate transport and
integration. The PIC interacts with one or more host factors that help the PIC associate with
host chromatin. HIV IN interacts with the host chromatin-binding protein LEDGF/P75,
which we will refer to as LEDGF (Cherepanov et al., 2003; Ciuffi et al., 2005; Llano et al.,
2004), and MLV IN interacts with several related BET (for bromodomain and external
domain) proteins (De Rijck et al., 2013; Gupta et al., 2013; Sharma et al., 2013). Both
LEDGF and the BET proteins bind to chromatin, and their distribution is reflected in the
integration specificity of HIV and MLV. In both cases, the interaction depends, in part, on
binding to modified histone tails. LEDGF binds to a trimethylated lysine on histone H3
(Eidahl et al., 2013) and the BET proteins bind to acetylated lysines on histones H3 and H4
(Dey et al., 2003). Both LEDGF and the BETs are multidomain proteins. In both cases, the
N-terminal domains bind chromatin and IN binds to the C-terminal portion (Cherepanov et
al., 2005; Crowe et al., 2016). Integration into DNA bound to a nucleosome allows the PIC
to bind to DNA that is already bent, making the overall reaction more energetically
favorable. In thinking about how integration might occur on DNA bound to a nucleosome, it
should be kept in mind, that by choosing sites that are 4-6 bp apart on the two strands of host
DNA, the PIC can interact with sites that are located on the same side of the DNA double
helix (Figure 1C); presumably, integration occurs on the side of the DNA that is facing
outward, away from the nucleosome. Analysis of HIV integration sites in DNA on phased
nucleosomes revealed a characteristic 10-base spacing between sites, at locations which are
consistent with the PFV structural data showing integration occurring across the major
groove (Miller and Varmus, 1994; Pruss et al., 1994).

For both HIV and MLV, integration site preferences reflect, at least in part, the distribution
on chromatin of the host factors to which the respective INs bind; i.e., LEDGF and the BET
proteins. In the absence of LEGDF, the efficiency of HIV integration is reduced (Engelman
and Cherepanov, 2008; Llano et al., 2006), as is its preference for integrating into actively
expressed genes, although integration is not completely random (Busschots et al., 2005;
Ciuffi et al., 2005). It is also likely, at least in the case of HIV-1 and MLV, that the PICs
interact with other host factors. One of the complexities that has not as yet been resolved is
that the PIC is not simply an IN multimer bound to viral DNA. PICs contain other viral
components, and may also contain one or more host proteins (Ao et al., 2010; Lin and

Cell Host Microbe. Author manuscript; available in PMC 2017 May 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hughes and Coffin

Retroviral

Page 4

Engelman, 2003). There is good evidence that the viral capsid (CA) protein is both present,
and important, in the PICs of HIV and MLV. The N74D mutation in HIV-1 CA is known to
interfere with the binding of CA to the host factor CPSF6, an interaction that is critical for
proper import of the PIC into the nucleus of resting cells (Lee et al., 2010). The N74D
mutation also has a profound effect on the overall distribution of HIV integration sites (Koh
et al., 2013; Sowd et al., 2016). In addition to its preference for actively expressed genes,
HIV DNA preferentially integrates into gene rich regions of the genome that contain large
numbers of expressed genes (Schroder et al., 2002). The N74D mutant, although it is still
LEDGF dependent, has lost most of its preference for integration into gene rich regions.
Although the N74D mutant can integrate with good efficiency in some cell lines, integration
in other cell types, including macrophages, is impaired (Ambrose et al., 2012).

Recent data suggest that the mechanism by which HIV PICs transit nuclear pores predispose
PICs to interact with chromatin and integrate into portions of the genome that are near the
outer part of the nucleus, perhaps near pores (Marini et al., 2015). However, other data,
including the use of modified LEDGF proteins to redirect integration to nonexpressed,
heterochromatic regions (Ferris et al., 2010; Gijsbers et al., 2010; Silvers et al., 2010) show
that HIV integration can occur in essentially any part of the genome (Singh et al., 2015),
albeit with variable efficiency. Thus, while it appears that the entire host genome is
theoretically accessible to integration, further studies are needed to determine the role of
nuclear architecture plays in integration.

