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Reservoir expansion by T-cell proliferation may be
another barrier to curing HIV infection

Michelle Kim® and Robert F. Siliciano™"

The greatest obstacle to curing HIV-1 infection is a
latent reservoir comprising resting CD4™ T cells that
contain an unexpressed, replication-competent copy
of the HIV-1 genome integrated into the host DNA.
These latently infected cells are essentially indis-
tinguishable from uninfected ones and therefore can-
not be selectively targeted for elimination. The latent
reservoir is characterized by a notable stability that
explains why it is a lifelong barrier to a cure. Longitu-
dinal studies in HIV-1-infected individuals measuring
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Fig. 1. Possible causes of clonal expansion of infected CD4* T cells. Uninfected
CD4* T cells (in grayscale) circulate with rare CD4* T cells that carry an
integrated HIV-1 provirus (various colors). CD4* T lymphocytes can undergo
clonal expansion as a result of (A) homeostatic proliferation, (B) interaction with
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changes in the frequency of latently infected cells
over time have estimated the half-life of reservoir de-
cay to be ~3.6 y (1, 2). At this rate, a reservoir con-
taining 10° cells would take more than 70 y to decay
naturally. Because even a single replication-compe-
tent latent virus can lead to rebound viremia, HIV-1-
infected individuals must endure lifelong treatment
with antiretroviral therapy (ART). The disturbing pos-
sibility that the clonal expansion of latently infected
cells contributes to the stability of the latent reservoir
is explored in an important paper by Simonetti et al.
in PNAS (3).

Current ART regimens are extremely effective and
have far fewer side effects than their predecessors.
The HIV treatment guidelines now recommend con-
tinuous ART for all infected individuals (4). However,
variability in treatment access, the risks of inconsistent
drug adherence, the unknown consequences of life-
long ART, and the unsustainable cost of lifelong treat-
ment of all infected individuals have provided
impetus to the search for a cure. The primary ap-
proach has been a “shock-and-kill” strategy in which
expression of latent proviruses is induced (“shock”)
by a latency reversing agent and then the infected
cells are eliminated by viral cytopathic effects or by
immune mechanisms (“kill”). In considering whether
shock-and-kill is likely to be successful, the stability of
the reservoir is germane. It is generally assumed that
as long as an HIV-1-infected individual continues
ART, the size of the reservoir should not increase,
because new infection events are precluded. Hence,
sequential rounds of this cure approach should grad-
ually decrease the size of the reservoir and ultimately
eliminate it. Unfortunately, it is coming to light that
the apparent stability of the reservoir may be masking
an underlying proliferative process. Whereas the overall
size of the reservoir is stable in the setting of suppres-
sive ART (1, 2), recent reports have raised the specter
that previously underappreciated clonal expansion
of HIV-1-infected cells may, in fact, allow some sub-
populations of infected cells to increase in frequency
(5-7). It was not known, though, whether these clonally
expanded HIV-1-infected cells contained replication-
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competent virus. Simonetti et al. now provide evidence for
clonal expansion of HIV-1-infected cells harboring replication-
competent virus (3).

Clonal expansion (Fig. 1) is a feature of healthy immune systems
and occurs during the response of activated naive or memory T
cells to antigen. Clonal expansion can also result from homeostatic
proliferation, a process driven by cytokines that is important for
the normal maintenance of size and diversity in the total pool of
T cells (8). Whether HIV-1-infected cells can proliferate has
been less clear. The half-life of productively infected cells in vivo
is very short (t1,2 < 2 d) (9, 10) and the HIV-1 protein Vpr causes
cell cycle arrest (11). In an in vitro model of HIV-1 latency, ho-
meostatic proliferation can occur without up-regulation of HIV-1
gene expression (12). Early evidence for clonal expansion of HIV-
1-infected cells in vivo came from studies of residual viremia in
patients on ART (13, 14). Patients on ART have trace levels of
viremia (~one copy per milliliter) that appears to represent re-
lease of virus from stable reservoirs (15). Analysis of residual
viremia showed that in some patients, a particular HIV-1 clone
repeatedly appeared in the plasma, with no sequence evolution
over periods of months to years. This result is consistent with
virus production by an expanded cellular clone rather than on-
going cycles of replication. Because these analyses were based
on sequences from plasma virions, it was not possible to deter-
mine whether these identical viral genomes were produced by a
single cell, by the clonal progeny of a single infected cell, or by
multiple unrelated cells that were all infected by an identical
viral variant.