integration sites in humans and animal models

Because an integrated provirus is part of the host cell genome, if an infected cell replicates,
all its descendants will have a provirus inserted in exactly the same site as the parental cell.
Thus, sites of integration can be used to track the clonal expansion of an infected cell. The
first in vivo applications of this idea involved the analysis of the integration sites of
endogenous retroviruses (Hayward et al., 1980; Hughes et al., 1979; Steffen and Weinberg,
1978), which result from infection of the germline and are passed by normal Mendelian
inheritance from parent to offspring, and of tumors caused by infection with exogenous
retroviruses. In case of endogenous viruses, all of the cells in an animal carry the same
provirus at the same site. Even very closely related proviruses can be distinguished by their
sites of integration, providing useful genetic markers (Frankel et al., 1990) and allowing
discovery of their association with genetic diseases (Boeke and Stoye, 1997; Hutchison et
al., 1984; Stoye et al., 1988). In most experimental tumors caused by exogenous
retroviruses, the integration sites are in or near protooncogenes, where the integrated viral
DNA can induce the expression of part or all of the encoded oncogene protein (Hayward et
al., 1981; Kim et al., 2003; Payne et al., 1981). MLV and ALV proviruses induce tumors in
mice and chickens by altering the expression of nearby oncogenes; identification of clonal
integration sites in the tumors led to the identification of new oncogenes and the elucidation
of the molecular basis of cancer (Rosenberg and Jolicoeur, 1997).

Although no natural human cancer has been associated with insertional activation of genes
by retrovirus infection, there have been a few cases of retrovirus-induced leukemia in gene
therapy patients. Some retroviruses - especially MLV and HIV - have been adapted as
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vectors to introduce genes to treat a variety of genetic diseases (Kotterman et al., 2015).
Studies of integration sites has shown that there is extensive clonal expansion of infected
cells in gene therapy patients treated with MLV or HIV vectors (Cavazzana-Calvo et al.,
2010; Wang et al., 2010); however, thus far, only in patients treated with MLV-based vectors
has there been evidence that the expansion was driven by the provirus or led to the
development of cancer. Several patients with X-linked severe combined immunodeficiency,
caused by mutations in the IL2-RG gene, who were successfully treated with an MLV vector
encoding the gamma chain of the IL-2 receptor were subsequently diagnosed with a T-cell
malignancy. The tumor was found to be clonally expanded from a cell with a vector provirus
integrated in the LMO2 oncogene (Hacein-Bey-Abina et al., 2003), strongly implying that it
was the primary cause of the tumor. Although clonal expansion of a vector-infected cell can
be a sign of malignant proliferation, it is not necessarily a bad thing. If gene therapy patients
are to maintain reasonable levels of treated cells, some clonal expansion (in a limited and
controlled fashion) is both an expected and a desired result. For such therapy to succeed, it is
necessary to infect stem cells; differentiation of vector-modified stem cells will give rise to
clones in which all of the cells carried a provirus in the same site. In some gene therapy
patients treated with MLV-based and HIV-based vectors and followed for relatively long
periods, there is evidence that some of the clones increase in size, and then subsequently
decrease (Cavazzana-Calvo et al., 2010; Wang et al., 2010), although what caused these
changes is not yet clear.

One of the first large-scale studies of the distribution of the integration sites of a naturally
acquired exogenous retrovirus in human patients involved HTLV rather than HIV (Gillet et
al., 2011). Unlike HIV infections, the level of HTLV virions in the blood of infected patients
is low, there is relatively little new infection, and infected cells do not turn over rapidly.
HTLV induces the proliferation of infected cells in patients, and a significant portion of the
replication of the virus is the result of expansion of infected cells, rather than cell to cell
spread of the virus. As would be expected from this scenario, HTLV-infected patients exhibit
extensive clonal expansion of infected cells, from which malignant cell clones occasionally
arise, in complex and variable patterns.

Integration sites in HIV infection

In contrast to HTLV, HIV-infected individuals have high levels of virus in the blood,
averaging about 30,000 copies of virion RNA per ml. The rate of new infection of target
CDA4+ T cells is high and infected cells turn over rapidly. It has been estimated that, in
untreated HIV infections, 10° cells are newly infected each day (Coffin and Swanstrom,
2013; Ho et al., 1995; Wei et al., 1995). Most of the infected cells die within a day, a process
that eventually leads to a decline of the total CD4+ T-cells, severely compromising the
immune response. In patients initiating ART, new infection is blocked, and the level of viral
RNA in the blood falls by three or more orders of magnitude, usually below the limit of
detection in convention assays (<50 copies per ml) (Figure 2A). Ultrasensitive assays
showed that a significant fraction of patients on ART have a low but detectable level of virus
in the blood, and this level is quite stable for long periods of time (months to years)
(Maldarelli et al., 2007). The majority of HIV infected patients are initially infected with a
single “transmitted/founder” virus (Kearney et al., 2009; Keele et al., 2008). Early in
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infection the virus genomes in the blood are all identical, but the genomes soon begin to
diversify due to accumulation of errors made during viral replication, creating a swarm of
viruses. In samples taken from the blood of untreated patients who have been infected for
several years, all the viral sequences are different (Keele et al., 2008; Maldarelli et al., 2013;
Shankarappa et al., 1998). In contrast, clusters of identical viral sequences are often
(although not always) seen in the low-level viremia in patients on long term ART (Bailey et
al., 2006; Kearney et al., 2014). There are two obvious explanations for these clusters: either
they come from clonally expanded infected cells, or they are seeded into the blood from
sanctuary site(s) reflecting very low level of replication of a limited number of virus clones
(Cory et al., 2013). The weight of evidence favors the first explanation.

Although other long-lived cell types (including macrophages) or possible sanctuary sites
(including the brain) have been proposed as possible sources of recrudescent HIV following
ART termination (Siliciano and Greene, 2011), direct evidence has been obtained only for
memory CD4+T cells obtained from blood. Most activated T-cells are short lived, even in
the absence of HIV infection, and most infected cells die within 1-2 days after infection
(Coffin, 1995; Ho et al., 1995; Wei et al., 1995); however, a small fraction of infected CD4+
T cells apparently enters a long-lived resting (memory) state in which the provirus is either
defective in a way that renders it incapable of expressing viral proteins or is in a poorly-
defined state of latency. Expression of the latent proviruses is strongly suppressed by
epigenetic factors including histone modification and (perhaps) DNA methylation (Siliciano
and Greeng, 2011), but at least some of the intact latent proviruses can still be reactivated to
produce infectious virus from time to time (Chun et al., 1997; Chun and Fauci, 2012).
Although the formation of these infected cells may be infrequent, they accumulate during
active infection because they have a long lifetime. Latently infected cells are rare (usually a
few cells per million), but stimulation of resting CD4+ T-cells isolated from patients on ART
with agents known to activate T-cell multiplication, such as phorbol ester (PMA)/ionomycin,
will induce a small number of cells to produce infectious virus (Chun et al., 1997; Finzi et
al., 1997). These latently infected cell populations are highly stable, decaying with a half-life
of 3-4 years (on average) (Crooks et al., 2015; Siliciano et al., 2003).

It takes several months following the initiation of ART for the level of virus in the blood to
reach its lowest level. The drop proceeds in several stages that reflect the sequential loss of
different types of infected cells with different half-lives (Coffin, 1995). The level of RNA in
the blood eventually reaches a steady state and usually remains above the limit of detection
(< 1 copy of RNA/mI) in an ultrasensitive assay, implying the existence of small numbers of
long-lived virus-producing cells (Maldarelli et al., 2007). Despite the very low levels of
virus in the blood, if a patient who has been on successful ART, even for more than 10 years,
is taken off therapy, the virus rapidly reemerges (Chun and Fauci, 2012; Siliciano and
Greene, 2011), implying long-term persistence in some reservoir. There have been claims of
short-term viral evolution, implying ongoing replication in lymph nodes during effective
ART (Lorenzo-Redondo et al., 2016). However, there is strong evidence, including the lack
of viral evolution of rebound relative to pre therapy virus (Joos et al., 2008; Kearney et al.,
2014) (Figure 2B), and the fact that treatment intensification does not further reduce low-
level viremia (Dinoso et al., 2009), which implies the latent proviruses that comprise the
reservoir are present in cells that were infected before ART was initiated.
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One might have expected, given that the decrease in the level of the virus in the blood is due
to the death of productively infected cells, that there would be a parallel decrease in the
amount of viral DNA in the cells in the blood. However, in contrast to the large decrease in
the level of viral RNA (usually ten thousand fold or more), the level of viral DNA decreases
more slowly and levels off, on average, about 15-fold below the level seen during chronic
infection (Figure 2)(Besson et al., 2014). This difference is likely due to the fact that, in
patients on long term ART, a large fraction (the current estimate is about 98%) of the viral
DNA in long-lived cells is defective (Bruner et al., 2016; Ho et al., 2013). This figure may
be an underestimate because a significant fraction of the defective proviruses have extensive
deletions or hypermutations mediated by the cytidine deaminase APOBEC3 (Harris and
Dudley, 2015) and are difficult to detect by PCR. The fraction of infected cells directly
involved in active virus replication in chronic, untreated infection has not been accurately
estimated, but is also likely to be small.