Recent studies, including that of Simonetti et al., have
implemented a novel protocol that confirms the existence of
clonally expanded, HIV-1-infected T cells (3, 5, 7). Specific am-
plification and deep sequencing of proviral integration sites in
the human genome provide a way to make this determination.
HIV-1 typically integrates randomly into actively expressed genes
throughout the human genome (16, 17). Thus, the integration site
can distinguish proviruses that arose from independent infection
events, even if the proviral sequences themselves are identical. In
addition, the method of analysis used by Maldarelli et al. (5) can
distinguish proviruses from different cells, even if the integration
sites are identical. This is accomplished through the identification
of different DNA breakpoints at the ends of provirus-containing
fragments, resulting from unbiased shearing of genomic DNA.
Thus, two proviruses that have the same sequence and the same
integration site must have originated from two different cells
if the DNA breakpoints are different. (If the DNA breakpoints
are identical, the proviral sequence arose from the same DNA
template in the PCR step of the protocol.) In this manner, it is
possible to distinguish identical proviruses that came from differ-
ent daughter cells generated by clonal expansion of a single
infected cell.

Using this approach, Maldarelli et al. (5) carried out integra-
tion site analysis on peripheral blood mononuclear cells (PBMCs)
and purified CD4* T cells from five HIV-1-infected patients re-
ceiving ART. The authors found that in all five patients there was
evidence of clonal expansion of HIV-1-infected cells. One patient
in particular (patient 1) presented another very interesting result:
two genes, for the transcription factors MKL2 and BACH2, which
are associated with cell growth and have been linked to human
cancers (18, 19), showed a disproportionately large number of
integration sites. This was surprising because, given the gen-
eral randomness of integration site selection, one would not ex-
pect to find any marked imbalance in the genomic distribution
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of proviruses in populations of infected cells. Many of the in-
tegration sites in these two genes were distinct (i.e., repre-
sented independent integrations) and many also were clonally
expanded. Most notable was that all of the proviruses found in
these two loci were in the same transcriptional orientation as the
host gene. The involvement of these two genes in cell growth
raises the possibility that the integration of the provirus in these
locations altered expression of the respective host gene in a
way that favorably affected cell survival and proliferation. Very
similar results were also reported by Wagner et al. (6) using an
elegant, alternative approach.

What was not clear in the work of Maldarelli et al. (5), however,
was whether the clonally expanded proviruses were replication-
competent. We now know that the vast majority of HIV-1
proviruses are defective and exhibit substantial deletions and
hypermutation introduced by APOBEC3G during reverse

Simonetti et al. now provide evidence for clonal
expansion of HIV-1-infected cells harboring
replication-competent virus.

transcription (20). Unfortunately, in integration site analyses, only
a portion of the 5’ or 3’ end of the proviral DNA can be captured
when flanking host DNA is also sought. Thus, one cannot con-
clude definitively that a provirus whose integration site is identi-
fied is also intact without determining its full sequence by some
other means or demonstrating that it can replicate. Simonetti et al.
(3) address this issue in their examination of one of the expanded
clones identified by Maldarelli et al. (5) (also in patient 1). The
integration site of this clone (eponymously named AMBI-1) was
ambiguous and could not be conclusively identified because of
integration in a region of repetitive DNA. To determine whether
AMBI-1 was intact, Simonetti et al. (3) amplified the full-length
AMBI-1 provirus and transfected the DNA into 293T cells to
generate virus. The authors used the 293T supernatant (which
contains virus) to infect healthy donor PBMCs and a luciferase
indicator cell line and demonstrated the recovery of infectious
virus. They also used viral outgrowth assays to recover viruses
matching AMBI-1 in sequence, which could be sequentially pas-
saged in vitro. Thus, the authors show that the AMBI-1 provirus,
which is clonally expanded, can produce replication-competent virus.

Whereas the cells containing proviruses integrated in the
MLK2 and BACH2 genes may have undergone clonal expansion
as a result of altered expression of these genes, the mechanism
governing expansion of cells carrying AMBI-1 is a matter of con-
jecture. One hypothesis is that this T-cell clone proliferated as a
tumor-infiltrating lymphocyte. The patient from whom AMBI-1
was isolated was diagnosed with metastatic squamous cell car-
cinoma. In measurements of HIV-1 DNA in autopsy tissue, Simo-
netti et al. (3) found a more than fourfold enrichment of AMBI-1
DNA in metastatic lesions relative to lymphoid tissue. This
observation could be explained by antigen-driven clonal
expansion (Fig. 1).

Although the Simonetti et al. (3) study focuses on a single pa-
tient, the implications of this work are multiple and foreboding.
First, it is now clear that at least some cells carrying replication-
competent HIV-1 can undergo dramatic clonal expansion. Sec-
ond, it cannot be assumed that reductions in the latent reservoir
will be stable. At least some of the infected cells may be able
to proliferate. In this situation, not only must we suppress viral
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replication and eliminate the current cells in the reservoir, we must  infected cells. Whether these important findings are generalizable
also be able to block clonal expansion of any remaining latently ~ beyond patient 1 remains to be seen.
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