Clonal expansion of HIV-infected cells

How do HIV-infected cells persist for years in patients on ART? It is now clear, based on an
analysis of integration sites, that a significant fraction (at a minimum, 40%) of the long-lived
infected cells present in patients on ART have expanded into clones large enough to be
recognized even in small samples (Maldarelli et al., 2014; Wagner et al., 2014). Clones can
persist for more than 10 years, and can be quite large. Clones larger than a million cells are
commonly seen in patients, and we have found, in one patient, a single HIV-infected clone
that represented more than 50% of the infected cells, probably well over 108 in the whole
body (Maldarelli et al., 2014; Simonetti et al., 2016a).

It should not be surprising that cells carrying defective or non-expressed proviruses can
expand into large clones; memory CD4+ T-cells clonally expand as part of their normal
behavior, in response to both specific (antigen-driven) and general (homeostatic)
immunological stimulation. In many cases it is likely that the provirus has no effect on this
process, beyond marking a cell so that its progeny can be identified by integration site
analysis. Because cells that make virus usually die rapidly, it has been suggested that
clonally expanded cells in patients could not harbor proviruses that could give rise to
replication competent virus (Cohn et al., 2015). However, highly expanded clones can carry
replication competent proviruses and a single large clone can be responsible for detectable
amounts of infectious virus into the blood (Simonetti et al., 2016a). It also appears, in the
one well-studied example, that only a small portion of the cells in the highly expanded clone
that carries an intact provirus are making detectable amounts of viral RNA at any one time.
This result means, in contrast to what has been reported from ex vivo models, that infected
cells can be stimulated to divide /n vivo without activating the expression of the latent
provirus. Thus, cells in a clone that are not making viral RNA and proteins would be able to
divide and the clone could expand, because only a small fraction of the cells would be
activated and produce virus (Figure 3). The level of viral RNA produced by the clone and
released into the blood of the patient was quite stable, implying that the fraction of cells in
the clone that produced virus (and were presumably rapidly killed and then replaced)
remained constant over a period of years. What caused this small and fairly constant
awakening of viral expression in a fraction of the cells in the clone is unclear; however, some

Cell Host Microbe. Author manuscript; available in PMC 2017 May 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hughes and Coffin

Page 8

form of immunological stimulation is certainly a possibility. The fact that cells that carry an
intact, infectious, proviruses can not only persist, but also can divide and clonally expand,
explains why it is so difficult to cure HIV infection. It is important to understand that the
propensity for HIV infected cells to divide and clonally expand is not affected by ART.
Rather, ART prevents new infections, allowing most recently infected cells to die, and
making it easier to detect the expanded clones present in both treated and untreated patients.
However, cessation of ART does not induce or activate provirus expression; rather, a fraction
of cells — probably a small fraction -- must be making virus all the time, and this virus
rapidly rekindles widespread viral replication in the patient when therapy is stopped.

The distribution of HIV integration sites in long-lived cells in patients is the result of three
interacting factors. First, there is the initial distribution of the integration sites, which is
primarily dictated by the interactions of the PIC with host factors, discussed above. This
original distribution is then modified either by chance outgrowth of cells marked by specific
proviruses, in response to antigenic or homeostatic signals, or by particular integration sites
that have an effect on the survival, or clonal expansion, of the infected cell (Maldarelli et al.,
2014; Wagner et al., 2014). As we will discuss later, it appears likely that provirus
integration into specific sites/genes accounts for only a small fraction of the cells that have
clonally expanded in patients. There is, at present, no way to distinguish chance from
provirus-directed events by looking at a single integrated provirus; proviruses that have
played a role in clonal expansion can only be identified by the local distribution (clustering)
of integration sites in or near particular genes, as compared to the initial distribution of the
integration sites before there was an opportunity for selection.

Proviruses can drive clonal expansion

The analysis of clonally expanded cells in HIV infected patients showed that, in some cases,
the integration site of an HIV provirus could contribute to the ability of cells to divide and
clonally expand (Maldarelli et al., 2014; Wagner et al., 2014). The underlying mechanism,
integration of a provirus near or within an oncogene, is similar to what drives clonal
expansion of cells in the animal tumor models (Hayward et al., 1980; Kim et al., 2003;
Rosenberg and Jolicoeur, 1997), and similar to those models, HIV integration must alter the
expression of the affected gene, or the protein it encodes, although the exact mechanisms
have not been elucidated. However, in the animal models, perturbation of the expression of
the oncogene by the integrated provirus leads to the formation of a tumor. At least in the
limited number of cases described so far, it appears that the HIV integration, which can
cause clonal expansion, does not frequently lead to tumors, although there are some claims
to the contrary (Shiramizu et al., 1994).

There are two genes for which there is clear evidence that the integration of an HIV provirus
contributed to the clonal expansion of the infected cells, the transcriptional regulators MKL2
(Figure 4) and BACH2. Integration in these genes has been seen in multiple patients and
reported by multiple laboratories (Han et al., 2004; Ikeda et al., 2007; Mack et al., 2003;
Maldarelli et al., 2014; Wagner et al., 2014). In one patient, for example, 16 out of 1052
unique integration sites were found in MKL2 (about 1.5 %); these 16 sites were clustered
within 2 small introns spanning about 7 kb, or about 0.0002% of the genome. A similar
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situation was seen for HIV integrations in two introns of the BACH2 gene in this patient
(Maldarelli et al., 2014). All of the proviruses were in the same transcriptional orientation as
the gene, suggesting that they affected expression of these genes by the insertion of
transcriptional control elements, such as promoters, enhancers, or polyadenylation sites. In
contrast, in cells infected in culture, there is no preferential integration in these introns in
either the BACH?2 or MKL2 genes (Figure 4), nor is there any evidence that there is any
preferential integration in one of the two possible orientations. In patients, the BACH2
integrations were all upstream of the coding exons; the MKL2 integrations were all between
coding exons. Both MKL2 and BACH2 are known human proto-oncogenes (Flucke et al.,
2013; Kobayashi et al., 2011; Muehlich et al., 2012); in mice, MLV integration in BACH2
can lead to the development of B-cell tumors (Liu et al., 2009). Thus, cells with HIV
proviruses in two introns of each of these genes were likely selected in patients because the
integrated viral DNA affected the expression of gene, altering the growth and/or survival
properties of the infected cell.

It is likely that there are additional genes whose expression can be activated by HIV
integration in patients, causing the cells to clonally expand, and we expect that additional
genes will be identified as more integration sites in patients are described. However, as
mentioned earlier, it is also likely, because T-cells clonally expand as part of the natural
history, that the majority of the clonally amplified cells have been stimulated to expand by
means other than the insertion of a provirus in or near an oncogene. In the absence of a
dramatic clustering of integration events as was seen in MKL2 and BACH?Z, it can be
difficult to show that a specific provirus played a role in causing the clonal expansion of an
infected cell, particularly if the provirus is integrated in a cancer-related gene, many of
which are preferred targets for HIV integration.

An important issue is whether intact integrated proviruses can both drive expansion and be
part of the reservoir that produces infectious virus after cessation of ART. In other words, is
it possible for a long terminal repeat (LTR), which drives HIV gene expression, to also affect
the expression of nearby genes without the provirus itself being expressed? As noted earlier,
clones can expand if they carry an intact provirus, as long as it is not expressed in the
majority of the cells, making the cells in the clone vulnerable to the toxicity of the viral
proteins and/or to immune surveillance. If the effect of the provirus on genes like MKL2 and
BACH?2 is due to activity of the viral LTR promoter, as it is in many animal tumor models
(Rosenberg and Jolicoeur, 1997), then it seems unlikely that clonal expansion could be
driven by intact proviruses, which would be expressed if the LTR was active. However, it is
possible that the LTR could be providing other types of regulatory elements — enhancer
elements or polyadenylation signals, for example — which could be functional even if the
provirus is not expressed. To date, we have determined the structure of six of the MKL2
proviruses shown in Figure 4, and all of the proviruses are highly defective due to deletions
and/or hypermutation (Simonetti et al., 2016b). Of these, 5 lack a functional fat
transactivator gene, which is essential for LTR promoter-driven expression, suggesting that
alteration of MKL2 expression may not be due to simple promoter insertion. Given the fact
that the large majority of the proviruses in patients on ART are defective, it is important to
try to understand how defective proviruses arise. Only a relatively small number of defective
proviruses have been characterized; however, the available information suggests, with one
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important exception, that most of the defects arise during reverse transcription, and that most
of the obvious defects arise either though errors made during minus strand DNA synthesis
either by reverse transcriptase (deletions), or though the action of one of the APOBEC3
proteins (hypermutation). All six of the MKL2 proviruses have one or the other defect.
Although point mutations probably also occur during cellular DNA replication, they are
difficult to detect over background genetic variation, and their effect is likely to be small.
However, there is one post integration process that was discovered in the analysis of
endogenous retroviruses, which also can affect the structure of HIV proviruses in patients.
Because the two LTRs that flank a provirus are (usually) identical, they can recombine with
one another, looping out one LTR and the coding region, and leaving behind a solo LTR.
Solo LTRs derived from endogenous retroviruses are common features of genomes of
mammals and birds (Boeke and Stoye, 1997; Subramanian et al., 2011); they have also been
seen in retrovirus-induced tumors (Payne et al., 1982). We found , in some of the clonally
expanded cells, HIV proviruses that had been reduced to solo LTRs (Simonetti et al.,
2016b), implying that this mechanism may also be common in patients. It is not yet known
whether the HIV solo LTRs arose from recombination of defective or replication competent
proviruses (or both).

Conclusions and implications of clonal expansion

Although there are still important questions that need to be answered, we can make
reasonable conjectures about the role of clonal expansion in the generation and maintenance
of the reservoir that makes it so difficult to cure HIV infections; these conjectures have
important implications for attempts to cure HIV infections. Although it will be important to
determine what fraction of expanded clones carry infectious proviruses, the example we
described shows that cells carrying an infectious provirus can clonally expand. It is likely
that HIV infected individuals have many different clones, comprising different numbers of
cells. Some of these clones carry intact proviruses and cells in the clones occasionally give
rise to infectious viruses. Some of the clones can be large (>106 cells), creating a major
challenge for eradication of the HIV reservoir. Even if the patient is given a treatment that
greatly reduces the number of cells that carry infectious proviruses, and the patient is kept on
a drug regimen that completely blocks viral replication, the clones can re-expand after the
treatment is stopped. The recent report which showed that the two “Boston patients,” who
had bone marrow transplants that eliminated more than 99.9% of their blood cells relapsed
within 6 months after cessation of ART points to the magnitude of the problem (Henrich et
al., 2014).

Although there may be other types of cells that could make up a small fraction of the
reservoir, the majority of the cells (and the expanded clones) that carry intact proviruses
appear to be CD4+ T-cells, and most of the cells in these clones are not, at any given time,
making significant amounts of virus or viral proteins. Although the inducible latent reservoir
includes quiescent memory T-cells, clonal expansion of cells with intact proviruses requires
that most of the cells in the clone be capable of dividing without expressing viral proteins
(Figure 3). Therefore, approaches that are intended to cause the latent provirus to be
expressed if the cells are stimulated to divide are unlikely to “wake up* all of the latent
proviruses, an idea that has direct support in ex vivo experiments (Spina et al., 2013).
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Although we have relatively little information about expanded clones that carry potentially
infectious proviruses, it is not clear that the proviruses in all the clones in patients are
silenced in exactly the same way, nor is it clear that all of the intact proviruses in the various
clones can be awakened by the same stimuli. Nor do we know which, if any, of the ex vivo
models being used to study latency are appropriate to the situation /7 vivo. In the case of the
one clone known to carry an infectious provirus, only a few percent of the cells in the clone
were making virus RNA; yet, over the whole body, there were enough virus expressing cells
to sustain a constant low level viremia. Our limited understanding of the cause(s) of this
heterogeneity of expression is profound; there may be differences in the environment in
which the cells are found, there may be differences in the cells, and it is possible that a
fraction of the cells in a clone could have encountered a particular stimulus. Thus, it is
possible that a fraction of the cells in a clone that carries an infectious provirus might not be
activated to express virus by a treatment that would activate the proviruses in the majority of
the cells, an idea that is supported by ex vivo activation experiments (Ho et al., 2013). All of
these issues suggest that developing a therapeutic approach that will reliably eliminate all of
the infectious proviruses in all of the expanded clones is going to be very difficult.
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Figure 1.
Retroviral DNA Integration. A. The steps in retroviral integration. At the top is a drawing of

the full length linear viral DNA. In the second panel, IN has removed 2 nucleotides from the
3’ ends of the viral DNA (the 3’ Processing reaction). In the third panel, the newly exposed
3’ ends of the viral DNA are aligned with the host genome for the Strand Transfer or ST
reaction (shown in panel 4). The five dots represent the nucleotides of the host DNA that are
duplicated in the HIV integration reaction. In the bottom two panels, host repair enzymes
repair the mismatches and nicks in the DNA left by the ST reaction, creating the target site
duplication.

B . The crystal structure (Maertens et al., 2010) of a complex of PFV IN, two pieces of DNA
that represent the ends of the virus DNA (vVDNA), and the target DNA (tDNA). There are
four IN subunits in the complex. All of the domains of the two inner subunits, which are
directly involved in the ST reaction, can be seen; these two are colored blue and green. Only
a portion of the two outer subunits (colored gold) can be seen in the crystal structure; these
are the central catalytic domains (CCD); the CCDs of the two inner subunits are also
marked. Compared to the IN of HIV, PFV IN has an N-terminal extension domain (NED)
(seen only on the two inner INs).

C. Structure of the host and virus DNA with the IN protein removed. The tDNA is bent, as
can be seen more clearly in this panel, because the DNAs are rotated 90° relative to panel B.
Panel C also shows the position of the host strands that participated in the ST reaction after
the ST reactions have taken place.

Reprinted with permission from (Brown, 1997) (A) and (Maertens et al., 2010) (B and C).
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Viral RNA from blood and viral DNA from PBMCs of patients on ART. A. Kinetics of
decay and rebound. Note that the Y-axis is a log scale. Immediately following the start of

therapy, there is a rapid loss of the viral RNA and the level of the viral RNA decays in

several stages (see text). The level of the viral DNA also decays, but the loss of viral DNA is
much smaller. Interruption of therapy, even after many years, invariably leads to a return of

the virus to levels very near the pretherapy values.

B. Comparison of HIV DNA sequences before and after ART. The drawings show neighbor-
joining trees representing the relatedness of gag-po/sequences from viral DNA isolated
from blood cells. The open dots show viral sequences from cells taken either before or just
after the initiation of ART. All of the patients had been infected for a long time, and no two
pretherapy viral DNA sequences are alike. After prolonged ART (>7 years) another sample
was taken from the blood of all 4 patients. After long term ART, clusters of identical viral
DNA sequences are seen in samples of blood from each of the patients (filled dots, circled in

red) Reprinted from (Hilldorfer et al., 2012).
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Figure 3.
Only a small fraction of the cells in an expanded clone that carries an infectious provirus

make virus at any one time. A group of infected cells is shown on the left. In patients, only
about one cell in a thousand is infected; for simplicity, uninfected cells are not shown. Most
of the infected cells carry defective proviruses; a cell that carries an infectious provirus is
shown in blue. The blue cell divides, giving rise to a clone. Most of the cells in the clone do
not make viral RNA or produce virus (blue cells in the upper part of the drawing); however,
by an unknown mechanism, some of the cells in the clone are occasionally activated to make
virus (bottom). These cells most likely die rapidly (dying cells are shown in faded red). In
treated patients, effective therapy (CART) prevents the virus that is released from the cells
from infecting new cells. The clone is maintained by division of the (blue) cells that do not
make virus; from this reservoir, cells that can make virus are continually produced. Although
the virus producing cells die rapidly, new virus producing cells arise, and these cells
maintain a low level of virus in the blood (red, lower right). The authors thank Francesco
Simonetti for this figure.
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Integration sites in the MKL2 gene. A diagram of the MKL2
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gene on chromosome 16 is

shown; the exons are indicated as small vertical bars. Integration sites in PBMCs taken from
healthy human volunteers and infected in culture are shown above the diagram of the gene.
The orientation of the proviruses relative to the gene is indicated by the direction of the
arrowheads and by their color. The integration sites obtained from patient 1 of Maldarelli et
al. (2014) are shown below the gene. The 7 kb portion of the gene, encompassing 3 small
introns where there were integration sites in the patient, is expanded and is shown at the
bottom of the figure. Circled arrowheads indicate integrations that were shown to be clonally
expanded. The integration site data for patient 1 is reprinted from (Maldarelli et al., 2014).
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